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1. Introduction

1.1 Lung development

The human lung develops in four histologically distinguishable stages termed
pseudoglandular (week 4-17), canalicular (week 17-26), saccular (week 26-36) and
alveolar (week 36-8 years) stage (Figure 1).

The main event occurring during the pseudoglandular stage is branching
morphogenesis which leads to the formation of a tree-like tubular structure of the
lung, thereby establishing the conducting airway. On the cellular level, many
progenitor cells differentiate and give rise to different cell populations (e.g. lymphatic
cells, smooth muscle cells, nerve cells, endothelial cells, ciliated cells, chondrocytes,
basal cells, neuroendocrine cells and secretory cells).

The canalicular stage is characterized by the formation of a double layer pulmonary
vasculature throughout the embryonic lung. This is also the first time when alveolar
bipotential progenitor cells differentiate into alveolar epithelial cell type | (AEC |) and
type Il (AEC 1) [1], leading to the first primitive respiratory epithelium capable of gas
exchange. Further, lipofibroblast (lipid-droplet-containing interstitial fibroblast or LIF)
emerges in close proximity to AEC Il in order to support them in the production of
surfactant by providing them with triglycerides [2].

During the saccular stage, the lung is undergoing a massive expansion of the
alveolar sacs, also termed primitive alveoli, and the capillary and lymphatic networks.
Another essential event taking place at this stage is the thinning of the mesenchyme
via apoptosis to allow proper oxygen diffusion from the alveolar epithelial surface
towards the blood vessels located in the mesenchyme [3].

The alveolar stage is the last stage in lung development, and starts in utero and
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continues up to five to eight years of age [4]. This stage is indispensable for the
formation and enormous expansion of gas-exchanging units called alveoli via
secondary septa formation. This results in a total alveolar surface area of
approximately 75 m? consisting of about 300 Mio. Alveoli [5]. Up to date, the cell type
considered to be most important and responsible for secondary septa formation is
the alveolar myofibroblast. It is located at the tip of secondary septa and deposits
elastin [6][7]. In order to facilitate more efficient oxygen diffusion and carbon dioxide
release, the previous double layer capillary network undergoes microvascular
maturation, giving rise to a delicate single capillary network.

Of note is the fact that humans are born during the alveolar stage but mice are born
during the saccular stage of lung development. Therefore, the experimental mouse
model using hyperoxia to induce a BPD-like lung phenotype to study BPD is a
convenient animal model to simulate injurious events in a developmental stage of the
lung in which usually preterm infants are born.

Further differences between human and mouse lung development are the number of
lung lobes and the number of airway generations. While human lungs consist of three
lobes (cranial, medial, caudal) on the right and two lobes (cranial and caudal) on the
left, the mouse has 4 lobes (cranial, medial, caudal, accessory) on the right and one
lobe on the left. Concerning the airway generations, 12 have been identified in the

mouse lung compared to 23 in the human lung.
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However, some authors suggest a division of lung development into two main
programs: the branching morphogenesis program and the alveolar epithelial

program [9][10].

During the branching morphogenesis program the distal epithelial progenitors give
rise to several differentiated epithelial cell types of the conducting airway [10]. During
the alveolar epithelial differentiation program the epithelial progenitors give rise to the
AEC I/AEC Il cells [1].

While in earlier times, scientists focused mainly on the lung epithelium, increasing
attention has recently been paid to the lung mesenchymal compartment. Despite the
tremendous efforts of developmental biologists in lung research, the complex
crosstalk between mesenchymal and epithelial cell lineages during lung development
still remains elusive. Furthermore, they assume that many of the progenitor cell
populations/ sub-populations are still not yet defined.

Especially, a better understanding of the cellular and molecular processes underlying
the formation of secondary septa is critical for the development of new therapies to
protect or regenerate the alveoli — the crucial part of the lung which is affected in
many lung diseases (e.g. bronchopulmonary dysplasia (BPD), chronic obstructive

pulmonary disease (COPD), emphysema, and lung fibrosis).
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1.2 Bronchopulmonary dysplasia — the most common incurable

chronic lung disease of preterm infants

Bronchopulmonary dysplasia (BPD) is a chronic lung disease affecting about 40% of
premature infants born before 28 weeks of gestational age [11][12][13]. The
incidence of BPD correlates inversely with the birth weight and the gestational age.
Since the first description of bronchopulmonary dysplasia by Northway more than 50
years ago [14], the number of survivors among very prematurely born infants has
increased significantly due to improvement of the strategies in neonatal care.
Despite this progress in the treatment of prematurely born infants, BPD incidence
has not decreased and remains a common cause of morbidity and mortality. Apart
from longterm sequelaes causing lifelong morbidity, one common and potentially fatal
complication during the neonatal period is pulmonary hypertension [15]. The
longterm sequelaes of BPD consist of neurodevelopmental and respiratory
impairment, such as susceptibility to respiratory infections and pulmonary
hypertension [16][17]. Indeed, prematurely born infants have a 3.6 times higher risk
of being hospitalized due to respiratory infections [18][19]. One of the molecular
mechanisms which has been proposed is the decreased expression of Ear1 in the
airway epithelium leading to susceptibility to influenza A virus infection [20]. The cost
for the treatment of survivors carrying longterm sequelaes (e.g. recurrent pulmonary
infections) of BPD represents a high burden for the health care system [21].

BPD is a disease cause by multiple factors, including mechanical ventilation, oxygen
toxicity, pre- and postnatal infections, and immaturity of the lung. These deleterious
factors lead to imbalance of pro- and anti-inflammatory mechanisms in favour of a
continuous inflammation of the lung. Finally, this injurious process causes an

impaired postnatal development of the lung parenchyma and pulmonary vasculature
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leading to the growth arrest of the premature lung. Using genome-wide association
studies, polymorphisms (MMP16, SPOCK2, FGFR-4) have been identified leading to
the assumption that BPD might have a genetic component [22][23]. Due to significant
differences of the histopathological findings in the lungs of infants who died from
BPD, the “new” BPD (simplification of alveolar structures, dysmorphic pulmonary
vasculature) is considered as a growth arrest of the lung compared to the “old” BPD
(interstitial fibrosis and metaplasia of the airways) which had been described mostly
as an airway disease. Due to wide variations of the current existing BPD definitions
the presence and severity of BPD has not been defined properly yet [13]. The lack of
reliable diagnostic criteria represents a barrier for further investigations concerning
the causes of BPD and the development of new therapies. Thus, efforts have been
made to identify novel biomarkers for the early diagnostic of BPD [24].

To date, there are very few therapies to prevent and treat BPD, with no curative
approach available [25]. Results of preclinical studies using stem cells (e.g.
mesenchymal stromal cells) to treat BPD are promising and encourage the emerging
field of stem cell therapy to further validate and clinically translate these approaches

[26,27].
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1.3 Fgf10 in lung development and BPD

FGF10 belongs to a family of fibroblast growth factors (FGFs) in which 22 members
have been identified in the human genome. According to phylogenetic analyses, the
whole family can be arranged into seven subfamilies [29]. Fibroblast growth factors
have endocrine, paracrine or intracrine functions by signalling through a fibroblast
growth factor receptor (FGFR). Due to alternative splicing, four genes named Fgfr1,
Fgfr2, Fgfr3 and Fgfr4 encode for seven receptors (FGFR 1b, 1c, 2b, 2c, 3b, 3c and
4) with different ligand-binding specificity. Each receptor consists of an extracellular
ligand-binding domain with three immunoglobulin-like loops (D I, D II, D Ill), a
transmembrane domain, and an intracellular tyrosine kinase domain.

FGF signalling occurs both in the epithelium and mesenchyme of the lung and
thereby orchestrates epithelial-mesenchymal interactions taking place during the
different stages of lung development and homeostasis. Further, FGF signalling has
been shown to be critical for the formation of multiple epithelial and mesenchymal
lineages in the lung and is also re-engaged during the repair process following injury
[30][31][32][33][34][35][36]. Such signalling can also be impaired or abnormally
activated in pathological processes such as cancer or fibrosis [30][37].

Especially, fibroblast growth factor 10 (FGF10), which is a diffusible small (20kDa)
heparin-binding molecule, has been shown to play a pivotal role during embryonic
lung development [38][39]. During the early pseudoglandular stage (E12.5) of mouse
lung development Fgf10 is expressed by cells located in the sub-mesothelial
mesenchyme adjacent to the mesothelium of the distal developing embryonic lung
buds. Among other Fgfs, Fgf10 is the only gene which is expressed during the early
pseudoglandular stage. Once secreted, it mainly acts in a paracrine fashion on the

fibroblast growth factor receptor 2-lllb (FGFR2b) receptor which is located on the
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epithelium of the forming lung buds, thereby controlling branching morphogenesis
and proliferation/differentiation of the epithelium and the mesenchyme. Among
others, Wnt (Wingless and INT-1) and Fgf9 are considered as positive regulators
maintaining Fgf10 expressions in these cells. Fgf9 is expressed in the mesothelium
and the epithelium and acts through FGFR2c and FGFR1c located on mesenchymal
cells. A further function of Fgf9 is to maintain mesenchymal progenitor cells in a
proliferative and undifferentiated status [40].

Two decades ago, Fgf10 was demonstrated by using genetic deletion in the mouse
to be one of the most essential key molecules for embryonic lung development.
Sekine and colleagues demonstrated convincingly that the deletion of Fgf10 led to
agenesis of the lung, limbs and other organs in mice [38][39][41]. Genetic deletion of
Fgfr2b in mice led to a similar phenotype. The mutant pups die shortly after birth due
to lung agenesis and multiple defects in other organs such as the salivary gland,
limb, inner ear, teeth, skin, pancreas, kidney, thyroid, pituitary gland, mammary gland
[41][42][43][44][45]. However, the exact mechanism of action remains unclear.

As mentioned above, the lipofibroblast represents an important cell population
supporting AECII in their function pre- and postnatally. Our group found that a
subpopulation of lipofibroblast expresses Fgf10 [46].

By treating mesenchyme-free epithelium with recombinant human FGF10, Lu and
colleagues identified epithelial-specific gene expressions during bud morphogenesis
[47]. Using microarray analyses they identified a panel of transcriptional Fgf10
targets, which are associated with cell rearrangement, migration, inflammatory
processes, lipid metabolism, cell cycle and tumor invasion. The so-called Fgf10
hypomorphic mouse line (Fgf10°?"), which had only approximately 20% Fgf10
expression level compared to wild type (WT), displayed lung defects at birth.

Morphologic characteristics consisted of decreased branching, increased primary
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septa thickness, and disturbed pulmonary vasculature leading to intrapulmonary
haemorrhages. These malformations led to dyspnea postnatally and death within 24-
48 hours after birth. Similarly, constitutive Fgf10 deficiency led to changes in lung
morphology and gene expression at E18.5. Upon postnatal hyperoxic lung injury
(BPD mouse model), all of the Fgf10 deficient pups died due to quantitative and
qualitative malformation of the AECII, while all wildtype pups survived [48]. In
addition, a quantitative and qualitative analysis of the pulmonary vasculature
revealed a decrease in the total amount of vessels and a more immature vascular
muscularization (increase of non-muscularized vessels) in the mutant pups
compared to the wildtype pups. Interestingly, a postnatal attenuation of Fgfr2b
ligands results in more muscularized vessels resembling a phenotype seen in
pulmonary hypertension [49]. Fgf10 also affected the formation of mesenchymal
lineages and the amplification of distal epithelial progenitor cells. Thus, Fgf10
deficiency led to decrease in Nkx2.1- and Sftpb-expressing cells and diminished
PECAM and aSMA-positive cells in mesenchymal cell lineages [50].

Interestingly, infants who died from severe BPD showed decreased FGF10-positive
cells in their lung tissues [51]. Carver and colleagues show a downregulation of
FGF10 through the activation of NFkB signalling associated with inflammation in
newborn lungs suffering from BPD [52].

In humans, heterozygous mutations in the FGF10 or FGFR2B gene lead to the
syndromes ALSG (aplasia of lacrimal and salivary glands) and LADD (lacrimo-
auriculo-dento-digital), respectively [53][54][55]. Adult patients suffering from ALSG
or LADD syndromes developed a significant decrease in lung function parameters
(IVC, FEV1 and FEV1/IVC ratio) compared to non-carrier siblings, thereby
resembling patients with chronic obstructive pulmonary disease (COPD) [56]. COPD

patients have been shown to express higher levels of FGF1, FGF2 and FGFR1
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leading to the assumption that these ligands and receptor are involved in the
remodelling process [57][58]. Interestingly, obvious lung defects have not been
reported yet in infants with ALSG or LADD syndromes. According to our study using
Fgf10 heterozygous (Fgf10™") mice we assume that these patients might suffer from
quantitative and qualitative congenital defects of the AECI and AECII cells due to
Fgf10 deficiency [48]. As mentioned before, one of the main features of BPD is the
simplification of alveoli due to disturbed alveologenesis. In this context, it has been
shown that blockade of FGFR2b ligands during embryonic but not postnatal lung
development leads to emphysema in mice. Also, Hokuto and colleagues show that
FGFR2b is needed for recapitulation of alveoli after postnatal hyperoxic lung injury.
Without FGFR2b signalling they saw increased inflammation, capillary leakage and
higher mortality [59]. Another study showed a positive effect of FGFR2b in promoting
compensatory lung growth in a pneumonectomy mouse model [60]. The regeneration
process after pneumonectomy has also been associated with vascular endothelial
growth factor receptor 2 (VEGFR2)/FGFR1 activation in pulmonary endothelial cells.
Upon activation, the endothelial cells produce MMP14 that unmasks epidermal
growth factor (EGF)-like ectodomains leading to further activation of epidermal
growth factor receptor (EGFR) and expansion of epithelial progenitors [61].

Apart from FGF10, other aberration FGF and FGFR are also associated with
diseases. For instance, Fgfr3 and Fgfr4 deficiency in mice results in arrested
alveologenesis. The underlying mechanism is still elusive but one possible
hypothesis is the disturbed epithelial-mesenchymal crosstalk leading to impaired
alveolar elastogenesis [62][63]. Moreover, reports about humans carrying
homozygous mutation of FGF3 described deafness due to complete labyrinthine
aplasia (Michel aplasia), microtia, and microdontia (LAMM syndrome) [64]. Further, a

hereditary disease termed “autosomal dominant hypophosphatemic rickets” (ADHR)
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is caused by mutations of FGF23 which lead to polypeptides less sensitive to
protease cleavage compared to healthy controls resulting in excessive loss of

phosphate in the urine [65].
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1.4 Epigenetic regulations in lung development and BPD

While a genetic component seems to play a role in BPD, less is known about the role
of the epigenetic landscape following exogenous triggers contributing to disease
development. Epigenetics is defined as the science of heritable changes in gene
expression caused by mechanisms which do not modify the original nucleotide
sequence. Three main epigenetic mechanisms have been discovered — noncoding
RNAs (microRNA), histone modification, and DNA methylation. Growing evidence
suggests that epigenetic mechanisms are importantly involved in the pathogenesis of
lung diseases [66]. Here, we would like to focus on the effects of microRNA and
modifications of histone tails on gene expressions in the context of lung development

and BPD.



Introduction 18

1.4.1 MicroRNA in lung development and BPD

Approximately 1% of the genome encodes for microRNAs (miRs). MicroRNAs are
small regulatory RNAs, which are single-stranded, non-coding and about 20-25
nucleotides in size. They bind to the 3’ untranslated region (UTR) of the target
MRNA, leading to translational repression or degradation of the RNA [67][68][69].
Through these mechanisms they regulate the post-transcriptional gene expression of
about 60% of protein-coding genes in mammals [70]. Thus, nowadays miRs are
considered as major regulators of many biological processes during development,
cell differentiation and proliferation, as well as in regeneration processes after injury
[71].

After transcription, the pri-miRNA undergo a maturation process leading to a 5p
strand and a 3p strand, which is complementary to the 5p strand (Fig. 3). Previously,
the 3p strand was believed to be non-functional, being simply degraded. Now, it has
been shown that both strands are able to modify specific gene expressions through
base pairing [72]. Each miR is able to regulate different mRNAs, and, in turn, a
specific mMRNA can be regulated by many miRs [73]. MiRs are also key regulators of
stem cells during development [74]. Today, more than two thousand miRs have been

identified (miRBase.org).
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Figure 3. Schematic showing the biogenesis of miRNA [75]

During lung development, many signalling pathways, e.g. Fgf, Wnt, Tgfb, Shh, are
switched on and off [76][77]. Similarly, the expression of miRs are constantly
changing during different stages of lung development [78][79]. Bhaskaran and
colleagues have reported that various miRs have been shown to regulate multiple
gene expressions which are involved in signalling pathways during lung development
[78][80]. By overexpressing miR-127 during the pseudoglandular stage they
observed changes in the lung morphology in terms of inhibited branching and
enlarged terminal buds. The expression of miR-127 and miR-351 increased during
the saccular and alveolar stages. Most interestingly, during the time course of lung
development, the mesenchyme loses the expression of the two miRs while
increasing expression has been observed in the lung epithelium, suggesting their
roles in orchestrating mesenchymal to epithelial transition [78]. Furthermore, the cell-
specific genetic deletion of Dicer in the lung epithelium, one of the most important

enzyme during miR maturation, leads to disturbed branching morphogenesis during




Introduction 20

embryonic lung development [81]. Another research group confirmed the importance
of miRs during lung development by deletion of members of the miR-17-92 cluster in
mice. They observed drastic defects in lung morphogenesis leading to fatal lung
hypoplasia without obvious branching defects. Interestingly, the conditional
overexpression revealed impaired formation of lung epithelial progenitor cells and
disturbed differentiation [82][83][84]. Further, our group showed that miR-142-3p is
specifically upregulated in the Ilung mesenchyme during embryonic lung
development. Using an in-vitro culture of embryonic lung explants, we demonstrated
that miR-142-3p contributed to the proliferation and differentiation of the
mesenchymal progenitor cells by modulating the WNT signalling pathway via
inhibition of adenomatous polyposis coli (APC), which can directly bind to p-catenin
(CTNNB1). These findings were confirmed by generation and validation of miR-142
knock-out mice [85][86]. Mir-326 was identified to play a crucial role controlling
development of the lung mesenchyme. It is selectively enriched in embryonic lung
mesenchymal cells and is specifically modulated by Shh activity, an essential
pathway during early mouse lung development [87]. Attention was also paid to the
endoderm. Using gain-of-function and loss-of-function approaches, mir302/367 was
implicated in the proliferation and differentiation of the endodermal progenitor cells
during early lung development [88]. Benlhabib and colleagues performed miRNA
microarray studies using epithelial cells of human fetal lungs to show the importance
of miR-200 and ZEB1 in controlling alveolar epithelial cell type Il (AECII) maturation
[89]. Another study confirmed the critical role of miR-124 in lung epithelial maturation
by using rat fetal lung culture [90]. MiR-221 (anti-angiogenic) and miR-130a (pro-
angiogenic) are two miRs with opposite impact on airway and pulmonary vascular

morphogenesis during mouse lung development [91].
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However, miRs are not only playing an essential in lung development but also in lung
diseases. For instances, in BPD [92][93][94], Asthma [95], Cystic fibrosis [96],
Chronic obstructive pulmonary disease (COPD) [97], Idiopathic pulmonary fibrosis
(IPF) [98], Lung cancer [99][100][101], Pulmonary arterial hypertension (PAH) [102],

Pneumonia [103], Pulmonary embolism [104], Pulmonary sarcoidosis [105] and

Acute lung injury [117].

Table 1. Overview of microRNAs involved in lung development and lung

diseases [75][106][107].

Lung development/

lung disease

Involved microRNAs

References

Lung development

miR-127, miR-351, miR-
17-92 cluster, miR-154,
miRNA-146b, miRNA-
29a, miRNA-

503, miRNA-

411, miRNA-

214, miRNA-
130b, miRNA-382,
miRNA-181a-1*, miR-
302, miR-367, miR-200,
miR-375, miR-124, miR-
142, miR-326, miR-221,

miR130a

[78](79][80][81][82][83]

[84][85][86][87][88][89][90]

[91][108]
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Bronchopulmonary
dysplasia (BPD)

miR-154, miR-421,

miRNA-21, miRNA-

34a, miRNA-431, and
Let-7f, miRNA-335,
miRNA-146b, miRNA-
29a, miR-29¢, miRNA-

503,

miRNA-411, miRNA-
214, miRNA-

130b, miRNA-382,

and miRNA-181a-1%,
miRNA-21 and miRNA-
141, miR-342, miR-335,
miR-150, miR-126%,
miR-151*, miR-21, miR-

34a

[92][93][94] [109][110]

[111]

Cystic fibrosis (CF)

miR-101, miR-126, miR-

138, miR-155, miR-494

[96]

Asthma

miR-20b, miR-21, let-7,

[95]
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miR-106a, miR-126,
miR-155, miR-146b,
miR-133a, miR-145a,
miR-146a, miR-181,

miR-221, miR-222

Pneumonia

miR-34a, miR-455, let-

7f-1, miR-200b

[103]

Lung cancer

miR-495, miR-154, miR-
93, miR-132, miR-17-92

cluster, miR-146b,

miR218, miR-31, miR-1,
miR-133b, miR-218,
miR-34, miR-200 family,

let-7, miR-155, miR-218

[99][100][101][112]

Idiopathic

pulmonary

miR-29, miR-154, miR-

17, miR125b, miR-200, | [98]
fibrosis (IPF)

miR-2

miRNA-149, miR-17-92

cluster, , miR-143, miR-
Chronic obstructive 21, miR-204, miR-424,
pulmonary disease | . _ [97]

miR-150, miR-503, miR-
(COPD)

210, miR-27a, miR-145,

miR-206
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hypertension (PAH)

cluster, miR-206, miR-
143, miR-150, miR-503,
miR-424, miR-210, miR-
145, miR-21, miR-27a,

miR-204

Pulmonary embolism

miR-28, miR-221, miR-
27a/b, miR-1233, miR-

134

[104][113] [114][115] [116]

Pulmonary sarcoidosis

MiR-27b, miR-192 and

miR-221, miR-15b, miR-

222, miR-let7f and miR-

130a, miR-16, miR-130a

miR-20a

[105]

Acute lung injury

miR-27a, miR-466, miR-
32, miR146, miR-127,
miR-155, miR-21, miR-
10a/b, miR-144, miR-16,

miR-223, miR-30b

[117][118][119][120][121][122]

Growing evidence coming mainly from animal studies showed that expression of

numerous mMiRs was dysregulated in BPD. This suggested that miRs are powerful

regulators in the pathogenesis of BPD.

For instance, the expression of miR-154-5p was decreased at day 14 in a rat BPD

model using hyperoxia. Although other miRs were found to be deregulated, miR-154-

5p was not changed at day 3 and 7 [92]. Wu et al. found an upregulation of miR-133b
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and miR-7 but a downregulation of miR-152 and miR-30a-3p in the peripheral blood
of infants with BPD [123]. Using miRNA microarray and PCR several miRs were
identified to be deregulated in neonatal rat lungs exposed to hyperoxia: miR-342,
miR-335, miR-150, miR-126*, miR-151*, miR-21 and miR-34a [124]. However, only
several studies have been carried out to validate the differential expressed miR to
demonstrate causality [94]. For example, miR-150 was identified as being reduced
upon hyperoxia-induced lung injury. lts target protein glycoprotein nonmetastatic
melanoma protein b (Gpnmb) was confirmed to be increased in the miR-150 Knock-
out mouse. However, miR-150"" mice exposed to hyperoxia only showed moderate
protection of lung structure at P9 but no changes at P13 [124]. Most recently, it was
demonstrated that miR-421 inhibition alleviated BPD via targeting Fgf710 in a mouse
model [93]. Another miR which has been validated is miR-489 and its targets insulin-
like growth factor 1 (IGF-1) and tenascin C (TNC). MiR-489 was downregulated in
experimental and human BPD. Inhibition of miR-489 attenuated hyperoxia-induced
inhibition of lung development. In contrast, overexpression of miR-489 reduced IGF-1

and TNC, and induced alveolar simplification and impaired lung compliance [125].
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1.4.2 Histone modification in lung modelling and remodelling

In the nucleus of a eukaryotic cell, the three-dimensional structure of chromatin is a
complex of DNA and specific proteins forming the chromosomes. The majority of
these specific proteins are called histones. Histones are basic proteins which
condense the DNA into units named nucleosomes. Histone modifications regulate
transcriptional activity by modifying biochemical composition and physical structure of
the chromatin [66]. For instance, the modification of NH,-terminal tails of histones
leads to changes in chromatin density and activity of the transcription. In
euchromatin, histones are hyperacetylated and hypomethylated resulting in
increased access to the transcriptional machinery. In contrast, Hypoacetylation and
Hypermethylation of histones attenuate gene transcription. Further, histones can also
be phosphorylated, ubiqutinylated and nitrated. Chromatin remodeling complexes
regulates chromatin structures to alter the access of the transcriptional machinery to
specific gene loci. For example, the catalytic subunit Brahma (Brm) and Brahma-
related gene-1 (Brg1) has been shown to interact with Nkx2.1 which is an essential
regulator in early lung development. Genetic deletion of Brg7 in lung epithelial cells
leads to tumor growth [126]. Expanding literature suggest that epigenetic
mechanisms are playing a role in BDP pathogenesis. Londhe et al. showed
involvement of epigenetic changes through decreased expression of histone
deacetylase 1 (HDAC1) and HDAC2 during hyperoxia-induced lung injury leading to
alveolar simplification [127]. Another group demonstrated that lipopolysaccharide
(LPS) disrupts proper alveolar development via suppression of HDAC1 and HDAC?2
activity and activiation of TGF-a [128]. Investigations in experimental mouse model of

BPD and infants with BPD revealed that expression of miR17~92 cluster correlates
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inversely with the expression of DNA methyltransferase and miR17~92 cluster

promoter methylation in the pathogenesis of severe BPD [129].
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1.5 Purpose of the study

Almost two decades after the discovery of FGF10 as a major regulator of branching
morphogenesis, the underlying mechanisms on molecular and cellular level are still
elusive [130]. The crosstalk among essential signalling pathways, such as fibroblast
growth factors (FGF), wingless/integrase 1 (WNT), bone morphogenic proteins
(BMP) and sonic hedgehog (SHH) needs to be understood better. Further, the cell
population expressing FGF10 and those targeted by FGF10 need to be identified in
lung development, BPD and lung regeneration. The understanding of cellular
processes controlled by FGF10 is essential to develop new therapeutic strategies for
the treatment of BPD. Finally, epigenetic regulation is an emerging topic in the field
of lung development but its causative role in the pathogenesis of BPD is poorly
understood and need to be thoroughly studied.

This study addresses the above mentioned points using a comprehensive set of
cutting-edge methods including genetic modified mice (gain-of-function and loss-of-
function), the mouse model of BPD, in-vivo lineage tracing and a broad spectrum of
molecular biological and histological methods, such as RT-qgPCR, gene array, in-situ-
hybridization (ISH), fluorescence-activated cell sorting (FACS), in-vitro lung culture,
cell culture, miRNA pull-down assay, luciferase reporter assay, western blotting,
immunohistochemistry (IHC), immunofluorescence (IF), confocal microscopy,

transmission electron microscopy).
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2. Results — Original publications

2.1 Fgf10 in lung development

2.1.1 Appendix A

Jones, M., Lingampally, A., Dilai, S., Shrestha, A., Stripp, A., Helmbacher, F., Chao,
CM.*, Bellusci, S.*:

“Characterization of Etv4GFP and EtvbRFP reporter lines in the context of fibroblast
growth factor 10 signalling during mouse embryonic lung development.”

Front Genet. 2019 Mar 14;10:178 | doi: 10.3389/fgene.2019.00178

*equally contributed.
Summary of the findings:

The two members of the PEAS3 transcription factors, ETV4 and ETV5 have been
proposed to mediate FGF10/FGFR2b signalling. Using Tg(Etv4-GFP) and
Etv5C°ERTZRFP fluorescent reporter mouse lines, ETV4 and ETV5 have been
evaluated according to their expression patterns in the lung epithelium and
mesenchyme during early lung development (E12.5, E14.5). The expression patterns
are in line with the known regions of FGF10 signalling. Further, in vivo and in vitro
inhibition of FGF10/FGFR2b confirmed that ETV4 and ETV5 are acting downstream

of FGF10 signalling.
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2.1.2 Appendix B

Jones, M.*, Dilai, S.* Lingampalli, A., Chao, CM., Danopoulos, S., Carraro, G.,
Mukhametshina, R., Wilhem, J., Baumgart-Vogt, E., Al Alam, D., Chen, C., Minoo, P.,
Zhang, J.S.*, Bellusci, S. *:

‘A comprehensive analysis of fibroblast growth factor receptor 2b signalling on
epithelial tip progenitor cells during early mouse lung branching morphogenesis.”

Front Genet. 2019 Jan 23;9:746 | doi:10.3389/ fgene. 2018.00746

*equally contributed.
Summary of the findings:

Using the inducible transgenic mouse line RosaZ26rtTA;tet(o)sFgfr2b to express
dominant negative Fgfr2b, this study demonstrates that blocking FGFR2b ligands at
E12.5 impacts epithelial branching, bud lumen formation and cellular adhesion. In
vitro experiments using IQ1, a pharmacological inhibitor of the p-catenin/EP300
interactions, revealed that FGF10 signalling on distal epithelial progenitors is mainly

mediated through p-catenin/EP300.

2.1.3 Appendix C

El Agha E, Herold S, Al Alam D, Quantius J, MacKenzie B, Carraro G, Moiseenko A,
Chao CM, Minoo P, Seeger W, Bellusci S.:

“Fgf10-positive cells represent a progenitor cell population during lung development
and postnatally.”

Development. 2014 Jan;141(2):296-306 | doi:10.1242/dev.099747
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Summary of the findings:

This study demonstrates that during early (E11.5) and late (E15.5) pseudoglandular
stage of embryonic lung development two populations of Fgf10-expressing progenitor
cells emerge in the lung mesenchyme. Using a lineage-tracing approach
(Fgf10™°®™* :tomato™"*), we showed that Fgf10-positive cells give rise to different
mesenchymal cell types pre- and postnatally, e.g. parabronchial/ vascular smooth

muscle cell and lipofibroblast.

2.1.4 Appendix D

Al Alam D, El Agha E, Sakurai R, Kheirollahi V, Moiseenko A, Danopoulos S,
Shrestha A, Schmoldt C, Quantius J, Herold S, Chao CM, Tiozzo C, De Langhe S,
Plikus MV, Thornton M, Grubbs B, Minoo P, Rehan VK, Bellusci S.:

“Evidence for the involvement of fibroblast growth factor 10 in lipofibroblast formation
during embryonic lung development.”

Development. 2015 Dec 1;142(23):4139-50 | doi: 10.1242/dev.109173

Summary of the findings:

Lipid-containing alveolar interstitial fibroblasts, also called lipofibroblasts (LIF), are
considered as a crucial cell type of the epithelial stem cell niche for development,
homeostasis and regeneration. They emerge during late pseudoglandular stage
(E15.5, E16.5) of mouse lung development. In contrast, in human lipofibroblast
formation seems to occur in the canalicular stage beyond 22 weeks of gestational
age. FGF10/FGFR2b signalling is essential for the formation of lipofibroblast in

mouse and human fetal lungs.
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2.2 Fgf10 in BPD and lung regeneration

2.2.1 Appendix E

Chao CM, Yahya F, Moiseenko A, Tiozzo C, Shrestha A, Ahmadvand N, El Agha E,
Quantius J, Dilai S, Kheirollahi V, Jones M, Wilhem J, Carraro G, Ehrhardt H, Zimmer
KP, Barreto G, Ahlbrecht K, Morty RE, Herold S, Abellar RG, Seeger W, Schermuly
RT, Zhang JS, Minoo P and Bellusci S.:

“Fgf10 deficiency is causative for lethality in a mouse model of bronchopulmonary
dysplasia.”

J Pathol. 2017 Jan;241(1):91-103 | doi:10.1002/path.4834

Summary of the findings:

Constitutive Fgf10 deficiency (Fgf10"") leads to disturbed embryonic lung
development (increased mean linear intercept and airspace) and impaired gene
expression (increased TGF@ signalling) in mice. Neonatal hyperoxia exposure leads
to failure of lung function and mortality due to increased lung injury. Further
investigations revealed that Fgf10 deficiency affects quantitatively and qualitatively
the proper formation of alveolar type Il cells (ATIl) which is compatible with postnatal

survival but not with hyperoxic lung injury (BPD mouse model).

2.2.2 Appendix F

Chao CM, Moiseenko A, Kosanovic D, Rivetti S, EI Agha E, Wilhelm J, Kampschulte
M, Yahya F, Ehrhardt H, Zimmer KP, Barreto G, Rizvanov AA, Schermuly RT, Reiss

I, Morty RE, Rottier RJ, Bellusci S and Zhang JS.:
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“Impact of Fgf10 deficiency on pulmonary vasculature formation in a mouse model of
bronchopulmonary dysplasia.”

Hum Mol Genet 2018 Dec 19 | doi: 10.1093/hmg/ddy439

Summary of the findings:

FGF10 and FGFR2 are expressed in human BPD lungs and immunohistochemistry
confirmed decreased expression of FGF10. Further analysis revealed a decreased
expression of PECAM suggesting a dysmorphic pulmonary vasculature. Mice
deficient of Fgf10 expression (Fgf10*") showed a greater loss of blood vessels
associated with increase of poorly muscularized vessels compared to the controls
upon hyperoxic lung injury postnatally (BPD mouse model). Interestingly, the
conditional inhibition of Fgfr2b ligands (RosaZ26rtTA;tet(o)sFgfr2b) during hyperoxia
exposure postnatally leads to a pulmonary hypertension (PH) phenotype with
increased vascular muscularization. Transcriptomic analysis supports the correlation

between decrease of Fgf10 expression and vascular defects.

2.2.3 Appendix G

Volckaert T*, Yuan TT*, Chao CM, Bell H, Sitaula A, Szimmtenings L, El Agha E,
Chanda D, Majka S, Bellusci S, Thannickal VJ, Faessler R, de Langhe SP.:
“Fgf10-Hippo epithelial-mesenchymal crosstalk maintains and recruits lung basal
stem cells.”

Dev Cell. 2017 Oct 9;43(1):48-59.e5 | doi: 10.1016/j.devcel.2017.09.003

*equally contributed
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Summary of the findings:

In this study, we first showed that tracheal basal stem/progenitor cells maintain and
restrict their cell pool during homeostasis by downregulating Hippo pathway thereby
generating a localized Fgf10-expressing stromal niche. Loss of FGFR2b signalling
results in loss of basal stem cells. Interestingly, during regeneration after
naphthalene-mediated epithelial injury, Hippo signalling is also downregulated
associated with nuclear Yap localization and elevated expression of Fgf10 in the
airway smooth muscle cell niche. Fgf10 overexpression recruits basal cell to the area
of injury. This Yap-Wnt7b-Fgf10 regenerative pathway is activated in chronic
obstructive pulmonary disease (COPD) to induce basal stem cell amplification and

regeneration.

2.2.4 Appendix H

Yuan, T.#, Volckaert, T.#, Redente, E.F., Yuan, J., Chao, C.M., Wasnick, R., Yao, C.,
Majka, S., Stripp, B., Gunther, A., Riches, D.W.H., Bellusci, S., Thannickal, V., De
Langhe, S.P.:

“Fgf10-Fgfr2b signaling generates basal cells and drives alveolar epithelial
regeneration by bronchial epithelial stem cells after lung injury.”

Stem Cell Reports 2019 Apr 16. pii: $2213-6711(19)30125-0 | doi:10.1016/j.

stemcr. 2019. 04. 003.
Summary of the findings:

FGF10/FGFR2b signalling is required for maintenance of alveolar type Il (AT2)

during homeostasis postnatally. After bleomycin injury (mouse model of idiopathic
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pulmonary fibrosis, IPF) FGF10/FGFR2b signalling is needed for the regeneration of
the alveolar epithelium and recruitment of basal stem cell at site of injury. Cell-
specific overexpression of Fgf10 in Sox2-positive bronchial epithelial cells promotes
the generation of AT2 cells at the expense of new basal cells. Single-cell
transcriptome analyses of new basal cells isolated from IPF lungs revealed an
‘indeterminate” state of differentiation by co-expressing AT1, AT2, basal cell
markers. Finally, we found that new basal cells are capable of differentiating into AT2
cells during resolution of IPF in mice and that this process requires FGF10/FGFR2b

signalling
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2.3 Epigenetic regulation in lung development and BPD

2.3.1 Appendix |

Carraro G, Shrestha A, Rostkovius J, Contreras A, Chao CM, El Agha E, Mackenzie
B, Dilai S, Guidolin D, Taketo MM, Gunther A, Kumar ME, Seeger W, De Langhe S,
Barreto G, Bellusci S.:

“‘MiR-142-3p balances proliferation and differentiation of mesenchymal cells during
lung development.”

Development. 2014 Mar;141(6):1272-81 | doi:10.1242/dev.105908

Summary of the findings:

In this study, we determined that miR-142-3p orchestrates the proper proliferation
and differentiation of mesenchymal progenitors by regulating the level of WNT
signalling through direct interaction with adenomatous polyposis coli (Apc). In
embryonic lung mesenchyme, WNT and FGF signalling creates a positive feedback
loop and is impaired upon inhibition of miR-142-3p. The miR-142-3p-Apc-Wnt/Ctnnb1

pathway has been confirmed using rescue experiments.

2.3.2 Appendix J

Shrestha A, Carraro G, El Agha E, Mukhametshina R, Chao CM, Rizvanov A,
Barreto G, Bellusci S.:
“Generation and Validation of miR-142 Knock Out Mice.”

PLOSone. 2015 Sep 1;10(9):e0136913 | doi: 10.1371/journal.pone.0136913
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Summary of the findings:

MiR-142-knockout mice were generated using homologous recombination. They are
viable postnatally without sign of embryonic lethality and exhibit normal appearance
and physical activity. However, they display impaired hematopoietic lineage
formation including decrease in white blood cells, lymphocytes eosinophils,
monocytes and platelets. MiR-142-knockout mice showed increased Wnt signalling

associated with upregulation of Apc and p300.

2.3.3 Appendix K

Shrestha, A., Carraro, G., Mari, B., Nottet, N., Vasquez-Armendariz, A.l., Herold, S.,
Cordero, J., Singh, I., Barreto, G., Wilhelm, J., Gunther, S., El Agha, E., Morty, R.,
Zhang, J.S., Chao, C.M. *, Bellusci, S.*:

“A critical role for miR-142 in alveolar epithelial lineage formation during lung
development.”

Cell Mol Life Sci. 2019 Mar 18 | doi: 10.1007/s00018-019-03067-8

*equally contributed.

Summary of the findings:

MiR-142-3p and -5p are expressed in AT1 and AT2 lineages during lung
development. Activation of glucocorticoid receptor pathway in alveolar lineage
formation leads to decreased miR-142 expression. MiR-142-knockout mice does not
display branching defects at E12.5 but show an increase in AT2 cells associated with

a decrease in AT1 cells and disturbed gene expression at E18.5. In contrast, gain of



Results 38

function experiments in alveolar epithelial cells leads to the opposite phenotype with
decreased AT2/AT1 ratio. Ex-vivo lung culture experiments combined with loss-of-
function (morpholino) and rescue approach (inhibition of Ep300/8-catenin interaction)
confirmed the role of miR-142-3p-Ep300/p-catenin pathway in alveolar lineage

formation.

2.3.4 Appendix L

Chao CM, van den Bruck R, Lork S, Merkle J, Krampen L, Weil P, Aydin M, Bellusci
S, Jenke AC, Postberg J.:

“Neonatal exposure to hyperoxia leads to persistent disturbances in pulmonary
histone signatures associated with NOS3 and STAT3 in a mouse model.”

Clinical Epigenetics. 2018 Mar 20;10:37 | doi:10.1186/s13148-018-0469-0

Summary of the findings:

Early exposure to hyperoxia postnatally (BPD mouse model) leads to significant
increase in NOS3 and STAT3 expression in pulmonary endothelial cells with
respective changes in histone modification patterns such as H2aZac and H3K9ac
hyperacetylation. These changes in epigenetic signature at NOS3 locus remains for
longer time and is associated with pathological expression of eNOS upon second
exposure to oxygen later in life. Using an in vitro cell culture model, we confirmed the
importance of the observed histone modification for the regulation of NOS3
expression. The long-term relevance of persisting changes in epigenetic signatures
of early life events could explain pathological vascular endothelial response later in

life, potentially explaining disease condition such as pulmonary hypertension in BPD.
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3. Discussion

3.1 Transgenic mouse lines: advantages and limitations

FGF10 is a growth factor which is essential for the embryonic development of many
organs including the lung, gut, limbs, mammary glands and pancreas.

In this study, we showed that FGF10-FGFR2b signalling is a major signalling
pathway regulating proliferation and differentiation of lineage-restricted as well as
progenitor cell populations during lung development. Further, our data suggests an
important role for FGF10 in the pathogenesis of BPD and for the regeneration of the
lung after epithelial injury.

In this context, transgenic mice are important “tools” to investigate the intricate
biological processes controlled by Fgf10 in an in-vivo “whole lung system” in order to
decipher cell-cell-interactions as well as interactions between different compartments
of the lung (epithelial-mesenchymal, endothelial-mesenchymal). In this study,
transgenic mice have been used extensively.

First, we validated the Tg(Etv4-GFP) and Etv5°ERT2RFP fluorescent reporter mouse
lines, which allow us to confirm ETV4 and ETV5 as downstream transcription factors
of FGF10 signalling and to visualized their expression patterns during early lung
development at E12.5 and E14.5 (Appendix A). Further, Fgf10°®*:tomato™/+ has
been generated and validated. Used as a lineage tracing approach, this site-specific
recombinase system is a valuable “tool” to identify the Fgf10-expressing progenitor
cells and to follow up on their cell fate during lung development (Appendix C, D).
Using this strategy, our results showed that FGF10 is involved in differentiation of

multiple mesenchymal cell types including parabronchial smooth muscle cell,
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vascular smooth muscle cell and lipofibroblast. The latest is believed to play an
important role in normal alveologenesis and repair after injury to the aveoli.

Fgf10 knock out mice are not viable due to agenesis of multiple organs including the
lung, thus limiting their use to understand the function of Fgf10 on cellular and
molecular levels. In order to overcome this obstacle, we generated and used several
mouse lines which exhibit different levels of decreased Fgf10 expression, e.g.
Fgf10+/' (approximately 50% of Fgf10 expression), Fgf10-lacZ/- (hypomorph,
approximately 25% of Fgfi0 expression) and Fgf10iCre/lacZ;tomatoflox/+
(hypomorph, approximately 25% of Fgf10 expression) (Appendix D, E, F, G). The
latest also allow the conditional labelling and thereby a temporospatial tracking of
Fgf10-expressing cells upon administration of tamoxifen (orally or intraperitoneally) to
activate the Cre recombinase. In contrast to the above-mentioned mouse lines which
are constitutively deficient in Fgf10 expression, we also made use of
RosaZ26rtTA;tet(o)sFgfr2b, which allows a conditional overexpression of a soluble
form of FGFR2b receptor (dominant negative receptor) ubiquitously (Rosa26 locus)
upon administration of doxycycline (orally or intraperitoneally) in order to prevent
FGFR2b ligands to bind to the membrane bound FGFR2b receptor (Appendic B, D,
E). In order to investigate the effect of Fgf10 overexpression, Rosa26rtTA;tet(o)Fgf10
has been generated. Ubiquitous Fgf10 overexpression can be induced by

administration of doxycycline orally or intraperitoneally (Appendix, G, H).

Apart from transgenic mouse lines for the loss-of-function of Fgf10, we also tested
mouse lines owning the capability to overexpress Fgf10 (gain-of-function) upon
induction. For example, we overexpress Fgf10 using Rosa26rtTA;tet(o)Fgf10 mouse
line after hyperoxic lung injury (BPD mouse model) and observed an improvement in

lung morphology compared to the control group. Further experiments will be carried
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out to investigate the lung function and the cells involved in this context (unpublished
data). Furthermore, we used the same mouse line to overexpress Fgf10 for two
weeks in adult mice. Immunofluorescent staining showed a significant expansion of
basal stem/progenitor cells (BSC) in the trachea indicating that Fgf10 is required to
maintain BSCs in postnatal life. This data was reinforced by a loss-of-function

experiment using Sox2-CreERT2;Fgfr2b™ o

, where depletion of BSCs was
observed (Appendix G). Another mouse line for the gain-of-function of Fgf10 is the
Sox2-CreERT2;Rosa-LSL-rtTA;tetOFgf10 mouse line, which allow the specific
overexpression of Fgf10 in bronchial epithelial cells. The results show that Fgf10 is
required for the differentiation of the bronchial epithelial stem cell (BESC) population
towards the ATII cell lineage to generate ATII cells after bleomycin injury of the lung
(Appendix H).

In summary, by using transgenic mice we gained new insights into the

temporospatial regulation of Fgf10 during developmental and regenerative processes

of the lung.

However, before use of the transgenic mice, they need to be validated thoroughly
regarding the reliability and reproducibility of the transgene. Some of the drawbacks
must be considered while interpreting the results to be able to make the right

0'°"* -tomato™/+ exhibit partial Fgf10 loss of function

conclusions. For example, Fgf1
and express only 50% of Fgf10 due to insertion of the Cre-ERT2 cassette in exon 1
of the Fgf10. Further, there is a mismatch between Cre and Fgf10 expression levels,
especially in the postnatal period. The low expression of Cre is still sufficient to

induce recombination till P60, but efficient recombination in later postnatal stages still

needs to be validated [131].



Discussion 42

Another major limitation using Rosa26rtTA;tet(o)sFgfr2b - a doxycycline-based
tetracycline-controlled transactivator system - is that the expression of the dominant
negative receptor soluble FGFR2b is globally. Thus, potential secondary effects
cannot be completely excluded. Especially, the blockade of FGFR2b ligands in the
mesenchyme, which has been shown to be able to act directly on the mesenchyme,
could cause indirect effects on the epithelium due to potential epithelial-
mesenchymal-interactions [132](Al Alam et al., 2015).

Furthermore, the dominant negative receptor is scavenging FGF1, 3, 7, 10 and 22.
Although, we could show that during early pseudoglandular stage (E12.5) of lung
development, Fgf10 is solely express, Fgf1 and Fgf7 are emerging FGFs in the
mesenchyme during late pseudoglandular stages at E14.5 and E15.5 (Figure 1A,
Appendix B).

In this context, it is important to mention that the P-ERK on primary culture of lung
mesenchyme is not significantly increased at E14.5 [133]. To show that the impact
seen after the blockade of FGFR2b signalling is epithelial-specific, we showed by
gene array that the “FGF10 signature” (genes changed upon inhibition of FGFR2b
signalling) is only changed in the epithelium versus the mesenchyme (Figure S$11,
Appendix B). The inhibition of FGF10 signalling is further validated using the
FGF10-SHH feedback loop via ETV4/ETV5 (Figure 4H,l, Appendix B) [134].

The lethality observed in Fgf10+/' mice upon hyperoxic lung injury is due to increased
damages of the lungs (Figure 1F,G, Appendix E). Since the decreased expression
of Fgf10 is constitutive, we cannot conclude that a proper Fgf10 expression level is
needed to cope with the toxicity of hyperoxia due to potential built-in defects which
already occurred during embryonic development. Indeed, further investigations
revealed a quantitative and qualitative malformation of the ATII cells associated with

surfactant protein C (SFTPC) deficiency in the normoxia and hyperoxia group. In
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order to test the potential protective effect of Fgf10/FGFR2b ligands during hyperoxic
lung injury, we performed the same experiment using Rosa26rtTAtet(o)sFgfr2b.
There, we also observed lethality but with less severity suggesting that
FGF10/FGFR2b ligands are indeed playing a protective role during hyperoxic lung
injury (Figure 5F,G, Appendix E). As mentioned above, FGFR2b is attenuating
FGF1, 3, 7, 10 and 22, thus the effect seen cannot be solely attributed to the loss-of-
function of FGF10. In order to overcome this drawback, we generated a conditional
Fgf10 knock-out mouse line driven by the ubiquitous promotor Rosa26 based on a

tamoxifen-estrogen receptor systems (Rosa26-CreERT2; Fgf10"/"x)

. Unfortunately,
the validation revealed that the conditional deletion of Fgf10 on cellular level was
quite heterogenous and only targets around 20% of the cells in the lung (unpublished
data).

Despite an existing variety of transgenic mouse lines (mostly epithelial-specific, e.g.
Sftpc, Hopx, Scgb1a1 etc.) being used to decipher the functional role of Fgf10 in lung
injury and regeneration, the progress is still hampered by a lack of more cell-specific
mouse driver lines allowing an inducible genetic deletion or overexpression of Fgf10
in a temporospatial fashion. Especially, cell-specific driver lines which target
mesenchymal cell populations are not available, since so far research has been
focussed mainly on the lung epithelium. However, growing evidence confirmed the
importance of epithelial-mesenchymal interactions in lung development and
regeneration after lung injury. The lung mesenchyme is populated by a highly divers
and heterogenous cell population which is largely understudied. The identification of
molecular markers of lung mesenchymal cells and the generation of the according
mouse lines to label mesenchymal-sepcific cell population in-vivo will allow progress

in the understanding of lung mesenchymal biology during development and

regeneration. In particular, it will promote the understanding of FGF10 in this context
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since FGF10 is expressed by a cell population located in the submesothelial
mesenchymal compartment.

Consequently, much effort has been spent by other groups to establish new cell-
specific driver lines to target mesenchymal cell populations. Once validated, these
driver lines could be used for further generation of mouse lines for the inducible
genetic deletion of Fgf10 in the mesenchyme. For instance, Ntokou and colleagues
generated an inducible mouse Cre-driver line to target mesenchymal cells of the
adipose-differentiation related protein (ADRP) lineage, including the lipofibroblasts
[135]. Other cellular markers have been discovered to target mesenchymal cell
populations in pre- and postnatal lung mesenchyme. Most recently, transcription
factor 21 (Tcf21) has been shown to give rise to a subpopulation of fibroblasts and
lipofibroblasts as well as smooth muscle cells during embryongenesis at E11.5 [136].
T-box transcription factor Tbx4 (Tbx4)-lung enhancer driven Tet-on system have
been established to target lung mesenchyme pre- and postnatally [137]. Also,
platelet-derived growth factor receptor alpha (Pdgfra) are expressed in the
mesenchyme of multiple organs, including the lung, during embryonic development.
In the context of the lung, they have been shown to be expressed in myofibroblasts,
a cell type critical for alveologenesis in the lung [138][139][140][141]. All these driver
lines targeting mesenchymal cell population could be crossed with mouse lines which

allow labelling or modification of the FGF10 level, such as Fgf10™/"*: tomato™*/+.

3.2 Limitations of the single-hit hyperoxia-based BPD mouse model

The BPD mouse model is a well-established and widely accepted model to mimick

the lung phenotype of BPD (alveolar simplification, dysmorphic lung vasculature)
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seen in preterm infants. However, one major critique of this mouse model of BPD is
the use of high level of oxygen (85% oxygen from postnatal day O till postnatal day 8)
to induce disruption of proper alveologenesis. This level of oxygen supply is rarely
used to achieve a proper oxygen saturation in prematurely born infants in neonatal
intensive care units (NICU). This drawback could be addressed by using a lower
level of oxygen proposed by different authors, e.g. 40% [142], 50% [143], 60%
[144][145][146], 70% [147] and 75% [148][149][150][151][152]. However, one should
consider that lower oxygen level usually requires a longer time period of oxygen
exposure of up to 3-fold.

Another limitation of this “one-hit” mouse model of BPD is the lack a mechanical
injury of the lung tissue by mechanical ventilation. Despite the increasing use of non-
invasive approaches such as continuous positive airway pressure (CPAP) and nasal
intermittent positive pressure ventilation (NIPPV) to replace invasive mechanical
ventilation (IMV) in the airway management of preterm infants suffering respiratory
distress syndrome (RDS) thereby avoiding barotrauma, some studies failed to show
a significant beneficial effect on the reduction of the rate of BPD [153]. Nevertheless,
barotrauma is still considered as a major injurious stimuli in the pathogenesis of BPD
[154]. It has been shown that a harsh ventilation regime disrupts lung alveolarization
whereas a mild ventilation protocol does not lead to pathological changes in
alveolarization [155].

Lastly, inflammation pre- or postnatally is believed to play an important role in the
perturbation of normal alveologenesis and preterm infants suffering sepsis are at
higher risk to develop BPD [156][157][158]. Consistent with this notion, some animal
model of BPD combine hyperoxia exposure and bacterial lipopolysaccharide (LPS) or

exposure to Ureaplasma [159][160][161].
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In summary, despite the high diversity of animal models of BPD including mice, rats,
baboons, sheep, rabbits, for the purpose of this study, the single-hit hyperoxia-based
BPD mouse model represents a highly reliable and reproducible model mimicking
alveolar simplification and vascular remodeling. Furthermore, the availability of
transgenic mice is a major advantage allowing new insights into biological processes
on molecular and cellular levels. Last but not least, with respect to issues concerning
cost for husbandry and sample analyses as well as animal welfare ethics, the mouse
model of BPD will remain the method of choice.

However, for further drug validation (e.g. intratracheal administration or inhalation of
recombinant FGF10) the neonatal pups represent a handling problem due to the very
small sizes of the pups. The analyses of physiological parameters such as lung
function, echocardiography (assessment of pulmonary hypertension) and imaging of
the lung vaculature using computed tomography would be a technical limitation in a

mouse model of BPD.

3.3 Clinically relevant aspects about FGF10 in human BPD

Besides the studies mentioned in the introduction (Chapter 1.3., [51][158]), there are
only several other studies showing that FGF10 signalling is involved in human BPD.
FGF10 level has been measured in cord blood of 269 preterm infants of whom 76
infants developed BPD subsequently. Analyses revealed that low cord blood FGF10
levels is associated with the development of severe BPD and could be used as a
biological predictor [162]. Ambalavanan et al showed in a cohort of 29 preterm and
mechanically ventilated infants (<34 week gestation) that elevated FGF2 (bFGF) in

tracheal aspirates correlates with the development of BPD [163]. Using next



Discussion 47

generation sequencing techniques rare heterozygous variant deletions or single-
nucleotide variants (SNVs) involving TBX4 or FGF10 have been identified to be
involved in neonatal lethal pulmonary hypoplasias with primary defects in branching
morphogenesis suggesting a disruption of the TBX4-FGF10-FGFR2 epithelial-
mesenchymal signalling pathway [164][165]. Investigations of this signalling pathway
in autopsy samples from infants suffering BPD is lacking. One preclinical validation of
recombinant FGF10 using a hyperoxia-based BPD mouse model combined with an
in-vitro approach showed that exogenous recombinant FGF10 treatment was able to
promote the growth of pulmonary mesenchymal stem cells, ATIl cells and to reduce
the expression of proinflammatory cytokines [166]. So far, no clinical trials have been
carried out to test the effect of recombinant FGF10 in BPD. The only clinical phase 2
trial involving Keratinocyte growth fractor (KGF, FGF7) for the treatment of acute
respiratory distress syndrome (KARE) in adults did not show improvement of
physiological or clinical outcomes and might even worsen clinical outcomes due to

adverse events [167].
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4. Future perspectives

FGF10 and FGFR2b signalling is believed to be essential in lung development and
during regeneration in lung diseases, such like BPD.

Clinical-grade recombinant FGF10 might have therapeutic potential for the treatment
of BPD. However, based on the facts that other FGFs (e.g. FGF1 and FGF2) have
been shown to be involved in the remodelling process of bronchial airways in COPD,
thus, potentially detrimental [58], the therapeutic use of FGF10 needs to be
thoroughly validated. Also, potential adverse side effects need to be evaluated [167].

In collaboration with a pharmaceutical company and as a first translational step, we
will validate the therapeutic effect of recombinant FGF10 in a mouse model of BPD.
In brief, neonatal pups after hyperoxia-induced perturbed alveolarization from
postnatal day zero till postnatal day eight will be administered recombinant FGF10
intraperitoneally in three episodes (to minimize FGF10-related adverse side effects)
until time of analyses at postnatal day 45. The primary read outs include lung
function, lung morphometry, lung vascular morphometry and echocardiography. Lung
tissues will be stored for further analyses. This study will be performed as a proof-of-
concept and will lead to follow-up studies using large animal models of BPD in case
of positive results. Large animal models will allow the intratracheal or inhalative
administration of recombinant FGF10 which will be much more favourable and
clinically relevant.

Apart from the above-mentioned translational approaches, FGF10 expression (gene
and protein levels) needs to be better clinically characterized within the
heterogeneous cohort of preterm infants at risk of developing BPD (gestation age,

risk factors for BPD, postnatal ventilation regimes, genetic predisposition etc.). Thus,
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future studies including the measurement, e.g. using tracheal aspirates or exhaled
breath condensate (EBC), of the expression of FGF10 in preterm infants is highly
desirable.

The establishment of a centralized biobank and databank would promote collection
and characterization of biomaterials, provide organized availability and facilitate
accessibility for research.

In parallel to efforts invested in the clinical setting, more basic research needs to be
done in order to gain deeper insight into the cellular and molecular mechanisms of
FGF signalling governing alveologenesis and regeneration processes in BPD.

The combination of both clinical and basic research will allow a better design of

therapeutic strategies to prevent and to treat BPD in the future.
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5. Summary

Increasing evidence is confirming the key role of FGF10 in lung developmental
processes pre- and postnatally as well as in lung regeneration after injury, such like
in Bronchopulmonary dysplasia (BPD).

With regard to the role of Fgf10 in lung development, we first confirmed using
transgenic reporter mouse line that the two transcription factors, ETV4 and ETV5,
indeed acted downstream of FGF10/FGFR2b signalling. Further, we showed that
FGF10 signalling on distal epithelial progenitors was essential during early lung
development and was mainly mediated through p-catenin/EP300. Paying attention to
the lung mesenchyme, we were able to identify and lineage-trace two populations of
Fgf10-expressing progenitor cells which gave rise to different mesenchymal cell
types pre- and postnatally, e.g. lipofibroblast.

In the next chapter, we provided evidence that Fgf10 was crucial for proper
development of the alveolar epithelial cells type Il (ATIl), the pulmonary vasculature
and to cope with hyperoxic lung injury using a mouse model for BPD. Pertubation of
FGF10/FGFR2b signalling led to a phenotype similar to pulmonary hypertension.
During regeneration after naphthalene-mediated epithelial injury, the Yap-Wnt7b-
Fgf10 regenerative pathway is activated in the airway smooth muscle cell niche to
recruit basal cell to the area of injury. Similarly, we have shown that FGF10/FGFR2b
signalling was needed for the regeneration of the alveolar epithelium after bleomycin
injury (mouse model of idiopathic pulmonary fibrosis, IPF). Finally, in the last chapter
we emphasized the critical role of epigenetic regulations in lung development and
BPD. We identified miR-142-3p as a major epigenetic regulator for the proliferation

and differentiation of mesenchymal cells and for the alveolar lineage formation during
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lung development. Also, early exposure to high oxygen levels was associated with
persisting changes in histone modifications in pulmonary endothelial cells, which
might be accountable for the development of pulmonary hypertension in the

pathogenesis of BPD.
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Members of the PEA3 transcription factors are emerging as bone fide targets for
fibroblast growth factor (FGF) signaling. Among them, ETV4 and ETV5 appear to
mediate FGF10 signaling during early embryonic lung development. In this paper,
recently obtained Tg(Etv4-GFP) and Etv5CeERT2=RFP flyorescent reporter lines were
generally characterized during early embryonic development and in the context of
FGF10 signaling, in particular. We found that both Tg(Etv4-GFP) and Etv5CTeERT2—RFP
were primarily expressed in the epithelium of the lung during embryonic development.
However, the expression of Etv5C€ERT2=RFP \yas much higher than that of Tg(Etv4-GFP),
and continued to increase during development, whereas Tg(Etv4-GFP) decreased. The
expression patterns of the surrogate fluorescent protein GFP and RFP for ETV4 and
ETV5, respectively, agreed with known regions of FGF10 signaling in various developing
organs, including the lung, where ETV4-GFP was seen primarily in the distal epithelium
and to a lesser extent in the surrounding mesenchyme. As expected, ETV5-RFP was
restricted to the lung epithelium, showing a decreasing expression pattern from distal
buds to proximal conducting airways. FGF10 inhibition experiments confirmed that both
Etv4 and Etv5 are downstream of FGF10 signaling. Finally, we also validated that both
fluorescent reporters responded to FGF10 inhibition in vitro. In conclusion, these two
reporter lines appear to be promising tools to monitor FGF10/FGFR2b signaling in early
lung development. These tools will have to be further validated at later stages and in
other organs of interest.
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Characterization of Tg(Etv4-GFP) and EtvsRFP Reporter Lines

INTRODUCTION

PEA3 transcription factors are a subfamily of the E26
transformation-specific (ETS) transcription factor family
consisting of three members: ETV1 (also known as Er81), ETV4
(also known as PEA3), and ETV5 (also known as ERM) (reviewed
by Sharrocks et al., 1997). Evidence from multiple studies has
demonstrated that ETV4 and ETV5 are primary mediators of
fibroblast growth factor (FGF) signaling via fibroblast growth
factor receptor 2b (FGFR2b), and play overlapping roles in the
patterning, morphogenesis, differentiation, and homeostasis of
multiple organs and structures. For example, ETV4 and ETV5
have been shown to repress Shh expression in mouse limb buds,
thus promoting bud outgrowth and proper anterior-posterior
patterning (Mao et al, 2009; Zhang et al., 2009); studies in
the mouse lung have shown that ETV4- and ETV5-mediated
induction of Shh appear to regulate branching morphogenesis
(Herriges et al., 2015); furthermore, ETV5 was shown to
maintain alveolar type 2 (AT2) cell identity during mouse lung
homeostasis and repair after injury, and has been implicated in
lung tumorigenesis (Zhang et al., 2017); during development
of the lacrimal gland in mice, it was demonstrated that PEA3
transcription factors control epithelial cell fate determination
(Garg et al., 2018); in the kidney as well, research has shown
that ETV4 and ETV5 play a wide range of functions within
multiple signaling pathways, including FGF signaling, to regulate
Wolftian duct and ureteric bud morphogenesis (Kuure et al,
2010); finally, a study in zebrafish has found that knocking down
Etv4 and Etv5 resulted in embryonic abnormalities similar to a
loss of FGF signaling, including cardiac, and left/right patterning
defects (Znosko et al., 2010).

Lung organogenesis is a complex process involving a number
of signaling pathways, and is divided into distinct stages
comprising embryonic (E) and postnatal (P) development. In
the mouse, these stages include the pseudoglandular stage (E9.5-
16.5), the canalicular stage (E16.5-17.5), the saccular stage
(E17.5-P5), and the alveolar stage (P5-P30) (reviewed in Chao
et al, 2015). During each of the embryonic and postnatal
stages, FGF signaling plays critical roles. For instance, during
the pseudoglandular stage of lung development, the majority of
the lung architecture is established via branching morphogenesis,
and also most of the epithelial and mesenchymal cell types are
formed (reviewed in El Agha and Bellusci, 2014). Disruption of
FGFR2b signaling during this stage leads to morphological and
differentiation defects (Bellusci et al., 1997b), while either Fgf10-
or Fgfr2b-null embryos display complete lung agenesis (Sekine
et al., 1999; De Moerlooze et al., 2000).

Another critical signaling pathway during pseudoglandular
lung development is the sonic hedgehog (SHH) pathway.
SHH is a negative regulator of Fgfl0 expression in the distal
mesenchyme, and serves to limit the action of FGF10/FGFR2b
signaling (Bellusci et al., 1997a). Recent studies propose that
FGF10 acts on SHH via ETV4 and ETV5, creating an
FGF10/ETV4/ETV5/SHH axis required for orchestrating proper
branching morphogenesis (Herriges et al., 2015). It is unclear,
however, how FGF10 acts on ETV4 and ETV5; whether it
acts directly to regulate the expression of these transcription

factors, for example, or whether these are regulated indirectly via
another pathway.

To aid the study of the role of ETV4 and ETV5 during
organogenesis, two transgenic reporter mice have recently
been developed, Tg(Etv4-GFP) (Lamballe et al, 2011) and
Ety5CreERT2=REP (4150 referred to as Efv5RFP). These lines report,
via green and red fluorescent markers, the expression of Etv4
and Etv5, respectively. Furthermore, Etv5¢ e ERT2=REP cap be used
to drive inducible genetic recombination in Etv5 positive cells,
upon administration of tamoxifen. These lines can, therefore,
potentially be used as invaluable research tools to study the role
of ETV4 and ETV5 during the development of multiple organs,
especially in the context of FGF signaling.

In this paper, we characterize these two reporter mouse
lines during early embryogenesis (up to E16.5). We report the
areas and organs of expression of ETV4-GFP and ETV5-RFP
in the mouse embryo. We then focus on the expression of
Etv4 and Etv5 in isolated embryonic lung mesenchyme and
epithelium as well as the dynamic expression of the ETV4-GFP
and ETV5-RFP protein during pseudoglandular development.
Finally, various FGF10 inhibition experiments were carried out
in vitro to determine the impact on the expression of ETV4-GFP
and ETV5-RFP activity.

MATERIALS AND METHODS

Animal Husbandry and Experimental
Embryos

All animals were housed in a specific-pathogen-free (SPF)
facility in accordance with local, state, and national laws. Timed
pregnancies were set-up to obtain experimental embryos for
analysis at the desired embryonic stage (from E9.5 to E18.5).
Noon on the day of the vaginal plug was considered E0.5.

To obtain  experimental and littermate control
embryos, mice heterozygous for Etv5CeERT2=RFP (B6 Co.
Etv5<tml(cre/ERT2)Brst>), or hemizygous for Tg(Etv4-GFP)
(B6-Tg(Etv4/EGFP)4Fhel) (Lamballe et al., 2011), were crossed
with wild type mice. Embryos were harvested at the desired
embryonic stage. Briefly, pregnant females were sacrificed
with an overdose of pentobarbital sodium (dosage: 0.4mg
pentobarbital / g mouse weight), embryos removed, and washed
in PBS for ~2 min. Organs were dissected under a stereoscope
and positioned for imaging.

DNA was extracted from tails and limbs following basic
lab procedures and prepared for PCR-based genotyping. The
Tg(Etv4-GFP) gene was detected using the following primer
sequences: Forward—5-GGA ATC TTG GGC CTT GAG AAC
AGC-3'; reverse—5'-CGC TGA ACT TGT GGC CGT TTA CG-
3’. The cycling protocol was as follows: denaturation at 94°C
for 3 min; 40 cycles of denaturation at 94°C for 155, annealing
at 60°C for 30s, and extension at 72°C for 1 min; finish with
a final extension at 72°C for 5min. The Etv5CTERT2=RFP gepe
as well as the wild type Etv5, was detected using the following
primer sequences: Etv5CTERT2=REP forward—5'-TCG ATG CAA
CGA GTG ATG AG-3'; Etv5¢*ERT2REP reverse—5/-TTC GGC
TAT ACG TAA CAG GGT-3'; Etv5 forward—5'-AAA GAG
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GAA CGC GGT CTG AG-3'; Etv5 reverse—5-CCA GCT GAG
TCT CGT GTG AT-3'. The cycling protocol was as follows:
denaturation at 95°C for 3 min; 30 cycles of denaturation at 94°C
for 30s, annealing at 60°C for 30s, and elongation at 72°C for
80 s. Product bands were detected by capillary gel electrophoresis.

FACS-based Isolation of Epithelial and

Mesenchymal Cells

Lungs from embryonic mice were dissected at desired time points
(E14.5, E16.5, and E18.5), and transferred to ice-cold Hank’s
Balanced Salt Solution (HBSS). Lungs were finely chopped with
a sterile razor blade on a glass plate. The tissue was then added
to a falcon tube and digested in 0.5% collagenase at 37°C for
45 min, with constant mixing. Single cell suspensions were made
by successively flushing the samples through 18, 20, and 24g
grade needles and then filtering the samples through 70 and
40 pm nylon strainers (BD Biosciences). The cell suspensions
were diluted with 5ml HBSS and centrifuged at 12,000 rpm
for 5min. and the supernatant was discarded. The pellet was
resuspended in 10 pl blocking buffer and the following antibodies
were added: 488-CD31 (1:50); FITC-CD45 (1:50); and Apc Cy7
EpCam (Epithelial cell adhesion molecule) (1:50) (Biolegend),
for 20 min at 4°C. The samples were washed 2x with 100 pl
FACS buffer and centrifuged at 12,000 rpm for 5 min at 4°C. The
supernatant was discarded. The pellet was resuspended in 100 .1
FACS buffer.

Cell sorting and isolation was performed using the
FACSAria™ II1 (BD Biosciences) cell sorter. Alveolar epithelial
cells were identified as CD457V¢/CD317"¢/ Epcam™ and
mesenchymal cells as CD457V¢/CD317¢/ Epcam™". Cells were
sorted through a flow chamber with a 100-pum nozzle tip under
25 psi sheath fluid pressure. Isolated cells were used for RNA
isolation. As a main criterion for gating, we used the settings
allowing to capture 98% of the cells in the isotype control and
then we applied these gating conditions to the stained cells.

RT-gPCR

Either FACS-isolated cells, or embryonic lungs were lysed in
Qiazol lysis reagent, and total RNA isolated using a miRNeasy
mini RNA extraction kit according to the manufacturer’s
instructions (Qiagen). Please note that from cell dissociation to
RNA isolation, the process takes 3—4 h. Our results indicate that
there is very little variability between samples from the same time
point and same group (epithelium or mesenchyme).

Up to 1 pg RNA was reverse-transcribed using the
QuantiTect reverse transcription kit (Qiagen). cDNA was
used to specifically amplify the desired DNA sequence
by quantitative PCR (qPCR). Primers were designed to
amplify specific mature mRNAs using NCBI’s primer-BLAST
option (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
(last accessed, 01-08-2018). Primers were further validated
by PCR-based gel electrophoresis. The following primer
sequences were used: Etv4 (FWD-5-CAGACTTCGCCTAC
GACTCA-3'; REV-5'- GCCATAACCCATCACTCCAT-3'); Etv5
(FWD-5'-GTGGCCGCTCAGGAGTA-3’; REV-5-GTGCTTC
CTTCCAAAGTCTCCG CT-3'); RFP (FWD-5-GCGTGATG
AACTTCGAGGAC-3'; REV-5-TTCACCTTG TAGATC

AGCGTG-3'); Hprt (FWD-5-CCTAAGATGAGCGCAAGTT
GAA-3'; REV-5'-CCACAGGACTAGAACACCTGCTAA-3').

qPCR reaction mixtures were set up using the PowerUp
SYBR Green Master Mix kit following the manufacturer’s
instructions (Thermo Fisher). Samples were run with three
technical replicates on a LightCycler 48011 (Roche) using the
following protocol: UDG activation at 50°C for 2 min; DNA
polymerase activation at 95°C for 2min; and 40 cycles of
denaturation at 95°C for 15s, annealing at 60°C for 155, and
extension at 72°C for 1 min. To validate amplification specificity,
a dissociation step was also included for each sample. Threshold
cycles (Ct) were calculated and used for relative expression
analyses, using mouse Hprt as the reference gene.

ACt and AACt values were calculated according to the
following formulas:

ACt = Ctreference — Ctgeneof interest

Note, this equation accounts for the fact that Ct is proportional
to the —log of gene expression. ACt is therefore positively related
to the expression of the gene of interest.

Expression relative to Hprt = 24t

AACtExperimental—contml = MeanACtExperimental - MeanACtControl

Unpaired two-tailed Student’s t-tests were performed on the
ACt values, which can be assumed to be normally distributed.
Number of “n” form of graphical representation, and significance
level is indicated either in the figures or in the figure legends.

Lung Explant Culture for in vitro

Experiments

Embryonic lungs used for in vitro experiments were obtained
either from genetically modified embryos generated as described
above, or from C57BL/6 wild-type embryos.

Embryonic lungs were dissected and cultured on 13 mm
Whitman Track-Etch polycarbonate membranes, with 8.0 pm
pores (Merck) positioned atop DMEM culture medium in a
24-well culture dish [medium contained: Dulbecco’s Modified
Eagle Medium (1x DMEM), supplemented with D-Glucose,
L-Glutamine, HEPES, Pyruvate, and Phenol red (Gibco), 10%
fetal bovine serum (FBS), 1% penicillin (10,000 units/ml)-
streptomycin (10 mg/ml)]. Lungs were incubated at 5% CO,
and 37°C for ~45min to allow them to settle. At the desired
time, recombinant FGF7 (50 ng/ml), FGF10 (250 ng/ml), soluble
FGFR2b (5pg/ml) (R and D Systems), or anti-FGF10 blocking
antibody (20 ug/ml) (Santa Cruz Biotechnology) was added
to the experimental lungs (as described in Sakaue et al,
2002), while the vehicle was added to control samples. Lungs
were incubated at 5% CO, and 37°C for the duration of
the experiment.

In vivo Model to Inhibit FGFR2b Signaling

In vivo studies were conducted using an inducible dominant
negative mouse model: Rosa26™A/*;  Tg(tetO-Fgfr2b)/+
(B6-Cg-Gt(ROSA)26Sor!™-1(tTA.EGFP)Nagy Tg(tetO-Fgfr2b/
Igh)1.3Jaw/sbel).  Doxycycline ~ was  administered  via
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intraperitoneal injection to timed-pregnant females, as

previously described (Danopoulos et al., 2013).

Imaging Acquisition and Measurements
Brightfield images of lungs from in vivo and in vitro experiments
were captured either on a Leica MZ 125 stereoscopic dissecting
microscope using a Spot Insight 2.0 Mp Color Mosaic camera and
Spot 4.5.9 imaging software, or were obtained from live imaging
experiments using a Leica DM6000B inverted microscope,
DFC 305FX camera, and Leica Application Suite Advanced
Fluorescence imaging software. Fluorescence intensities were
quantified using FIJI software (version 2.0.0-rc-68/1.52 g).
Branching was quantified by counting and averaging the distal
tips of the left lobe of control and experimental samples at 0 and
24h. These groups were analyzed using a two-factorial quasi-
Poisson model, with the dispersion parameter estimated as 0.317.
Differences were considered statistically significant at p < 0.05.

Gene Expression Patterns

To assess the expression patterns of genes in early stage
embryonic lungs (E14.5), the online database genepaint.org was
used (last accessed 01-08-2018). Each of the genes significantly
regulated in our in vivo studies was entered in genepaint. The
whole embryo section displaying the clearest gene expression in
the lung, along with a magnification of the lung itself, was chosen
for the figures.

RESULTS AND DISCUSSION

Tg(Etv4-GFP) Expression During Early

Embryonic Development

The Tg(Etv4-GFP) mouse line was created by Lamballe et al.
(2011). These researchers used a bacterial artificial chromosome
containing the Etv4 gene fused with a green fluorescent protein
gene (GFP) in frame with exon 9, to generate the Tg(Etv4-GFP)
transgenic mouse line (Figure 1A). In the process, exons 10-12
of the Etv4 construct were deleted. Thus, the randomly inserted
Tg(Etv4-GFP) transgene is non-functional, and does not interfere
with endogenous Etv4 activity.

To characterize Tg(Etv4-GFP) expression in various organs
during development, embryos were generated at different stages
(E9.5, E11.5, E12.5, and E13.5). Tg(Etv4-GFP) was crossed with
wild type mice to generate controls (Etv4™/*) and transgenic
embryos (Tg(Etv4-GFP)/+) at different developmental stages.
Figure 1B shows the PCR-based strategy designed to detect
the band corresponding to the presence of the transgene (see
sequence of the primers in materials and methods). Figure 1C
shows embryos negative for GFP (Figures 1Ca,g,n,u) and
positive for GFP (Figures 1Cb,r,h,v) at different developmental
stages. At E9.5, GFP was detected in the nasal placode,
the mandibullary and maxillary processes, and at the mid-
brain/hindbrain junction (Figures 1Cc), the anterior limb
bud and the mammary line (Figures 1Ce), the otic placode
(Figures 1Cd), and the tail bud (Figures 1Cf). Similar expression
sites were found at E11.5 (Figures 1Ch-1). Close examination
of the lung indicated that GFP was expressed specifically at the
tips in the epithelium and mesenchyme (Figures 1Cm). This

expression overlaps with the previously reported endogenous
Etv4 expression in the E12.5 lung (Yin et al, 2011). At
E12.5, the external expression of GFP did not appear as
specific. However, upon dissection of internal organs, GFP was
enriched in the posterior (glandular) stomach (Figures 1Co),
the developing kidneys (Figures 1Cq), the epithelium of the
cecum (Figures 1Cs), and the lung epithelium and mesenchyme
(Figures 1Ct, see also insert in figure 1t). At E13.5, GFP was
found in similar places (Figures 1Cw,y,z). In addition, GFP was
located at the tip of the forming digits (Figures 1Cx).

Etv5CreERT2-RFP/+ Expression During Early

Embryonic Development
The Ety5C¢reERT2=REP/+ mouse line was recently generated by
Barry Stripp (Cedars-Sinai Medical Center, Los Angeles, USA). In
thisline, a knock-in of CreERT2/RFP in the 3’ untranslated region
of the Etv5 gene was carried in embryonic stem cells (Figure 1D).
Recombinant clones were used to generate Etv5CreERT2—RFP/+
knock-in mice. Figure 1E shows the PCR based strategy to detect
the presence of the Etv5RfY knock in allele in heterozygous or
homozygous embryos (see sequence of the primers in materials
and methods). We performed a similar characterization on this
line as we did on the Tg(Etv4-GFP) mouse line.
Etv5CreERT2=REP/+ mjce were crossed with wild type mice
to generate controls (Etv57/%) and heterozygous embryos
(Ety5CreERT2=RFP/+y ot different developmental stages. During
the E9.5 and EI1.5 stages, RFP expression was general
throughout the embryo (Figures 1Fa,g). At E9.5, expression was
seen in the heart (Figures 1Fb), otic placode (Figures 1Fd), and
nasal placode (Figures 1Fc). Expression in the tail was seen
at E9.5 and E11.5 (Figures 1Ffk), and in limb buds, limbs
and the tips of forming digits in all stages (Figures 1Ff,h,q,w).
Expression was seen in whisker regions (Figures 1Fn,t). After
dissection, RFP was found to be enriched in the anterior stomach
(Figures 1Fp), kidneys (Figures 1Frx), and epithelium of the
cecum (Figures 1Fj,v). The expression of RFP in the lung at
E11.5 did not appear enriched in the epithelium (Figures 1Fl).
However, in later stages, RFP expression did appear enriched
in the epithelium (Figures 1Fo,s,u), not only distally, but
throughout the epithelium, with the expression disappearing
in the main bronchi and trachea (e.g., Figures 1Fo,s, see also
Figures 4, 6).

Expression of Etv4 and Etv5 During
Embryonic Lung Development

To assess the relative expression of Etv4 and Etv5 during
embryonic lung development, epithelial and mesenchymal cells
from embryonic wild type mouse lungs were separated using
FACS at different stages (E14.5, E16.5, and E18.5). Please
note that while our protocol allows excluding the CD31-
positive endothelium and CD45-positive hematopoietic cells,
the isolated mesenchyme (negative for the surface marker
Epcam, an epithelial cell adhesion molecule used to isolate
epithelial cells) was a mixture of nerve cells, smooth muscle
cells, mesothelial cells and resident mesenchymal cells. RNA
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was extracted from the Epcam-positive (epithelial) and Epcam-
negative (mesenchymal) cells and qPCR analysis was performed
(Figure 2A). Etv4 expression was seen in both the mesenchyme
and epithelium during embryonic development. At E14.5, Etv4
was more highly expressed in the epithelium than in the
mesenchyme. However, at later stages (E16.5 and E18.5), Etv4

expression decreased in the epithelium while remaining relatively
constant in the mesenchyme (Figure 2B).

Etv5 was likewise expressed in both the mesenchymal and
epithelial compartments throughout embryonic development.
However, its expression in the epithelium was much higher
than in the mesenchyme (around 10 times higher at E14.5,
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FIGURE 2 | Expression of Etv4 and Etv5 in isolated embryonic lung epithelium and mesenchyme (A) Experimental design for the FACS-based isolation of embryonic
lung epithelial and mesenchymal cells at E14.5 (n = 4; 44.88 + 17.54 ng/nl RNA from epithelial cells, 64.70 + 18.10 ng/pl RNA from mesenchymal cells), E16.5 (n =
3; 16.38 + 5.69 ng/il RNA from epithelial cells, 75.18 + 13.79 ng/nl RNA from mesenchymal cells), and E18.5 (n = 4; 28.77 + 3.06 ng/pl RNA from epithelial cells,
44.89 + 15.30 ng/nl RNA from mesenchymal cells). Approximately 10 and 30% of the cells in E14.5 lungs were epithelial and mesenchymal, respectively. (B)
RT-gPCR for Etv4 and Etv5 in isolated epithelial and mesenchymal cells. Note the different scales of the y-axis between Etv4 and Etv5 graphs. (Data are presented as
geometric mean + SE; n.s. = not significant, o < 0.01, **p < 0.001). (C) In situ hybridization from the genepaint database showing the expression of Etv4 and Etvs
in E14.5 embryos.

and 15 times higher at E18.5). Etv5 epithelial expression
decreased at E16.5 before greatly increasing at E18.5, compared
to E14.5 (Figure 2B).

The expression of Etv4 and Etv5 was also validated using the
publicly available genepaint.org data base. While Etv4 expression
was diffusely seen in the lung epithelium and surrounding
mesenchyme, Etv5 showed very strong expression restricted to
the epithelium (compare insets in Figure 2C).

Dynamic GFP Expression Reports FGF10
Signaling

To monitor the expression of Tg(Etv4-GFP) in the epithelial
buds of pseudoglandular stage lungs in the context of FGF10
signaling, E12.5 Tg(Etv4-GFP) lungs were cultured and live
imaged for 24 h, after which FGF10 signaling was blocked using
an anti-FGF10 antibody for an additional 24h (Figure 3A).
During the first 24 h, ETV4-GFP was dynamically expressed,

showing greater expression at the distal tips of growing buds, in
likely regions of active FGF10 signaling (see Figures 3Ba-c and
Supplementary Movie 1). During the FGF10 inhibition, ETV4-
GFP expression was greatly reduced. Still images from multiple
time points during the live imaging from three independent
lungs were used to quantify these global changes in fluorescence
intensity (Figure 3C). We also confirmed that the loss of GFP
expression of the E12.5 lungs after 24h in culture was neither
due to bleaching, nor to a normal decrease in ETV4-GFP
expression. Supplementary Figure 1 shows that the expression
of ETV4-GFP in E12.5 transgenic lungs was maintained in
culture for at least 38 h. Furthermore, still images of individual
buds were used to quantify the dynamic expression of ETV4-
GFP in three regions of the bud during a branching event
(Figures 3D,E). Intensity was measured during new branch
formation at the tip (regions 4 and 6), stalk (regions 1-3; 7—
9) and cleft (region 5). Tip ETV4-GFP fluorescence intensity
initially increased before stabilizing (Figures 3Ea), whereas stalk
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FIGURE 3 | ETV4-GFP is dynamically expressed in regions of active FGF10 signaling during early lung development (A) Experimental design: E12.5 Tg(Etv4-GFP)
lungs were isolated, cultured and live imaged for 48 h. After 24 h anti-FGF10 antibody was added to inhibit FGF10 activity. (B) Still images from different time points
during the live imaging experiment. Note how ETV4-GFP expression increases before leveling off within the first 24 h (a—c), and, once the antibody is added, the
expression decreases to almost zero by the end of the experiment (c—e). Scale bar: 125 um. (C) Global ETV4-GFP fluorescence intensity measured at various time
points before (a) and after (b) adding the FGF10 blocking antibody. (n = 3; data are presented as average fluorescence intensity in arbitrary units (a.u.) + standard
deviation). (D) Example images of a branching tip at three successive time points (a—c), highlighting three regions of dynamic ETV4-GFP expression: the tip (4 and 6),
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and cleft fluorescence intensity increased before decreasing to
initial levels (Figures 3Eb,c). The expression patterns of the
stalk and cleft reflected the initial single bud branching into
two buds.

These results suggest that the Tg(Etv4-GFP) mouse line can be
used as a valid tool to report FGF10 signaling in the distal tips

of lungs during pseudoglandular development. This conclusion
is supported by the previously described dynamic expression
pattern of Sprouty2 during the branching process (Mailleux et al.,
2001). Sprouty2 is a well-accepted target of FGF10 signaling in
the lung, and displays a remarkably similar expression pattern to
what we found for Tg(Etv4-GFP).
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FIGURE 4 | Expression pattern of ETV5-RFP in distal lung epithelium during early development (A) Experimental design: E12.5 EtvsfFP lung explants were cultured for
40h and live imaged. (B) Still images showing representative ETV5-RFP expression both globally and in the distal tips (boxes). Arrows indicate increased expression in
the tips over time. Scale bar: (Top row) 500 wm; (Bottom row) 125 wm. (C) Example images of a branching tip at three successive time points (a—c), highlighting three
regions of dynamic ETV5-RFP expression: the tip (1 and 2), the cleft (3), and the stalk (4 and 5). See text for details. Scale bar: 37 wm. (D) Representative plot of
ETV5-RFP expression in three independent regions [(a) tip, (b) stalk and (c) cleft] of a single bud over a period of 40h (n = 1; a.u. = arbitrary units).

Quantification of Dynamic ETV5-RFP
Fluorescence

Similar to the analysis of ETV4-GFP expression in early
lung development, the expression of ETV5-RFP in branching
epithelial buds was assessed. E12.5 Ety5CreERT2=REP/+ yngg
were cultured and live imaged for 40h (Figure 4A). During
this time ETV5-RFP was expressed throughout the epithelial

tree at the exception of the primary bronchi and trachea.
This was in contrast with the expression of ETV4-GFP,
which was only at the tip. Interestingly, the more proximal
regions of ETV5-RFP expression were not localized to known
areas of FGF10 signaling. Close-up examination of ETV5-
RFP indicated higher expression in distal tips compared
to more proximal regions (see arrows in Figure4B and
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FIGURE 5 | Model to inhibit FGF10 in vivo and in vitro demonstrates Etv4 and Etv5 are downstream of FGF10/FGFR2b signaling (A) /n vivo model to inhibit
FGF10/FGFR2b signaling: pregnant females carrying experimental (Rosa26t7A/MTA . TgTet0)sR2b/+) and littermate control (Rosa26™"A/MTA: Tg+/+) embryos were
injected with doxycycline. Embryonic lungs were isolated 9 h later. Scale bar: 500 um. (B) Corresponding RT-gPCR analysis showing Etv4 and Etv5 expression in
experimental vs. control lungs. (C) /n vitro model to inhibit FGF10/FGFR2b signaling: E12.5 lung explants were cultured for 24 h with (experimental) or without (control)
5 pg/ml recombinant (soluble) FGFR2b. Scale bar: 500 wm. (D) Corresponding RT-gPCR analysis showing Etv4 and Etv5 expression in experimental vs. control lungs.

Etv4
(n=3)
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Supplementary Movie 2). Finally, we quantified the fluorescence
intensity of bud regions during a branching event using still
images at multiple time points (Figures 4Ca-c). Fluorescence
intensity at the tip (regions 1 and 2) increased before leveling
off around 30h, and then decreased slightly (Figures4Da),
whereas intensity at the cleft and stalk regions (regions 3
and 4-5, respectively) initially increased before decreasing to
original levels (Figures 4Db,c). This temporal expression pattern
was similar to what was found for Tg(Etv4-GFP) lungs, and
is likely a consequence of the initial bud branching into
two buds.

Model to Inhibit FGF10 Confirms Etv4 and
Etv5 Are Downstream of FGF10/FGFR2b
Signaling

We made use of a model to inhibit all FGFR2b ligands in
vivo via inducible expression of a dominant negative form of
the FGFR2b receptor, called soluble FGFR2b (Rosa26™TA/mT4;
Tg(tet(o)sR2b)/+) (Parsa et al., 2008, 2010). Upon administration
of doxycycline, soluble FGFR2b is produced and secreted from
cells, functionally inhibiting all FGFR2b ligands from properly
signaling. We have previously shown that at E12.5, FGF10 is the
predominant FGF ligand signaling in the lung (Bellusci et al.,
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FIGURE 6 | ETV5-RFP reports FGF10/FGFR2b signaling in vitro (A) E12.5 EtvsHrP lungs were harvested and cultured with (experimental) or without (control) 5 pg/ml
recombinant (soluble) FGFR2b for 48 h. Scale bar: (Top rows) 500 um; (Boxes) 125 wm. (B) Left lobe distal tips show arrested branching in experimental lungs after
24 h. FGF10/FGFR2b inhibition, compared to control lungs. While both control lungs and experimental lungs had a similar number of average tips at 0 h, only control
lungs showed an increase in branching over time (Data are presented as mean with 95% CI; **p < 0.01). (C) RT-gPCR analysis of the lungs showing downregulation
of RFP, Etv4, and Etv5, in experimental lungs, demonstrating the usefulness of the Etv5FFP line to report FGF10/FGFR2b signaling. Note, we only had one control
EtvsRP lung and two experimental Etv™ P lungs, thus statistical analysis was not possible (Data are presented as mean & SEM; **p < 0.01).

1997b). Therefore, induction of soluble FGFR2b at this time point  simplified branching, and had fewer distal buds. Furthermore,
inhibits FGF10 signaling. As Figure 5A shows, after only 9h of  the expressions of Etv4 and Etv5, as evaluated by RT-qPCR, were
FGF10 inhibition, experimental lungs were smaller, displayed  reduced (Figure 5B).
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A similar approach to inhibiting FGFR2b signaling was
conducted in vitro. In this experiment, wild type E12.5
lungs were harvested and cultured with (experimental) or
without (control) recombinant FGFR2b added to the culture
medium for 24h (Figure5C). A similar phenotype to that
seen in vivo was produced in experimental lungs, while the
downregulation of Etv4 and Etv5 mRNA was even more
pronounced (Figure 5D).

Taken together, these results suggest that FGF10 signaling can
be inhibited both in vitro and in vivo, and that Etv4 and Etv5 are
regulated by FGF10.

ETV5-RFP Expression Reports FGF10
Signaling in vitro

Using our in vitro approach to inhibit FGF10/FGFR2b signaling
in pseudoglandular stage lungs, we investigated whether
the Etv5CTeERT2=RFPline could be used as a tool to report
FGF10/FGFR2b signaling. E12.5 Etv5CeERT2=REP Jyngs were
cultured and live imaged for 48h with (experimental) or
without (control) recombinant soluble FGFR2b (Figure 6A).
As can be seen in the still images, the soluble FGFR2b
treated lungs showed arrest in branching over time, compared
to the control (Figure 6B). This phenotype is a hallmark of
inhibited FGF10 signaling. Furthermore, demonstrating the
usefulness of this line to report FGF10/FGFR2b signaling, the
fluorescence intensity of the ETV5-RFP decreased over time
in experimental lungs, while that of the controls remained
constant. This finding is supported by RT-qPCR results after
48h, which show a decrease in the expression of RFB
Etv4, and Etv5 in experimental lungs compared to controls
(Figure 6C).

These results not only confirm that soluble FGFR2b can be
used to inhibit FGF10 signaling in Etv5¢ERT2=RFP Jyng explants,
but they also suggest that the Etv5CTERT2=REP Jine responds to
FGF10/FGFR2b signaling in the developing lung.

CONCLUSION

In conclusion, the Tg(Etv4-GFP) and Ety5REP reporter mouse
lines appear to be promising tools to monitor FGF10/FGFR2b
signaling in early lung development. These tools will have
to be further validated at later stages and in other organs
of interest.
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This study demonstrates that FGF10/FGFR2b signaling on distal epithelial progenitor
cells, via B-catenin/EP300, controls, through a comprehensive set of developmental
genes, morphogenesis, and differentiation. Fibroblast growth factor (FGF) 10 signaling
through FGF receptor 2b (FGFR2b) is mandatory during early lung development as
the deletion of either the ligand or the receptor leads to lung agenesis. However,
this drastic phenotype previously hampered characterization of the primary biological
activities, immediate downstream targets and mechanisms of action. Through the
use of a dominant negative transgenic mouse model (Rosa26rtTA; tet(o)sFgfreb), we
conditionally inhibited FGF10 signaling in vivo in E12.5 embryonic lungs via doxycycline
IP injection to pregnant females, and in vitro by culturing control and experimental
lungs with doxycycline. The impact on branching morphogenesis 9h after doxycycline
administration was analyzed by morphometry, fluorescence and electron microscopy.
Gene arrays at 6 and 9h following doxycycline administration were carried out. The
relationship between FGF10 and B-catenin signaling was also analyzed through in vitro
experiments using 1Q1, a pharmacological inhibitor of B-catenin/EP300 transcriptional
activity. Loss of FGF10 signaling did not impact proliferation or survival, but affected both
adherens junctions (up-regulation of E-cadherin), and basement membrane organization
(increased laminin). Gene arrays identified multiple direct targets of FGF10, including
main transcription factors. Immunofluorescence showed a down-regulation of the distal
epithelial marker SOX9 and mis-expression distally of the proximal marker SOX2. Staining
for the transcriptionally-active form of B-catenin showed a reduction in experimental vs.
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control lungs. In vitro experiments using 1Q1 phenocopied the impacts of blocking
FGF10. This study demonstrates that FGF10/FGFR2b signaling on distal epithelial
progenitor cells via B-catenin/EP300 controls, through a comprehensive set of
developmental genes, cell adhesion, and differentiation.

Keywords: FGF10, FGFR2b, lung, branching morphogenesis, differentiation, B-catenin

INTRODUCTION

In mice, the first morphological evidence of lung development
is seen at embryonic day (E) 9.5 with the budding of the
ventral foregut endoderm, forming the tracheal primordium
ventrally and the esophagus dorsally. Concomitantly, distal to the
tracheal primordium, two primary lung buds form, initiating the
early stages of pseudoglandular development (E9.5-E12.5) [for
reviews on early lung development, see (Warburton et al., 2008,
2010; El Agha and Bellusci, 2014)]. During this early stage, the
lung epithelium undergoes branching morphogenesis, a semi-
stereotypical, and reiterative budding process whereby a tree-like
structure, the scaffold of the future conducting airway network,
is formed. At the tip of each bud reside multipotent epithelial
progenitor cells, which are positive for the transcription factors
SOX9 and ID2. These cells either self-renew, if they remain
distally, or give rise to bronchial progenitors when they exit the
tip domain, subsequently acquiring SOX2 expression (Rawlins,
2008).

Branching morphogenesis and epithelial differentiation
depend on poorly understood cross-talk among a number of
signaling pathways, involving fibroblast growth factors (FGF),
sonic hedgehog (SHH), bone morphogenic proteins (BMP), and
wingless/integrase 1 (WNT) ligands (El Agha and Bellusci, 2014).
For example, fibroblast growth factor 10 (FGF10), signaling via
its epithelial receptor FGFR2b, is sufficient to induce branching
morphogenesis of isolated lung endoderm grown in Matrigel
(Bellusci et al., 1997b). Additionally, demonstrating that FGF10
signaling is necessary to control branching morphogenesis,
both Fgfl0- and Fgfr2b-null embryos display lung agenesis
(Sekine et al.,, 1999; De Moerlooze et al., 2000), while Fgf10
hypomorphic lungs display decreased ramifications (Ramasamy
et al.,, 2007). Less is known about the regulation of distal tip
multipotent epithelial stem cell maintenance and differentiation.
Interestingly, FgfI0 gain-of-function experiments prevent
the differentiation of epithelial tip cells toward the bronchial
progenitor lineage (Volckaert et al., 2013).

Almost twenty years after the discovery of FGF10 as a key
growth factor regulating branching morphogenesis, the primary
targets and biological activities controlled by FGF10 are still
unclear (El Agha and Bellusci, 2014). Addressing this issue has
been difficult, since loss of Fgf10 leads to lung agenesis, therefore
leaving little tissue to study; and while conditional deletions
are possible, the lapse of time separating either constitutive
or inducible Cre activity (in the case of a CreERT2 system)
from complete gene inactivation is usually 24 to 48h, it is
difficult to distinguish between primary and secondary effects
(Abler et al., 2009). Furthermore, genetic deletion of FgfI0

does not necessarily mean simultaneous loss of corresponding
functional protein. The stability of the protein depends, for
example, on the degradation rate of FGF10 present in the
extracellular matrix and bound to heparin sulfate proteoglycans
(Makarenkova et al., 2009; Patel et al, 2017), and it might
take hours or days before a complete loss of function is
achieved.

Genetically modified mouse strains, based on the
reverse tetracycline transactivator (rtTA) system, do exist
to conditionally inhibit FGF ligand activity at the protein
level, and employ a dominant negative soluble form of
FGFR2b. Soluble FGFR2b is a hybrid protein, where
the extracellular part of the receptor, responsible for
binding FGF ligands, is fused to the heavy chain of mouse
immunoglobulin (Celli et al., 1998). This hybrid protein, once
secreted, sequesters all FGFR2b ligands in the extracellular
matrix.

Little research has explicitly used soluble FGFR2b to study
the role of FGF signaling on early lung development, while the
papers that do exist only touch on the question tangentially.
For example, Hokuto et al. (2003) induced soluble FGFR2b at
various pre- and postnatal stages to elicit the role played by
FGF signaling in alveologenesis. While the authors reported a
clear phenotype in early lungs (for example, branching defects)
associated with FGF inhibition, detailed analyses of these defects
were missing. Therefore, in this paper, we focused our study
at E12.5, a stage where FGF10 is the only FGFR2b ligand
significantly expressed. We performed both in vitro and in vivo
experiments to analyze the impact of blocking FGF10 activity
at the protein level. We used the developing lung as a model
system to decipher the primary role of FGF10 in branching
morphogenesis. Through the use of a previously validated
dominant negative transgenic mouse model (Rosa26rtTA;
tet(0)sFgfr2b; Parsa et al., 2008, 2010; Volckaert et al., 2011,
2017) we conditionally inhibited FGF10 signaling in vivo in
E12.5 embryonic lungs via doxycycline IP injection to pregnant
females, and in vitro by culturing lungs with doxycycline.
The impact on branching morphogenesis 9h after doxycycline
administration was analyzed by morphometry, fluorescence,
and electron microscopy. Gene arrays at 6 and 9h following
doxycycline administration were performed. The relationship
between FGF10 and f3-catenin signaling was also analyzed
using IQ1, a pharmacological inhibitor of f3-catenin/EP300
transcriptional activity.

This study demonstrates that FGF10/FGFR2b signaling on
distal epithelial progenitor cells via 3-catenin/EP300 controls,
through a comprehensive set of developmental genes, cell
adhesion, and differentiation. Altogether, our results clarify
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the role of FGF10 on tip epithelial progenitor cells during
development. Our transcriptomic approach has also provided
a valuable dataset for future mechanistic studies aiming
to characterize the role of newly found players in FGF10
signaling. Such knowledge will be instrumental to better
understanding the role of FGF10 signaling at later stages of
lung development, as well as during the repair process after
injury.

RESULTS

Expression of Fgf Genes Encoding the
Main FGFR2b Ligands During Early Lung
Development and Validation of the
Transgenic Approach to Inactivate FGFR2b
Ligands

First, at different stages during embryonic lung development,
we monitored by qPCR the expression of Fgf genes encoding
ligands of FGFR2b, of which only Fgfl, 7, and 10 were
detected (n = 3; FigurelA). At E12.5, Fgfl0 was the
predominantly expressed Fgf gene, while the expressions of
Fgfl and 7 progressively increased during development, as
previously described (Bellusci et al., 1997b). Next, we validated
the double transgenic approach to block the activity of all
FGFR2b ligands via the inducible expression of soluble FGFR2b
using the Rosa26™TA/"TA; tet(0)sFgfr2b/+ transgenic mouse line
(Figure 1B). The ubiquitous expression of soluble FGFR2b is
achieved upon exposure to doxycycline (Dox), delivered via
food, water, or intraperitoneal (IP) injection. Efficient inhibition
of FGF10 activity occurs shortly after the soluble receptor
is produced (usually within minutes after exposure to Dox;
Danopoulos et al., 2013). Figure S1A shows the in vivo validation
of this approach on lung development. Our results indicate
severely impaired branching of the lung, with long, non-ramified
epithelial tubes reminiscent of the primary bronchi. As expected,
the earliest time points of treatment were the ones leading
to the more severe phenotype. Dox-food exposure from E9.5
onwards led to complete lung agenesis (data not shown), similar
to the genetic loss of Fgfl0 or Fgfr2b (Sekine et al, 1999;
De Moerlooze et al., 2000). Figure S1B shows the in vitro
validation of our transgenic approach. While control lungs
underwent significant branching over time (Figure S1Ba,c,e,g),
experimental lungs failed to branch, but instead formed long
tubular extensions (Figure S1Bb,d,f,h) similar to that observed
in vivo.

Therefore, our results indicate that Fgf10 is the predominantly
expressed FGFR2D ligand at E12.5 and that we have a validated
transgenic system allowing the inducible blockade at the protein
level of FGFR2b ligands. Due to our choice of E12.5 to
run our experiments, we therefore conclude that inhibiting
FGFR2b ligands at this stage is functionally equivalent to
inhibiting FGF10 activity. In addition, supporting our choice
to focus this study on FGF10, Fgfl and Fgf7 knock out
mice are viable and do not display any respiratory defects
(Guo et al., 1996; Miller et al., 2000).

Impact of FGF10 Inhibition on Branching

Morphogenesis

We performed in vitro live imaging experiments for up to 24 h on
control and experimental E12.5 lungs cultured with Dox (n = 3).
This enabled us to characterize the changes occurring in the
branching of the epithelium. We focused on the left lobe over
this 24-h period (Figure 1C). While the number of distal buds in
control lungs increased (from 12.0 £ 1.2 to 17 & 1.5), no new
buds were observed in experimental lungs (Figure 1Da). We also
measured the total epithelial surface vs. the total surface of the
left lobes (Figure 1Db). Our results indicate a phase of retraction
of the epithelial surface in experimental lungs (—12.0% =+ 4.0 at
3h, —15.0% + 4.2 at 6h, —16.6% £ 5.7 at 9h, and —9.8% =+
5.7 at 24 h). At the same time-points, the epithelial surface ratio
increased in the control lungs (4+4.0% =+ 0.7 at 3h, +13.0% +
3.3 at 6h, +12.7% =+ 0.9 at 9h, and + 24.0% £ 3.5 at 24h).
Next, we measured the distance between the epithelium at the
tip of the buds and the adjacent mesothelium (see white arrows
Figures 1C, Dc). We observed a progressive increase in the space
between the tip epithelium and the mesothelium in experimental
lungs over time (418.0% =+ 12.4 at 3h, +24.0% £ 15.7 at 6h,
29.5% 4 16.0 at 9 h, and 31.0% =+ 17.0 at 24 h), while this distance
decreased in control lungs (—8.7% =+ 3.7 at 3h, —10.5% =+ 4.5 at
6h, —16% £ 3.9 at 9h, and —36.6% =+ 1.2 at 24 h). Finally, we
quantified the lengths of the different epithelial domain branches
over time (Figure 1Dd-i). These domain branches were named
according to the previously described nomenclature (Metzger
etal., 2008b). In both control and experimental lungs, L1, L2, L3,
L4, D1, and D2 were clearly visible. Note that the experimental
lung shown in Figure 1Cf was slightly delayed in terms of
branching, compared to the lung shown in Figure 1Ca, as is
often the case between lungs within a given litter. Consequently,
in the control lung, L1 and L2 were already ramified, while
only L1 was in the experimental lung. In both control and
experimental lungs, L3, L4, D1, and D2 were not ramified.
Our results indicate that the temporal increase in length of D1
and D2 was less in experimental lungs, compared to controls
(Figure 1Dh,i). Furthermore, when comparing branches that
were already ramified (such as L1 in control and experimental),
there was no difference between experimental and control lungs
during the time period considered (Figure 1Dd). However,
caution should be exercised when comparing ramified branches
with non-ramified branches (such as L2 in the control and
experimental lungs shown), as there tended to be an increase
in the rate of lengthening of the initially non-ramified branch,
compared to the initially ramified branch. This could explain why
the average L2 branch length in the experimental lungs showed
a greater increase over time compared to the control branch
(Figure 1De).

In conclusion, our detailed analysis reveals that subtle
branching defects were already apparent 3h after exposure
to Dox. The major impact of inhibiting FGF10 activity
was on the epithelium, where a complete arrest in
budding, and a transient retraction of the epithelium
(which correlated with an increase in the distance between
the mesothelium and the distal tip epithelium), was
observed.
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FIGURE 1 | Expression of genes encoding the main FGFR2b ligands during early lung development and impact of FGFR2b ligand inactivation on branching
morphogenesis (A) gPCR for Fgf1, 7, and 70 in mouse embryonic lungs at E12.5, E13.5, E14.5, and E15.5. Fgf10 is the main ligand expressed at E12.5 (n = 3). (B)
Rosa26/tTA/ ”TA; tet(O)sFgfreb/+ double transgenic system inducing, upon doxycycline exposure (via food, water, or IP), the expression of a soluble form of FGFR2b
acting as a dominant negative receptor. (C) Impact of FGFR2b ligand inactivation on the branching process. Branches (a and f) are labeled according to established
domain branching nomenclature (L,lateral branch; D,dorsal branch). Arrows (b and g) indicate the distance between distal tip epithelium and the adjacent
mesothelium. Scale bar: 400 um. (D) Quantification of the branching defects. (Data are presented as mean + SEM; significance determined by unpaired two-tailed
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Inhibition of FGF10 Activity Leads to
Reduction of Epithelial Bud Lumen Area

Associated With Cell Rearrangements

Next, we analyzed the branching defects at the cellular level
using 3D-reconstructions of serial confocal images of distal
epithelial buds in control and experimental lungs. These lungs
were isolated 9h following a Dox-IP to pregnant females
carrying E12.5 embryos, and were whole-mount stained with

CDHI (E-cadherin) antibody. Figure 2A shows a longitudinal
section, cross section, and 3D projection of control (a, ¢, e)
and experimental (b, d, f) buds (see corresponding movies in
Supplementary Materials). Quantification of the relative lumen
area at different positions within the bud shows a clear reduction
in this ratio in experimental buds, compared to controls (n = 3;
Figure 2B). In addition, the average epithelial thickness was
larger in experimental buds, compared to controls (Figure 2B).
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This increased thickness was likely a consequence of epithelial
cells piling atop one another, and failing to form an ordered
monolayer, as seen in control buds. Altogether, inhibition of
FGF10 activity led to the collapse of the lumen within the
bud, and to increased epithelial thickness, which we think are
the consequences of cell rearrangements within the epithelial
layer. This conclusion is supported by the fact that extensive
analysis of cell proliferation and cell death in the epithelium and
mesenchyme, at this time point, did not indicate any difference
between control and experimental lungs (n = 3; Figure 3).

We also analyzed the appearance of epithelial tip cells
in control and experimental lungs by transmission electron
microscopy (TEM; Figure 2C). Our results reveal numerous
interesting impacts of blocking FGF10 signaling in experimental
vs. control epithelial tip cells, including altered Golgi
morphology, decreased microvilli size and number, and
opened tight junctions (see Figure S2). In terms of impacts
on cell rearrangement, in experimental lungs, the thickness
of the basement membrane was consistently greater than
that of control lungs (see dashed line in Figure 2Cb,d). This
increase in basement membrane thickness was confirmed by
immunofluorescence for laminin (LAMAIL; Figure 2De-h).
Second, epithelial cell-cell adhesion was affected in experimental
lungs, compared to controls. This is evidenced by the many
large gaps between adjacent epithelial cells in experimental lungs
(see the asterisks in Figure 2Cc,d), whereas adjacent epithelial
cells in control samples formed tight associations with few gaps.
Impacts on adhesion are further demonstrated by looking at
the adherens junctions, where a darker staining was observed
in experimental lungs, compared to controls (Figure 2Ce-h).
This darker staining suggests an accumulation of adherens
junction associated protein, most likely CDHI. Indeed,
immunofluorescent staining revealed drastically increased
CDHLI expression in the distal epithelium of experimental lungs
vs. controls (Figure 2Da-d).

Our results demonstrate that inhibition of FGF10 signaling
leads to impaired distal bud morphology, including collapsed
bud lumens and thicker epithelial layers. It is likely that this
phenotype is primarily a result of epithelial disorganization
caused by adhesion and rearrangement defects.

Identification of Early FGF10 Target Genes
by Gene Array

Based on the previous results, we selected E12.5 as the ideal time
point to determine the specific transcriptomic targets of FGF10
in vivo using our transgenic system. Since a single Dox-IP is
sufficient to quickly induce soluble FGFR2b expression at E12.5
(Danopoulos et al., 2013), we administered single Dox-IPs to
pregnant females and isolated embryos 6 or 9 h later (Figure 4A).
Compared to control lungs (Figure 4Ba,b), the experimental
lungs showed branching simplification and an increased distance
between the distal epithelium and the mesothelium at 6h
(Figure 4Bc,d), a phenotype which was more pronounced at 9h
(Figure 4Be,f). RNA isolated from single experimental lungs at
6 and at 9h was used for whole transcriptome analysis by gene
array. As the difference in terms of size and branching between

control lungs at 6 and 9 h was minimal, we chose two controls at
6h and one control at 9 h for the gene array. Figure 4C shows the
corresponding volcano plots, demonstrating significant sets of
genes being either up- or down-regulated between experimental
and control lungs at these two time points. Figure 4D shows the
heatmap of the top 100 regulated genes (selected according to
p-value; n = 3) between experimental and control lungs at 6h,
as well as the corresponding expression levels for those genes at
9 h. Figure 4F shows the heatmap of the top 100 regulated genes
(selected according to p-value; n = 3) between experimental and
control lungs at 9 h, as well as the corresponding expression levels
for those genes at 6h. At both the 6 and 9h reference points,
four gene clusters can be identified based on similar expression
patterns (Figures 4E,G). Of great interest are the genes contained
in the Early 4 and Late 4 clusters. These genes showed early
down-regulation upon attenuation of FGF10 signaling, and
their expression continued to decrease over time. These genes,
therefore, are likely primary targets of FGF10. The heatmaps for
the other gene clusters, as well as their regions of expression in
the embryonic lung using the genepaint database, are shown in
supplementary data (Figures $3-S10).

Figure 4H displays the list of genes found in the Early 4
and Late 4 clusters (representing the “FGF10 gene signature”),
as well as Late 3 and Late 1 (presented as a validation for
the array). Interestingly, Early 4 (6h) contains only 14 genes
while Late 4 (9h) contains 43 genes (10 of which overlap with
the Early 4 genes), suggesting progressive transcriptional-level
changes with time. As expected, Early 4 contains genes linked to
multipotent epithelial cell differentiation, such as Sftpc and Id2.
The transcription factor Etv5, an accepted bona fide target of FGF
signaling, was also among the first genes to be down-regulated.
The Early 4 cluster also contains genes linked to cell adhesion
(e.g., Tspan8 and Lin7a), signaling and transcriptional regulation
(e.g., Gprc5a and Sp5), neuronal processes (e.g., Gprin3, Encl,
and Sema4f), apoptosis and cell cycle (e.g., Bid and Rail4), and
transport (e.g., Arrdcl and Slco2al).

The Late 4 cluster displays supplementary genes linked to
epithelial differentiation, such as Sftpal, Sftpb, and Hopx. Etv5
was also found among these top-regulated genes. Etv4, a related
transcription factor working redundantly with Etv5 (Herriges
et al., 2015), was also down-regulated, albeit at a lower level
(data not show). Furthermore, the Late 4 cluster includes many
additional genes regulating the biological processes described
for the Early 4 cluster (e.g., cell adhesion genes Lama3, Lamc2,
and Ctnnd2; signaling and transcriptional regulation genes KissI,
Akap5, Cytll, Apcddl, and Shh; and apoptosis and cell cycle genes
Bex4, Dhx33, KIf16, and Aen). Figure 4] shows KEGG pathway
analyses for the 6 and 9h time points, highlighting the cellular
and signaling processes significantly regulated in experimental vs.
control lungs. Significant changes in cytokine-cytokine receptor
interactions, calcium signaling, WNT signaling, and Hedgehog
signaling were observed at 6h. In addition to these changes,
at 9h, we also observed significant alterations in the ECM-
receptor interaction and cell adhesion molecules, reflecting the
morphological alterations observed in Figure 2.

In order to gain more insight into the genes identified in each
of the four groups, we made use of the online expression-profiling
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FIGURE 2 | Inhibition of FGF10 activity for 9h in E12.5 lungs leads to collapse of the epithelial bud associated with cell rearrangements and altered cell-cell adhesion
(A) whole-mount confocal images of distal lung buds. Control buds show open lumens and an ordered epithelial monolayer (a—c), while experimental lung buds show
collapsed lumens associated with multi-layered epithelium (d—f). Please note that due to our fluorescence acquisition requirements, the intensity of the signal cannot
be compared between control and experimental samples. l.a. = lumen area; t.b.a. = total bud area. Scale bar: (a,b,d,e) 40 wm; (c,f) 16 pm. (B) Quantification of
relative lumen area (l.a./t.b.a.) and epithelial thickness. (Data are presented as mean + SEM; significance determined by unpaired two-tailed Student’s t-test; n = 3;
*p-value < 0.05, **p-value < 0.01). (C) TEM of distal lung buds highlighting the thickened basement membrane (black dashed line and arrows; a—d) and the darker
staining around the adherens junctions (arrows; e—h) in experimental vs. control lungs. Note also the enlarged and irregularly shaped nuclei (blue dashed line; a,c) and
the gaps between adjacent epithelial cells (asterisk; c,d) in experimental vs. control lungs. mes. = mesenchyme; epith. = epithelium. Magnification: (a,c) 7,750x; (e,9)
27800x; (b,d) 38,750x; (f,h) 139,000x. (D) Immunofluorescent staining for E-cadherin (CDH1) and laminin (LAMA1). E-cadherin shows increased expression in
experimental lungs (c,d) compared to controls (a,b). Laminin deposition is increased in the basal lamina (BL) and mesothelium (Meso.) in experimental (g,h) vs. control
lungs (e,f). Scale bar: (a,c) 75 pm; (b,d) 19 pm.
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database “Genepaint.org” to identify the expression domain of
the genes found in the different groups (Figures $3-S10). In
addition, we carried out a gene array between isolated distal tip
epithelial and mesenchymal cells of E12.5 wild type lungs (n = 3).
Our results allowed us to determine the genes differentially
expressed between the two compartments (see Figure S11A for
details). With this data, we reanalysed the genes in the Early
4, Late 4, Late 3, and Late 1 clusters according to their relative
expression in the epithelium or mesenchyme. All the genes
present in the Early 4 group were more highly expressed in the
epithelium, supporting the idea that at this early time point, and
for this group, our global transcriptomic approach was able to
identify mainly epithelial specific changes.

We then compared the differential expression of the Early
4 and Late 4 genes (FGFI10 signature genes), determined from
the epithelium vs. mesenchyme gene array, with their expression
after FGF10 inhibition (Figures S11C,D). Genes which are

expressed at high or medial levels in the epithelium, and which
are highly or moderately regulated following inhibition of FGF10
activity, should be prioritized for further investigation. Promising
candidates include Lin7a, Sp5, Tspan8, Cytl1, Pthlh, Sftpal, Sftpc,
and Bspry (Figure S11G).

A similar analysis was performed for the Late 3 and
Late 1 groups (Figures S11E,F), which likely contain late
acting, or secondary FGF10 targets. Particularly interesting
from the Late 3 group is Wnt7b, as we have previously
demonstrated that an FGF10/WNT?7b loop regulates repair in
conducting airways following naphthalene injury (Volckaert
et al,, 2011, 2017). Equally interesting in this group is the down-
regulation of genes expressed preferentially in the mesenchyme
and involved in Hedgehog signaling (FoxlI, Foxfl, Glil, and
Ptch2), which suggests our array captures one of the best-
known epithelial-mesenchymal interactions: the FGF10-SHH
interaction (reviewed in Warburton et al., 2008, 2010).
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FIGURE 4 | Identification of early FGF10 target genes by a gene array approach (A) E12.5 littermate control and experimental lungs were collected 6 or 9 h after a
single Dox-IP injection to pregnant females. (B) FGFR2b signaling attenuation leads to visible branching defects at Dox-IP+9 h (increased mesothelial-epithelial
distance and branching inhibition). Meso.=Mesothelium; Epi.=Epithelium. Scale bar: (a,c,e) 500 pm; (b,d,f) 175 um. (C) Volcano plots showing genes which are either
down- or up-regulated at 6 or 9 h Dox-IP compared to the time-matched control lungs. (D) Heatmap of the top 100 genes differentially expressed between
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for details on the statistical analysis of gene arrays].

FIGURE 4 | experimental and control lungs at 6 hrs (based on p-values). (E) Four classes of genes, grouped according to expression pattern (Early 1-4). (F) Heatmap
of the top 100 genes differentially expressed between experimental and control lungs at 9h (based on p-values). (G) Four classes of genes, grouped according to
expression pattern (Late 1-4). (H) Genes identified in the Early 4 and Late 4 clusters are direct targets of FGF10 signaling and comprise the “FGF10 gene signature.”
Many genes in the Late 3 and Late 1 clusters are involved in the FGF10/SHH regulatory feedback loop (see I), validating the gene array approach (note the presence
of Fgf10 in the Late 1 cluster). Genes enriched in the epithelium or mesenchyme are color coded in blue or red, respectively. (I) Reconstitution of the
FGF10-FGFR2b-ETV4/5-SHH-FGF10 signaling axis from the gene array. (J) KEGG results for 6 and 9 h Dox-IP vs. control. [(D,F) n = 3; see Materials and Methods

Shh is an epithelial gene encoding a secreted growth factor,
and was down-regulated in our array concomitantly with Etv4
and Etv5, beginning 6h after FGF10 inhibition (Late 4). The
combined decrease of Etv4 and Etv5 was likely causative for the
loss of Shh (Herriges et al., 2015; see Discussion). Following the
decrease in Shh expression, the mesenchymal-specific Hedgehog
signaling genes FoxI1, Foxfl, Glil, and Ptch2 all showed a delayed
down-regulation (only between 6 and 9 h). Furthermore, as SHH
is known to regulate FgfI0O transcription in the mesenchyme
(Bellusci et al., 1997a; Lebeche et al., 1999), we also determined if
Fgf10 expression was affected by Shh down-regulation. We found
that the Late 1 cluster, containing genes up-regulated between
experimental and control at 9 h, but not at 6 h, contained Fgf10.
Taken together, this evidence functionally validates our gene
array, and leads to the model proposed in Figure 4I.

Identification of Lung-Specific
Transcription Factors Controlled by FGF10

Next, we evaluated the expression of the major transcription
factors expressed in the lung at E12.5. A previous report indicated
that out of 1100 transcription factors analyzed (covering 90%
of all transcription factors encoded in the mouse genome),
only 62 exhibited localized expression in the epithelium and/or
mesenchyme of the developing lung (Herriges et al., 2012). Of
these 62 genes, from our gene array, 17 were either induced or
repressed with significance in experimental vs. control lungs at 6
or 9h (n = 3; Figure 5A). From these 17, 11 were exclusively or
predominantly expressed in the epithelium (Figure 5B shows the
expression of some of these genes in the developing lung by in situ
hybridization). Among the repressed genes in the epithelium, we
found early regulation of genes such as Etv4 and Etv5 (belonging
to the TF1 cluster), delayed regulation of Sox9 (belonging to
the TF2 cluster), as well as transiently regulated genes such as
Grhl2, Nkx2-1, and Id2 (from the TF3 cluster). These “repressed”
genes are likely direct targets of FGF10, required to elicit the
different facets of FGF10 activity. Among the induced genes in
the epithelium, we found the early regulation of Sox2 (forming
the TF4 cluster), the transiently regulated genes NkxI-2 and
Pitx2 (from the TF5 cluster), and the late regulation of Lmol
and Elf5 (from cluster TF6). These “induced” genes are likely
repressed by FGF10 during early lung development.

FGF10/FGFR2b Signaling Is Required to
Maintain the Differentiation Status of the

Epithelial Multipotent Progenitors
Next, we examined the impact of attenuated FGFR2b signaling
on the differentiation of the multipotent epithelial progenitor

cells. Figure 5C confirms the reduced expression of SOX9
distally in experimental (d-f) vs. control (a-c) lungs at 9h post
Dox-IP. In control lungs, SOX2 expression in the proximal
epithelium established a clear boundary between proximal and
distal regions (Figure 5Cg-i). However, in experimental lungs,
SOX2 expression in the proximal epithelium expanded more
distally, showing a salt and pepper expression pattern with
increased expression in the mesenchyme around the conducting
airway (Figure 5Cj-1).

Until recently, the close examination of epithelial tip cell
differentiation was limited, as only a few signature genes denoting
differentiation status were known to be expressed in those cells.
However, this limitation has been overcome after a paradigm-
shifting paper published by Treutlein et al. (2014), which used
single cell transcriptomic approaches to characterize the genetic
signatures of lung distal epithelial cells at E14.5, at E16.5, and at
E18.5. The authors proposed a list of specific markers for alveolar
epithelial cell type I (AT1) and type II (AT2) cells, and showed
that a common progenitor cell, called a bipotent progenitor,
expressed markers of both cell types. Our gene array data shown
in Figure 4 indicate that some of these markers of differentiation
(Sftpe, Etvs, Sftpal, Sftpb, Hopx, Pdpn) are actually regulated by
FGF10 in multipotent epithelial progenitors. In order to probe
more extensively the status of these differentiation markers in
the epithelial tip cells, we assessed the AT1 and AT2 signatures
from our gene array (experimental vs. control) at the 9h time
point. Figure 5D shows a clear global reduction in the markers
characteristic of the AT2 signature, with minimal change in
the AT1 signature. Gene set analysis confirms a very significant
difference in the AT2 signature in experimental vs. control lungs
(n = 3; p = 0.000004). No significant change was observed in
the AT1 signature. We therefore conclude that upon inhibition of
FGF10, the tip epithelial cells, which include the progenitors for
the bipotent cells, lose expression of the markers characteristic of
the AT?2 signature, and that globally the expression of these genes
is under the control of FGF10.

Connecting FGF10 and B-Catenin Signaling
Our KEGG analysis indicated that WNT signaling was also
significantly regulated by FGF10 inhibition (Figure4J), in
particular, those genes involved in the canonical WNT pathway
(n = 3; Figure6B). Of note, Wnt7b, which codes for a
growth factor secreted by the epithelium and acting on the
mesenchyme, appears highly regulated by FGF10 (Figure 6B; see
also Figure S11E). Downstream targets of WNT7b, such as the
transcription factors Lef] and Tcf7, were also transcriptionally
down-regulated. To confirm the down-regulation of WNT
signaling in experimental lungs at the protein level, we examined
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FIGURE 5 | Identification of the transcription factors regulated by FGF10 and impacts on epithelial differentiation (A) Heatmap of highly regulated transcription factors
between control, Dox-IP+6 h and Dox-IP+-9 h conditions. Six classes of transcription factors (TF1-6) were identified based on their expression profiles. Genes in blue
and in red are preferentially expressed in the epithelium and mesenchyme, respectively (asterisks denote genes found in both compartments). (B) /n situ hybridization
on E14.5 lungs for Lef1 (a,a’), Etvs (b,b’), Grhi2 (c,c’), Nkx2-1 (d,d’), Id2 (e,e’), and Ets1 (f,f’). (C) Validation by IF of changes in SOX9 (a—f) and SOX2 (g-I) expression in
experimental vs. control lungs. Scale bar: (a,d,g,j) 300 um; (b,e,h,k) 100 um; (c,f,i,l) 33 wm. (D) Expression of AT1 and AT2 markers in 9h vs. control lungs. Note the

significant global reduction in the expression of the AT2 markers. (n = 3; see Materials and Methods for details on the statistical analysis of gene sets).

by immunofluorescence the levels of the transcriptionally active
form of CTNNBI1 (8-catenin) and the transcription factor
LEF1 (Figure 6A). A loss of expression of activated 3-catenin
was observed in both the epithelium and mesenchyme of
experimental lungs (Figure 6Aa-d). In addition, LEF1 was also
lost in the mesenchyme, correlating with the decrease in Wnt7b
expression (Figure 6Ae-h).

Given that WNT/B-catenin signaling is vital for proper
branching morphogenesis and cellular differentiation (for a
review see De Langhe and Reynolds, 2008) and that we
observed a drastic reduction in activated {3-catenin in our
experimental lungs, we investigated the degree to which the
effect of inhibiting FGF10 was mediated through WNT/3-
catenin signaling. We made use of a pharmacological inhibitor

of f3-catenin transcriptional activity, called IQ1. This inhibitor
decreases the interaction between f-catenin and one of
its transcriptional coactivators, EP300, and has been shown
to disrupt branching morphogenesis, and proximalize the
lung epithelium, during the pseudoglandular stage of lung
development (Sasaki and Kahn, 2014).

Figures 6C-E shows the results of inhibiting, in vitro, the §3-
catenin/EP300 interaction for 24 h in E12.5 lung explants. While
control lung explants displayed continued branching over this
time (Figure 6Ca-d), the experimental lungs failed to branch,
forming instead long epithelial tubes (Figure 6Ce-h). The failure
of experimental lungs to branch, as well as the relative area of the
epithelial surface and the distance between the distal epithelium
and mesothelium, is quantified in Figure 6D (n = 3 for control
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and n = 5 for experimental). These phenotypic impacts are
very similar to those seen by blocking FGF10 in vitro (see for
comparison Figure 1Dk-m).

We also compared, by qPCR, the expression levels of a
number of genes found in the “FGF10 gene signature” between
experimental and control lung explants (n = 3 for control and
n =5 for experimental; Figure 6E). Ten of the 13 genes assessed
showed drastic reductions in expression in IQl treated lung
explants, similar to the down-regulation seen in our in vivo
inhibition of FGF10. Interestingly, the transcription factor Sox9,
as well as Shh, showed no change in expression between control
and experimental lungs at this time point, indicating, perhaps,
compensatory mechanisms.

In the attempt to produce results more comparable to the
9h in vivo inhibition of FGF10, we also conducted a 9h
inhibition of the $3-catenin/EP300 interaction (Figure 7). While
the branching defects, after this time point, were less pronounced
than those seen in either the 24h IQ1 treatment, or the 9h
in vivo FGF10 inhibition (Figure 7Ae-h), noticeable effects
on the relative epithelial surface and the distance between
distal epithelium and mesothelium could be observed (n = 6;
Figure 7B). We also conducted a gene array on control vs.
IQ1 treated lung explants after 9h of inhibition (n = 2 for
control and n = 3 for experimental). A gene set analysis
using the “FGF10 gene signature” revealed that this set of
genes was significantly down-regulated in IQ1 treated lung
explants (p < 0.001; Figure 7C). Finally, immunofluorescent
stains for SOX9 and SOX2 protein revealed a decrease in SOX9
expression (Figure 7Dd-f), and a concomitant advancement
of SOX2 expression distally (Figure 7Dj-1), reminiscent of the
proximalization of lung epithelium after 9 h of FGF10 inhibition
(see Figure 5C).

In summary, our data suggest that a large proportion
of the regulation by FGFI0 signaling of epithelial
branching morphogenesis and differentiation is mediated

specifically ~ through  f3-catenin/EP300  transcriptional
activity.
Discussion

In this paper, we report the impacts on the epithelial tip cells of
E12.5 lungs by blocking FGFR2b ligands, primarily FGF10. Both
in vivo and in vitro experiments inhibiting FGF10 resulted in
arrested epithelial branching and collapsed distal bud lumens
associated with abnormal cellular adhesion. Gene arrays at
6 and 9h inhibition revealed the transcriptomic regulation
of FGFR2b signaling. From these arrays, we identified an
FGF10 gene signature primarily composed of genes enriched
in the epithelium and positively regulated by FGF10. We
also highlighted a set of lung-specific transcription factors
significantly regulated by FGF10. Our data on SOX9 and
SOX2 expression, as well as gene-set analyses on differentiation
markers of AT2 cells, which are found to be expressed in
multipotent epithelial progenitor cells, demonstrated the
proximalization of the tip epithelium and a loss of distal
differentiation markers 9h after FGF10 inhibition. Finally, the
effects of blocking FGF10 signaling on 3-catenin activity were
assessed. In vitro experiments using IQ1, a pharmacological
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FIGURE 7 | IQ1 treatment for 9h phenocopies 9 h FGF10 inhibition (A) E12.5
lungs cultured with (experimental) or without (control) IQ1 for 9 h. Scale bar:
(a,c,e,g) 500 pm; (b,d,f,h) 250 um. (B) Quantification of branching defects
showing a decreased relative epithelial surface and a concomitant increase in
the distance between the epithelium and mesothelium. (Data are presented as
mean + SEM,; significance determined by unpaired two-tailed Student’s t-test;
n = 6; *p-value < 0.01). (C) A heatmap of IQ1 lungs treated for 9 h vs. control
showing the “FGF10 gene signature.” A gene set analysis demonstrates the
significant down-regulation of this group of genes (n = 2 for control and n = 3
for experimental; see Materials and Methods for details on the statistical
analysis of gene sets). (D) IF for SOX9 (a—f) and for SOX2 (g-). Scale bar:
(a,d,g,j) 300 wm; (b,e,h,k) 75 um; (c,fij) 45 um.

inhibitor of the f-catenin/EP300 interaction, were able to
phenocopy a large proportion of the impacts found by FGF10
inhibition, suggesting that FGF10 signaling on E12.5 distal tip
progenitors is significantly mediated via 8-catenin/EP300. These
findings are summarized in a model of FGF10 signaling
during pseudoglandular lung development provided in
Figure 8.
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Validation, and Limitations, of in vivo
Inhibition of FGF10 Signaling

One of the major limitations of our in vivo model to inhibit
FGF10 signaling during pseudoglandular lung development
(E12.5) is that the production of soluble FGFR2b is global,
potentially inducing secondary effects. Furthermore, soluble
FGFR2D is secreted into the mesenchyme, potentially inhibiting
mesenchyme-specific FGF signaling. Indeed, we have recently
reported that FGF10 can directly act on the rat lung mesenchyme
during the late canalicular/early saccular stage (E19) to control
the differentiation of lipofibroblast progenitors (Al Alam et al.,
2015). Although we could not detect any significant increase in
P-ERK on primary culture of lung mesenchyme isolated at the
mid-pseudoglandular stage (E14.5; De Langhe et al., 2006), we
cannot exclude that FGFI10 is active on discrete mesenchymal
subpopulations throughout the pseudoglandular stage.

To control for the potential secondary effects of our model, we
validated the location of FGF10’s primary targets by a gene array
comparing expression of genes in the epithelium vs. mesenchyme
of E12.5 wild type lungs (Figure S11), and also by the online
expression-profiling database “genepaint.org” (Figures $3-S10).
We are confident that our global in vivo approach does indeed
detect the impacts of FGF10 signaling on epithelial-specific
targets.

Furthermore, we assessed the well-established FGF10-SHH
regulatory feedback loop during lung development as a means
of validating our array (Figures4H,I). Our array detects the
down-regulation of Shh within 6 h of FGF10 inhibition, and also
the delayed impacts on the downstream targets of SHH at 9h,
including the up-regulation of Fgfl0. Additionally, our array
supports the recently reported data showing that the inactivation
of FGF-regulated Etv4 and Etv5 in the multipotent epithelial
progenitor cells during lung development leads to the loss of
Shh expression (Herriges et al., 2015). We therefore propose that
FGF10 acts via FGFR2b, positively regulating the expression of
ETV4/ETV5, and, subsequently, the SHH pathway.

FGF10 Primary Targets

From our gene array data, we identified an “FGF10 gene
signature.” These genes, primarily enriched in the epithelium,
show decreased expression shortly after FGF10 inhibition, and
continue to decrease during inhibition; therefore, these genes
likely represent primary targets of FGF10, and are potential key
mediators of FGF10/FGFR2b signaling.

We also found that FGF10 regulates many previously
identified lung specific transcription factors (Herriges et al,
2012). Some of these transcription factors are established
mediators of FGF10 signaling (e.g., Etv4, Etv5, Sox9), whereas
little is known of the others in the context of FGF10 signaling.
Knock-out and over-expression studies on many of these
transcription factors show impacts very similar to the effects seen
in our study. For example, Metzger et al. (2007, 2008a) found
that Elf5 (group TF6, Figure 5) is regulated by FGF10 and FGF7,
and that over-expression of EIf5 leads to branching defects and
delayed AT2 differentiation; Quaggin et al. (1999) reported that
Tcef21 (group TF6) knock-out mice display reduced branching,

smaller lungs, and a proximalization of lung epithelium at E14.5;
finally, Varma et al. (2012) studied the transcription factor Grhl2
(group TF 3, Figure 5) during lung development, and found that
GRHL2 controls cell adhesion and migration, forms a positive
feedback loop with NKX2-1 during branching morphogenesis,
and is associated with proper AT2 differentiation.

We propose that the comprehensive set of target genes and
transcription factors identified in our study is a valuable resource
for future investigations on early lung branching morphogenesis
and differentiation.

FGF10’s Regulation of Tip Cell
Differentiation and Morphology via SOX9

Sustained SOX9 expression in the tip epithelium of the
developing lung has been associated with epithelial stem cell self-
renewal. The current model predicts that individual tip cells,
under the influence of FGF10, are prone to remain in the tip
domain; as these cells divide, some of the daughter cells acquire
bronchial progenitor characteristics associated with the exit from
the tip domain.

The transcription factor SOX9 has been extensively studied
during early lung development (Perl et al, 2005; Chang
et al., 2013; Rockich et al., 2013). For example, Chang et al.
(2013) found that knocking out Sox9 before E12 leads to
branching defects, an increase between the distal epithelium and
mesothelium, and smaller lungs. Furthermore, it was found that
FGFR2b signaling regulates Sox9, and that SOX9 suppresses the
initiation of alveolar differentiation. Rockich et al. (2013) found
similar findings, and also assessed the impacts on cell adhesion in
Sox9 loss-of-function E14.5 lungs. Using TEM, the authors found
multiple cellular defects similar to what we found in our in vivo
dominant negative model, including: irregularly shaped epithelial
cells, gaps with protruding pseudopodia between adjacent cells,
partial to complete loss of microvilli, and a disjointed basement
membrane filled with gaps.

As SOX9 is lost in the distal epithelial cells of experimental
lungs, the expression of SOX2 in these cells increases, further
suggesting these cells are losing their multipotency, and are
adopting a proximal fate. This idea is supported by the evidence,
at this stage, of a loss of the AT2 signature in the multipotent
progenitors upon FGF10 inhibition.

Taken together, our data suggest that the loss of SOX9,
downstream of FGF10 signaling, affects the morphogenesis and
multipotent potential of distal epithelial cells.

FGF10 Regulation of B-Catenin Levels
The importance of §3-catenin signaling during pseudoglandular
branching morphogenesis has been extensively studied (reviewed
in De Langhe and Reynolds, 2008). In our dominant negative
in vivo model, transcriptionally active {3-catenin was greatly
reduced in experimental lungs after 9 h inhibition (Figure 6).
Since Ctnnbl gene expression was unaltered in our gene array,
the drastic decrease in activated $3-catenin was likely a result of
post-translational modifications, such as altered phosphorylation
and/or reduced cytoplasmic pools of available {3-catenin.

An intriguing possibility concerning available cytoplasmic f3-
catenin is the relationship between $-catenin and CTNND?2,
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which regulate E-cadherin stability at the adherens junction
complex of epithelial cells. While 3-catenin stabilizes E-cadherin
to promote cell adhesion, CTNND2 leads to E-cadherin
destabilization, the release of f3-catenin to the cytoplasm, and cell
motility (Lu et al.,, 1999; Kim et al., 2012). Indeed, high levels
of stable E-cadherin have been shown to inhibit budding and
branching morphogenesis in isolated embryonic lung epithelium
(Liu et al., 2008). Once 3-catenin is released from E-cadherin,
it contributes to the pool of transcriptionally active $3-catenin
(Kam and Quaranta, 2009). With reduced CTNND?2, levels
of E-cadherin remain relatively high, and $3-catenin becomes
sequestered at the adherens junction, being removed from the
transcriptionally active pool. Thus, E-cadherin destabilization
by CTNND?2 regulates proper branching morphogenesis and
the cytoplasmic availability of f-catenin. Interestingly, loss of
CTNND2 in humans is associated with the “Cri du chat”
syndrome (Medina et al., 2000), wherein affected babies may
develop breathing problems at birth and require respiratory
treatments. Additionally, a high rate of lung infection is also
common during the first years of life. In the future, it will be
important to delineate the impact of loss of CTNND2 on the
formation and maturation of the lung epithelium in the context
of homeostasis, as well as repair after injury.

Our data support the importance of the proposed
CTNND2/CDHI/CTNNBI regulatory axis. Contained in
the FGF10 gene signature is the drastic reduction of Ctnnd2
(group Late 4, Figure 4H), while E-cadherin is greatly increased
in experimental lungs (Figure 2D), which could explain to an
appreciable degree not only the morphological defects, but also
the lack of activated $3-catenin seen in these samples.

FGF10 Regulation via B-Catenin/EP300

In the nucleus, f3-catenin associates with a number of
transcriptional co-activators to regulate gene expression via the

TCF/LEF family of DNA-bound transcription factors (reviewed
in Hoppler and Kavanagh, 2007). Two of these co-activators, CBP
and EP300, are critical for balancing cellular differentiation and
branching morphogenesis (Miyabayashi et al., 2007; Sasaki and
Kahn, 2014). Through the use of a pharmacological inhibitor
of the B-catenin/EP300 interaction, IQ1, Sasaki and Kahn
(2014) report numerous impacts on pseudoglandular stage lungs,
including arrested branching and an increase between the distal
epithelium and adjacent mesothelium, similar to what we found
in our in vivo inhibition of FGF10 (compare Figures 1C, 6C).
Furthermore, Sasaki and Kahn (2014) show that inhibiting £3-
catenin/EP300 leads to the proximalization of lung epithelium
via a reduction in distal marker expression (Bmp4 and Fgf10),
and an increase in the proximal markers Sox2 and Scgblal.
In our 24h IQ1 inhibition experiment, we likewise found a
number of distal marker genes down regulated, including Etv4,
Etv5, Sftpal, Sftpb, and Sftpc (see Figure 6E). Interestingly,
Sox9 showed no change in expression between control and
experimental lungs at this time point. In our 9h IQ1 inhibition
experiment, we were able to detect significant overall down
regulation of the FGF10 gene signature, although some of the
individual genes showed little regulation at this time point
(see Figure 7C). This suggests that not all the genes regulated
in our in vivo inhibition of FGF10 are similarly regulated by
inhibiting 3-catenin/EP300. Furthermore, staining for SOX9
and SOX2 supports the idea that {3-catenin/EP300 sustains the
multipotency of distal epithelial cells (see Figure 7D). This data
is in line with a recent report showing that {3-catenin deletion
in the SOX9-positive cells leads to ectopic expression of SOX2
(Ostrin et al., 2018).

In summary, the in vitro inhibition of f{3-catenin/EP300
produces branching defects and the proximalization of epithelial
cells as early as 9 h. Phenotypically, these impacts greatly overlap
with the impacts of inhibiting FGF10 signaling. Many of the
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direct targets of FGF10 signaling are similarly regulated by 3-
catenin/EP300, suggesting that FGF10 regulation is significantly
mediated through 3-catenin/EP300.

In conclusion, we have carried out a comprehensive analysis of
FGF10/FGFR2b signaling on epithelial tip progenitor cells during
E12.5 mouse lung development. This analysis revealed a new
“FGF10 transcriptomic signature” which will be instrumental in
designing new mechanistic studies concerning the role of FGF10
in alveolar epithelium formation during development, as well as
maintenance during homeostasis and repair after injury.

MATERIALS AND METHODS

Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents
should be directed to, and will be fulfilled by, the corresponding
author, Dr. Saverio Bellusci (saverio.bellusci@innere.med.uni-
giessen.de).

Experimental Model and Subject Details
Ethical Statement and Husbandry

Animal experiments were performed at Children’s Hospital
Los Angeles under the research protocols (31-08 and 31-11)
approved by the Animal Research Committee and in strict
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health. The approval identification for Children’s Hospital
Los Angeles is AAALAC A3276-01. Harvesting organs and
tissues from wild type and mutant mice following euthanasia
using pentobarbital was approved at Justus Liebig University
Giessen by the federal authorities for animal research of the
Regierungspraesidium Giessen, Hessen, Germany (Approved
Protocol GI 20/10 Nr. G 84/2016).

All mice used to generate experimental and control embryos
were housed in a specific pathogen free (SPF) environment with
free access to food and water. Up to five females were housed
together, while males were housed singly. Females between 9 and
12 weeks of age were used to generate embryos.

In vivo Mouse Model to Inhibit FGFR2b Ligands

In vivo studies were conducted using an inducible dominant
negative mouse model:  Rosa26"TA/*;  tet(o)sFgfr2b/+
(B6-Cg-Gt(ROSA)26Sortm ! 1(rtTA.EGFP)Nagy Tg(tetO-
Fgfr2b/Igh)1.3Jaw/sbel). This mouse model employs a reverse
tetracycline transactivator (rtTA) under the transcriptional
control of the ubiquitous Rosa26 locus. Upon administration
of doxycycline, the rtTA is able to bind to the tetracycline
operator (tetO), inducing the transcription of a soluble dominant
negative form of Fgfr2b (sFgfr2b). These mice were generated
by crossing Rosa26"TA/+ (Gt(ROSA)26SorT™1-1(rtTA.EGEP)Nagy)
with tet(0)sFgfr2b/+ mice (Tg(tetO-Fgfr2b/Igh)1.3Jaw, obtained
from Dr. Jeffrey Whitsett, Cincinnati, USA). Experimental
(Rosa26™TA/IMTA;  tet(0)sFgfr2b/+) and littermate control
(Rosa26™TA/MTA; 1 /1) embryos were generated by crossing
Rosa26"TA/MTA;  tet(0)sFgfr2b/+ and Rosa26"TA/MTA; /4
animals.

Timed-pregnant females were used to conduct in vivo
experiments. Doxycycline was administered either through food
(625 mg doxycycline/kg food pellets), or via an intraperitoneal
injection (i.p.; Dosage: 0.0015 mg doxycycline/g mouse weight)
at the desired embryonic time point (E), where E0.5 was
assumed to be noon on the day a vaginal copulation plug was
found. At a determined time post-doxycycline i.p., a lethal dose
of pentobarbital sodium was administered to animals via i.p.
(Dosage: 0.4 mg pentobarbital/g mouse weight). After breathing
ceased and a lack of pupil response to light was observed,
cervical dislocation was performed to ensure death. Embryos
were then harvested and washed in PBS with gentle shaking for
~2 min. Embryonic lungs were then dissected and prepared for
subsequent analyses.

In vitro Lung Culture

Embryonic lungs used for in vitro experiments were obtained
either from genetically modified embryos generated as described
above, or from C57BL/6 wild-type embryos.

Embryonic lungs were dissected and cultured on 13 mm
Whatman Track-Etch polycarbonate membranes, with 8.0 pm
pores (Merck, Darmstadt, Germany) positioned atop DMEM
culture medium in a 24-well culture dish [medium contained:
Dulbecco’s Modified Eagle Medium (1x DMEM), supplemented
with D-Glucose, L-Glutamine, HEPES, Pyruvate, and Phenol
red (Gibco, Paisley, UK), 10% fetal bovine serum (FBS), 1%
penicillin (10,000 units/ml)-streptomycin (10 mg/ml)]. Lungs
were incubated at 5% CO, and 37°C for ~45 min to allow them to
settle. At the beginning of the experiment (t = 0 h.), doxycycline
dissolved in PBS (1 pg/ml) or IQ1 dissolved in DMSO (10 pM;
Selleckchem, Munich, Germany) was added to the experimental
lungs, while the vehicle (either PBS or DMSO) was added to
control samples. Lungs were incubated at 5% CO, and 37°C for
the duration of the experiment.

Method Details

Still and Live Image Acquisition

Brightfield images of lungs from in vivo and in vitro experiments
were captured either on a Leica MZ 125 stereoscopic dissecting
microscope using a Spot Insight 2.0 Mp Color Mosaic camera and
Spot 4.5.9 imaging software, or were obtained from live imaging
experiments using a Leica DM6000B inverted microscope,
DFC 305FX camera, and Leica Application Suite Advanced
Fluorescence imaging software.

Separation of Mesenchyme and Epithelium to Assess
Relative Gene Expression in the Distal Tips Via
Microarray

To assess the expression of genes in the epithelial and
mesenchymal compartments of distal E12.5 lung tips, C57BL/6
wild type embryos were used. Embryonic lungs were isolated
in culture medium, and the distal epithelial buds, along with
the surrounding mesenchyme and mesothelium, were carefully
dissected with fine-tipped pincers. The dissected tips were then
immediately transferred to 500 pl undiluted dispase (Corning,
Amsterdam, The Netherlands) where they were incubated for
20-30min on ice. The dispase-digested samples were then
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transferred to pure FBS, and incubated for 15min on ice,
thus blocking the enzymatic activity of dispase. Using tungsten
microdissection needles, the epithelium was gently separated
from the surrounding mesenchyme. Separated tissues were then
prepared for total RNA extraction and microarray analysis.

Immunofluorescence

Freshly dissected E12.5 lungs were washed in sterile PBS (2 x
5 min), fixed in 4% PFA for 20 min on ice, and then washed again
(3 x 5min). Lungs were dehydrated by successive washes in a
graded ethanol series (30, 50, 70, 100, 100%) for 5 min each, and
stored in 100% ethanol at —20°C.

To embed the lungs in paraffin, they were first washed in
Xylol (2 x 5min, or until clear), incubated for 1h at 60°C in a
1:1 Xylol/paraffin mixture, washed in pure paraffin (3 x 20 min)
at 60°C, and then stored in pure paraffin overnight at 60°C.
Lungs were then embedded in paraffin blocks and sectioned to
a thickness of 4 or 5 pum. Sections were placed in a 40°C water
bath for ~30 min, and then placed on glass slides and incubated
at 37°C overnight.

Before antibody staining, sections were first washed with
gentle shaking in Xylol (3 x 10 min), and then in serial dilutions
of ethanol (100, 70, 50, and 30%) for 3 min each, and finally
in distilled water for 5min. For each stain an antigen retrieval
step was performed, which involved incubating the slides in 75-
90°C citrate-based antigen unmasking solution (pH 6.0; Vector
Laboratories, Peterborough, UK) for 15 min and then cooling on
ice for ~30 min. Sections were then washed with PBST (1x PBS
+ 0.1% TWEEN20; 3 x 5min). Blocking solution (1x PBS + 3%
BSA + 0.4% TritonX) was then added atop each section for 1 h at
room temperature. Primary antibodies were added to incubation
buffer (1x PBS + 1.5% BSA + 0.2% TritonX) and samples
were incubated overnight at 4°C (anti-SOX2, anti-Phospho-
3Catenin (Ser552), and anti-LEF1 were added at 1:100 dilution;
anti-CDHI, anti-LAMA1, and anti-SOX9 were added at 1:200
dilution; see Table S1 for antibody details). Following primary
antibody incubation, samples were washed in PBST (3 x 5 min)
and secondary antibodies were added (all at a 1:500 dilution)
for 1h at room temperature, in the dark. Samples were washed
in PBST (3 x 10min) and PBS for 5 min, with gentle shaking.
Finally, ProLong Gold antifade reagent with DAPI (Invitrogen,
Schwerte, Germany) was added to each section and covered with
a glass coverslip.

Sections were imaged on a Leica DM 5500B upright
fluorescent microscope system, with a DFC 360FX camera,
and Leica Application Suite Advanced Fluorescence imaging
software. Signal intensity was optimized to either a control or
experimental sample for an experiment, and the acquisition and
intensity values were similarly applied to each sample in that
experiment, thus ensuring valid comparisons.

Whole Mount Immunofluorescence and Confocal
Microscopy
To assess the morphology of intact distal lung buds in control
and experimental embryos, whole mount immunofluorescence
followed by confocal imaging was performed.

E12.5 lungs were dissected and fixed in 4% PFA for 20 min on
ice. Samples were washed in PBS + 1% TritonX (3 x 10 min),

and incubated in blocking buffer (1x PBS + 1% TritonX + 10%
FBS) for 1.5h at room temperature, followed by two washes in
blocking buffer. Samples were then incubated for 2 h with FITC-
conjugated anti-CDH1 (Dilution: 1:200) diluted in 1/4 blocking
buffer and PBS, at 4°C in the dark. Lungs were then washed
in PBS (3 x 10min), and transferred to custom made imaging
dishes (composed of a 35,0/10 mm glass bottom cell culture dish
(Greiner Bio-One, Frickenhausen, Germany) and a 10,0/1 mm
rubber washer fixed to the middle of the dish with a suitable
adhesive, thus creating an ideal well to mount and image the
sample). ProLong Gold antifade reagent with DAPI was added
to each well and covered with a glass coverslip.

Z-stacks of distal lung buds were obtained on a Leica TCS
SP5 confocal microscopy system using Leica Application Suite
X software. For each bud, the first optical section of the z-
stack was acquired at the basal edge of the epithelium. Z-stack
images were taken at 0.5 um increments through the bud, until
imaging was no longer possible due to complete loss of signal
intensity. Compensation of intensity loss through the bud was
obtained using the linear compensation by AOTF option. 3-D
reconstructions and movies were created using Leica Application
Suite X software.

Transmission Electron Microscopy

To identify the effects of FGFR2b ligand inhibition on the
ultrastructure of distal epithelial and mesenchymal cells, control
and experimental E12.5 lungs were prepared for transmission
electron microscopy.

The chest cavities of freshly harvested E12.5 embryos were
gently opened by incising from the lower abdomen, through the
sternum, to just under the chin using a pair of fine dissection
scissors. An incision was made along the diaphragm from the
midline to the spine. The embryos were then immediately placed,
ventral side up, in an immersion fixative solution containing
4% PFA + 2% sucrose + 0.05% calcium chloride + 1x PIPES
buffer (0.1M, pH 7.4; Sigma-Aldrich, Taufkirchen, Germany) in
a 50 ml Falcon tube, such that each sample was immersed in 5X
the volume of fixative in its own tube. Tubes were placed on ice
and gently shaken for 2 h, after which the fixative was removed
and replaced by 4% PFA + 0.05% glutaraldehyde (GA; Sigma-
Aldrich, Taufkirchen, Germany), 2% sucrose, 0.05% calcium
chloride 4+ 1X PIPES buffer (0.1 M, pH 7.4). Samples remained
in this fixative overnight at 4°C.

The next morning, the samples were processed for routine
transmission electron microscopy. Briefly, the fixed lungs were
dissected and placed into molten agar, which was allowed to
harden before the samples were cut longitudinally in half. Each
half was fixed for 30 min in 1.5% GA fixative containing 2%
sucrose + 0.05% calcium chloride + 1X PIPES buffer (0.1 M,
pH 7.4). The fixative solution was then removed and samples
were washed with 1X PIPES (3 x 5min). Samples were then
incubated for 1h at room temperature in reduced osmium
fixation solution containing 0.15% sodium hexacyanoferrate(II)
and 2% reduced osmium, then washed very briefly with distilled
water, and dehydrated via washes in a graded ethanol series (70,
80, 90, 100%), 3 times 10min each step. Samples were then
embedded by immersion in propylene oxide (3 x 5min), in 1:1
propylene oxide:Agar 100 epoxy resin (1 x 30 min) following
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the manufacturer’s instructions to produce blocks of medium
hardness (Agar Scientific, Essex, UK), and finally in pure Agar
100 epoxy resin in a desiccation chamber at room temperature
overnight.

The Agar 100 resin-penetrated lungs were then flat embedded
into fresh Agar 100 resin and polymerized at 60°C for at least 2
days, or until complete polymerization was achieved. Ultrathin
sections were then prepared and micrographs were obtained
using a Zeiss LEO 906 transmission electron microscope
equipped with a TRS slow-scan 2K CCD camera and ImageSP
software.

DNA Isolation and PCR

DNA was isolated from the tails and hind limbs of E12.5
embryos. Gene-specific primers were used to detect the presence
of Rosa26rtTA (wild type and transgene specific forward primer
5- GAG TTC TCT GCT GCC TCC TG; wild type specific reverse
primer 5- CGA GGC GGA TAC AAG CAA TA; transgene
specific reverse primer 5- AAG ACC GCG AAG AGT TTG
TC; expected product size of ~200 bp for the transgene and
322 bp for the wild type) and tet(o)sFgfr2b (transgene specific
forward primer 5'- GAA GGA GAT CAC GGC TTC C; transgene
specific reverse primer 5'- AGA CAG ATG ATA CTT CTG GGA
CTG T; expected product size of 110 bp). The PCR reaction mix
was calculated for 20 1 per reaction, and included 10 pl 2xTaq
PCR Master Mix (Qiagen, Hilden, Germany), primers at a final
concentration of 0.2 uM, RNase-free water, and up to 1 pug of
genomic DNA. PCRs were performed in a C1000 Thermocycler
(Bio-Rad). The cycling protocol to amplify Rosa26rtTA was as
follows: initial denaturation at 94°C for 3 min; 35 cycles of
denaturation at 94°C for 1min, annealing at 63°C for 1min,
and extension at 72°C for 1.5 min; final extension at 72°C for
5min; and hold at 4°C. The protocol to amplify tet(o)sFgfr2b
was as follows: initial denaturation at 95°C for 2 min; 35 cycles of
denaturation at 95°C for 5 seconds, annealing at 58°C for 5, and
extension at 72°C for 20 s; final extension at 72°C for 2 min; and
hold at 4°C. Capillary gel electrophoresis was performed using a
QIAxcel Advanced capillary electrophoresis system (Qiagen).

RNA Isolation and RT-gPCR

Whole embryonic lungs or separated epithelium and
mesenchyme used for total RNA isolation were first put in
700 pl QIAzol Lysis Reagent (Qiagen, Hilden, Germany).
For tissue disruption and homogenization, the samples were
transferred to gentleMACS M Tubes and homogenized in a
gentleMACS Dissociator (Miltenyi Biotec) for 1 min. Total RNA
was then isolated using the miRNeasy Mini Kit (Qiagen, Hilden,
Germany), and eluted in 30 pl RNase-free water. RNA amount
and purity was assessed with a NanoDrop 2000c (Thermo
Scientific). Up to 1 pg of total RNA for each sample was then
reverse transcribed using the QuantiTect Reverse Transcription
Kit (Qiagen, Hilden, Germany).

Primers were designed to amplify specific mature mRNAs
using NCBI’s primer-BLAST option (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/; last accessed, 01-08-2018). Primers
were further validated by PCR-based gel electrophoresis (see
Table S2 for primer sequences). qPCR reaction mixtures were

set up using the PowerUp SYBR Green Master Mix (Thermo
Fisher, Schwerte, Germany), with a final volume of 20 p1 for each
reaction. Reaction mixtures included the following components:
10 pl of 2X PowerUp SYBR Green Master Mix, between 300
and 800 nM of each primer, between 1 and 10 ng cDNA, and
nuclease-free water. Samples were run with two or three technical
replicates on a LightCycler 48011 (Celli et al.) using the following
protocol: UDG activation at 50°C for 2 min; DNA polymerase
activation at 95°C for 2 min; and 40 cycles of denaturation at
95°C for 155, annealing at 60°C for 15s, and extension at 72°C
for 1 min. To validate amplification specificity, a dissociation step
was also included for each sample. Threshold cycles (Ct) were
calculated and used for relative expression analyses, using mouse
Hprt as the reference gene.

Microarray Analysis

Differential gene expression was investigated using microarray
analysis. Depending on the amount of RNA isolated per sample
in an experiment, one of two possible microarray protocols was
used. For RNA concentrations >50 ng/pl, the T7-protocol was
followed. In this protocol, purified total RNA was amplified
and Cy3-labeled using the LIRAK kit (Agilent Technologies,
Waldbronn, Germany) following the kit instructions. Per
reaction, 200 ng of total RNA was used. The Cy3-labeled aRNA
was hybridized overnight to 8 x 60K 60mer oligonucleotide
spotted microarray slides (Agilent Technologies, design ID
028005).

For experiments where samples yielded <50 ng/pl of RNA,
the SPIA-protocol was utilized. In this protocol, purified total
RNA was amplified using the Ovation PicoSL WTA System V2
kit (NuGEN Technologies, Leek, The Netherlands). Per sample,
2 g amplified cDNA was Cy-labeled using the SureTag DNA
labeling kit (Agilent Technologies). The Cy3-labeled aRNA was
hybridized overnight to 8 x 60 K 60mer oligonucleotide spotted
microarray slides (Agilent Technologies, design ID 074809).

For each protocol, hybridization, and subsequent washing
and drying of the slides were performed following the Agilent
hybridization protocol. The dried slides were scanned at 2
pwm/pixel resolution using the InnoScan is900 (Innopsys). Image
analysis was performed with Mapix 6.5.0 software, and calculated
values for all spots were saved as GenePix results files. Stored data
were evaluated using the R software (version 3.3.2) and the limma
package (version 3.30.13) from BioConductor. Gene annotation
was supplemented by NCBI gene IDs via biomaRt (last accessed
08-03-2018).

Assessing Proliferation and Apoptosis

Proliferation in E12.5 lungs was assessed using the Click-
iT EdU Imaging Kit (Invitrogen, Schwerte, Germany). 5-
ethynyl-2’-deoxyuridine (EdU), a nucleoside analog of thymidine
incorporated into DNA during DNA synthesis, was injected (i.p.)
2h before pregnant females were sacrificed (Dosage: 0.005mg
EdU / g mouse weight). Embryonic lungs were harvested,
paraffin embedded, sectioned and placed on glass slides. Sections
were then deparaffinised and stained for EdU according to the
manufacturer’s protocol.
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Apoptosis was assessed using the TdT-mediated dUTP Nick-
End Labeling (TUNEL) assay. The assay was performed using the
DeadEnd Fluorometric TUNEL System (Promega, Mannheim,
Germany). E12.5 lungs were harvested, paraffin embedded,
sectioned and placed on glass slides. The assay was performed
according to the manufacturer’s protocol.

Gene Expression Patterns

To assess the expression patterns of genes in early stage
embryonic lungs (E14.5), the online database genepaint.org was
used (last accessed 01-08-2018). Each of the genes significantly
regulated in our in vivo studies was entered in genepaint. The
whole embryo section displaying the clearest gene expression in
the lung, along with a magnification of the lung itself, was chosen
for the figures.

Quantification and Statistical Analysis
Morphometric Quantifications

Using still images of lungs, mesothelium and airways were
traced in Adobe Illustrator CS6 (version 16.0.4) to create skeletal
outlines. These outlines were exported and lengths and areas
were quantified either using MetaMorph (version 1.5.0) or FIJI
(version 2.0.0-rc-68/1.52g) software.

Significance was determined by unpaired two-tailed Student’s
t-tests. All data are presented as mean + SEM. Values of p < 0.05
were considered significant. The number of independent samples
(n) can be found in the figures.

Relative Gene Expression From gPCR Data
ACtand A ACt values were calculated according to the following
formulas:

ACt = Clgeference — Ctgene of interest (1)
Note, this equation accounts for the fact that Ct is proportional
to the —log of gene expression. ACt is therefore positively related
to the expression of the gene of interest.

AACtExperimental—con’crol = Me””ACtExperimental — MeanACtcontrol
2)
Unpaired two-tailed Students t-tests were performed on the
ACt values, which can be assumed to be normally distributed.
Number of “n” and significance level is indicated either in the
figures or in the figure legends.

Microarray Analyses

Mean spot signals were background corrected with an offset
of 1 using the NormExp procedure on the negative control
spots. The logarithms of the background-corrected values were
quantile-normalized. The normalized values were then averaged
for replicate spots per array. From different probes addressing
the same NCBI gene ID, the probe showing the maximum
average signal intensity over the samples was used in subsequent
analyses. Genes were ranked for differential expression using an
unpaired two-tailed Student’s #-test on a moderated t-statistic,
and heatmaps were generated displaying genes according to
descending p-values. Gene set tests were done on the ranks of the
t-values, using the function “geneSetTest” in the limma package
from BioConductor. The number of independent samples (1) can

be found in the figures. Gene sets were either user defined or, for
pathway analyses, according to the KEGG database (last accessed
08-03-2018). The data from the microarray experiments have
been deposited in the NCBI’s gene expression omnibus (GEO
accession GSE124157).
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Figure S1 | Experimental validation of the Rosa26""A/MTA; tet(o)sFgfr2b/+ double
transgenic mice (A) Pregnant females carrying control (Rosa26"/A/MTA: /1) and
experimental (Rosa26"tA/MTA; tet(o)sFgfr2b/+) embryos were fed with Dox food
starting either at E10.5, E11.5, E13.5, or E14.5 and sacrificed at E18.5. The lungs
were dissected and shown in c—f. Scale bar: (b—f) 500 um. (B) Pregnant females
carrying control (a,c,e,g and a’,c’,e’,g’) and experimental (b,d,f,g and b’,d’,f',h’)
embryos were sacrificed at E12.5. The lungs were dissected and cultured for 72 h
in the presence of Dox added to the culture medium. Scale bar: (a—h) 500 um;
(a'-h’) 125 um.

Figure S2 | Transmission electron microscopy: Compared to controls,
experimental lungs (DoxIP + 9h) show reduced numbers and stunted microvilli
(see black arrows, a—d), opened tight junctions (see black arrows in e and g; white
asterisks in f and h), and flattened Golgi with increased staining (see black arrows,
i-l). epith. =epithelium. Magnification: (a,c,e,g,i,k) 27,800x; (b,d.f,h,j,)) 139,000x.

Figure S3 | Genes and Expression pattern found in the Early 1 cluster (A)
Graphical representation of changes in the level of gene expression over time. (B)
Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.
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Figure S4 | Genes and Expression pattern found in the Early 2 cluster (A)
Graphical representation of changes in the level of gene expression over time. (B)
Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S5 | Genes and Expression pattern found in the Early 3 cluster (A)
Graphical representation of changes in the level of gene expression over time. (B)
Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S6 | Genes and Expression pattern found in the Early 4 cluster (A)
Graphical representation of changes in the level of gene expression over time. (B)
Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S7 | Genes and Expression pattern found in the Late 1 cluster (A)
Graphical representation of changes in the level of gene expression over time. (B)
Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S8 | Genes and Expression pattern found in the Late 2 cluster (A)
Graphical representation of changes in the level of gene expression over time. (B)
Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S9 | Genes and Expression pattern found in the Late 3 cluster (A)
Graphical representation of changes in the level of gene expression over time. (B)
Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S10 | Genes and Expression pattern found in the Late 4 cluster (A)
Graphical representation of changes in the level of gene expression over time. (B)
Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S11 | Relative level of expression of the genes of interest in epithelium and
mesenchyme of WT E12.5 lungs and regulation of gene expression upon FGF10
inhibition (A) Determination of genes differentially expressed in the distal epithelium
vs. mesenchyme of E12.5 wild type lungs by gene array (n = 3; see Materials and
Methods for details on the statistical analysis of gene arrays). (B) Impact of in vivo
FGF10 inhibition on lung branching at 6 and 9 h using our double transgenic
system. Corresponding gene arrays allowed the identification of genes belonging
to Early 4, Late 4, Late 3, and Late 1 groups. (C) Analysis of the genes found in
the Early 4 cluster. The first LogFC (identified with “A» after the gene) represents
the differential expression of this gene in the epithelium vs. mesenchyme of WT
E12.5 lungs. The second LogFC (identified with “B” after the gene) represents the
level of regulation upon FGF10 inhibition. Blue indicates genes enriched in the
epithelium, and red indicates genes enriched in the mesenchyme. Genes in black
were not found in our gene array in (A). Note that all the genes in Early 4 are blue,
and therefore enriched in the epithelium. Some of these genes were differentially
expressed in the epithelium at a high level (LogoFC more than 2; Id2, Sftpc,
Tspan8, Lin7a, Sp5, Semad4f, Arrdc1, Gpreba, and Sico2a), a medial level

(Logo FC between 1 and 2; Etv5 and Rai14), or a lower level (LogoFC between O
and 1; Gprin3, Enc1, and Bid). We found that some of these genes were highly
regulated upon FGF10 inhibition (Logo FC <-2; Gprin3), moderately regulated
(LogoFC between —1 and —2; Id2, Sftpc, Tspan8, Lin7a, Sp5, Sema4f, Gprcba,
Etv5, Slco2aT), or weakly regulated (LogoFC between O and —1; Enc1, ArrdcT,
Bid, Rai14). It is likely that genes which are expressed at high or medial levels in
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in the Late 4 cluster according to their regulation following FGF10 inactivation:
highly regulated (LogoFC <-2; Cytl1, Sftpc, Bspry, Sftpal, Lin7a, Sftpb, Spb,
Pthlh, and Etv5), moderately regulated (Logs FC between —1 and —2; Strap,
Kiss1, Lgi3, Slco2al, Gprcba, Bex4, Enc1, Lamc2, Sh3bgrl2, and Ctnnd2), or
weakly regulated (LogoFC between 0 and —1; Rrp9, Gnptab, Lama3, Rai14, Crif1,

Rrs1, Shh, Bex1, Srpk1, and Bid). As with the Early 4 analysis, it would be logical
to prioritize genes for future studies based both on their expression in the
epithelium and their level of regulation by FGF10. Cytl1, Sftoc, Bspry, Sftpal,
Lin7a, Sp5, and Pthih fit these prioritization criteria. (E) Analysis of the genes found
in the Late 3 cluster. Note the presence of genes belonging to the Hedgehog
signaling pathway. This group contains 20 genes, eight of which were preferentially
expressed in the epithelium, five preferentially expressed in the mesenchyme, and
six other genes not identified in the epithelium vs. mesenchyme array. Of the
genes contained in the Late 3 cluster, some were expressed at a high level in the
epithelium (Logo FC more than 2; Wnt7b, and Pcsk6), at a medial level (LogoFC
between 1 and 2; Bmp7, and Dusp9), or at a lower level (Logs FC between 0 and
1; Rbm27, HmgaZ2, Spatab, and Hk2). We also classified the genes according to
their level of regulation following FGF10 inactivation: highly regulated (LogoFC <-2;
no genes), moderately regulated (Logs FC between —1 and —2; Wnt7b, Pcsk6,
Fgd3, Hmga2, Gli1, Hk2, and Dusp9), or weakly regulated (LogoFC between O
and —1; Sct, Ntng1, Rbm27, Bmp?7, Foxf1, and Spatab). (F) Analysis of the genes
found in Late 1 cluster. Note the presence of Fgf10 in this cluster. (G) Graphical
representation of the FGF10 gene signature showing those genes both enriched in
the epithelium (X-axis) and down-regulated after 9 hrs FGF10 inhibition (Y-axis).

Table S1 | Primary antibodies.

Table S2 | Primer sequences for gRT-PCR.

Movie S1 | Longitudinal section of control bud.

Movie S2 | Longitudinal section of experimental bud (9 h Dox-IP).
Movie S3 | Cross section of control bud.

Movie S4 | Cross section of experimental bud (9 h Dox-IP).
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STEM CELLS AND REGENERATION

Fgf10-positive cells represent a progenitor cell population during
lung development and postnatally

Elie El Agha'?, Susanne Herold"?, Denise Al Alam?®, Jennifer Quantius?, BreAnne MacKenzie'?,
Gianni Carraro’?, Alena Moiseenko'?, Cho-Ming Chao'?, Parviz Minoo*, Werner Seeger’? and

Saverio Bellusci'-?%*

ABSTRACT

The lung mesenchyme consists of a widely heterogeneous
population of cells that play crucial roles during development and
homeostasis after birth. These cells belong to myogenic, adipogenic,
chondrogenic, neuronal and other lineages. Yet, no clear hierarchy
for these lineages has been established. We have previously
generated a novel Fgf10’°"® knock-in mouse line that allows lineage
tracing of Fgf10-positive cells during development and postnatally.
Using these mice, we hereby demonstrate the presence of two
waves of Fgf10 expression during embryonic lung development: the
first wave, comprising Fgf10-positive cells residing in the
submesothelial mesenchyme at early pseudoglandular stage (as well
as their descendants); and the second wave, comprising Fgf10-
positive cells from late pseudoglandular stage (as well as their
descendants). Our lineage-tracing data reveal that the first wave
contributes to the formation of parabronchial and vascular smooth
muscle cells as well as lipofibroblasts at later developmental stages,
whereas the second wave does not give rise to smooth muscle cells
but to lipofibroblasts as well as an Nkx2.1~ E-Cad™ Epcam® Pro-Spc*
lineage that requires further in-depth analysis. During alveologenesis,
Fgf10-positive cells give rise to lipofibroblasts rather than alveolar
myofibroblasts, and during adult life, a subpopulation of Fgf10-
expressing cells represents a pool of resident mesenchymal stromal
(stem) cells (MSCs) (Cd45~ Cd31~ Sca-1*). Taken together, we show
for the first time that Fgf10-expressing cells represent a pool of
mesenchymal progenitors in the embryonic and postnatal lung. Our
findings suggest that Fgf10-positive cells could be useful for
developing stem cell-based therapies for treating interstitial lung
diseases.

KEY WORDS: Lung mesenchyme, Lineage tracing, Fgf10-positive
cells, Resident MSCs, Mouse

INTRODUCTION

The adult mouse lung consists of at least 40-60 different types of
cells that are organized in a highly sophisticated 3D structure inside
the thoracic cavity (Crapo et al., 1982; McQualter and Bertoncello,
2012). These cell types can be broadly classified into epithelial cells
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(populating the airways) and mesenchymal cells (populating the
surrounding extracellular matrix). Along the proximodistal axis, the
mouse lung is rich with stem/progenitor cells that are capable of
self-renewal, multipotent differentiation and pollutant resistance.

Whereas the lineage tree of the lung epithelium has been
thoroughly studied during embryonic development and postnatally
(Giangreco et al., 2002; Hong et al., 2004; Kim et al., 2005; Rawlins
et al., 2009; Rock et al., 2009; Stripp et al., 1995), the lineage tree
of the postnatal lung mesenchyme is poorly understood. This part of
the lung consists of a wide array of cell types such as smooth muscle
cells, endothelial cells, chondrocytes, nerve cells, lipofibroblasts,
myofibroblasts, lymphatic cells and others.

Most of our knowledge regarding the lineage tree of the lung
mesenchyme has been achieved by studying embryonic
development. For example, our research group has previously used
a fibroblast growth factor 10 (Fgf10)-lacZ transgenic line (originally
reported as MlcvIv-nLacZ-24) to demonstrate that Fgf]0-expressing
cells are progenitors for parabronchial smooth muscle cells
(PBSMCs) in the distal lung during early embryonic development
(Mailleux et al., 2005). Shan et al., on the other hand, identified a
population of mesenchymal cells, initially located near the lung
hilum, as progenitors for airway smooth muscle cells (Shan et al.,
2008). Using Wilms tumor 1 homolog (W¢1)-Cre transgenic line,
Que et al. have suggested that the mesothelium is a source of
vascular — but not airway — smooth muscle cells (Que et al., 2008).
On the contrary, Greif et al. have shown that vascular smooth
muscle cells (VSMCs) arise from Pdgfrb-positive mesenchymal
cells rather than W¢l-positive mesothelial cells (Greif et al., 2012).
More recently, Dixit et al. utilized W¢1FR™>"* mice to demonstrate
that Wtl-positive cells are indeed progenitors for airway and
VSMCs as well as desmin™ fibroblasts (Dixit et al., 2013). Fetal liver
kinase 1 (Flk-1; Kdr — Mouse Genome Informatics), another term
for vascular endothelial growth factor receptor 2 (Vegfi2), has been
identified as the earliest marker for endothelial progenitors
(angioblasts) that respond to Vegfa and give rise to the capillary
plexus surrounding the airways (Del Moral et al., 2006; Kappel et
al., 1999; Yamaguchi et al., 1993). Using a prospero homeobox 1
(Prox1)“¢FRT? knock-in line, Srinivasan et al. have shown that
lympthatic cells arise from ProxI-positive progenitor cells
(Srinivasan et al., 2007). Finally, Langsdorf et al. used receptor
tyrosine kinase (Ref)?“f" knock-in line to transiently trace neuronal
progenitors during embryonic development and show that nerve
cells originate from the neural crest (Langsdorf et al., 2011).

One of the early markers of the lung mesenchyme is Fgf70. During
early lung development, Fgfi0 is expressed in the distal
(submesothelial) mesenchyme and it acts on the opposite epithelium
expressing Fgfi-2b to maintain the epithelial cells in a progenitor-like
state and induce branching and migration (Bellusci et al., 1997; Lii et
al., 2005; Park et al., 1998). Gain of function of Fgf70 during
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development leads to epithelial progenitor state arrest and distalization
of the lung (Nyeng et al., 2008; Volckaert et al., 2013), whereas loss
of function of Fgf10 results in branching simplification and decreased
numbers of epithelial progenitors. Although the primary target of
Fgf10 is the epithelium, severe mesenchymal abnormalities are also
observed when Fgf10 signaling is attenuated (Ramasamy et al., 2007).
We have previously generated a novel Fgfl0FR™*  (or
Fgf10°“®") knock-in mouse line that allows specific labeling of
Fgf10-expressing cells, which can be lineage-traced temporally and
spatially (El Agha et al., 2012). Using this line, combined with
tomato™ Cre-reporter line, we performed extensive lineage tracing
of Fgfl0-positive cells during lung development and postnatal
homeostasis. We used a combination of time-lapse imaging,
immunofluorescence, fluorescence-activated cell sorting (FACS)
analysis and sorting, analysis of cytospin-prepared cells and reverse
transcription polymerase chain reaction (RT-PCR) on isolated cells to
characterize the progeny of Fgf10-expressing cells labeled at distinct
time points throughout lung development and postnatally. Our data
indicate that Fgf10-positive cells represent a pool of progenitors for
multiple lineages in the embryonic and postnatal lung mesenchyme.

RESULTS
Fgf10'°"® knock-in line is not leaky and does not show signs
of ectopic expression
We have previously shown that the Fgfl0'“*; tomato™*lineage-
tracing tool allows permanent labeling of Figf70-positive cells (as
well as their descendants) and thus opening the way to study their
fate in a time-controlled manner (El Agha et al., 2012). To further
validate this line, Fgf10°“"®" ; tomato*"** mice were crossed with
the previously established Fgf10-lacZ reporter line (Kelly et al.,
2001; Mailleux et al., 2005) and pregnant mice received a single
intraperitoneal (IP) injection of tamoxifen at embryonic day (E) 11.5
and embryonic lungs were harvested at E13.5 (supplementary
material Fig. S1). We reasoned that lineage-labeled cells from E11.5
are likely to retain Fgfl0 expression at E13.5. Double
immunostaining for red fluorescent protein (RFP; reporting for
Fgfl0-expressing cells at E11.5 as well as their descendants) and
lacZ (reporting for total Fgfl0-expressing cells at E13.5) showed
that all lineage-labeled cells were indeed /acZ positive, indicating
the absence of ectopic expression from the Fgf70"“"* locus and
demonstrating that Fgf70-expressing cells are specifically targeted
with this tool. Quantification revealed that 65.444+4.27% (n=3) of
total lacZ-positive cells were also positive for the lineage label
(RFP), indicating that this model allows the targeting of a subset of
Fgf10-expressing cells. Like any other lineage-tracing tool, the level
of recombination greatly depends on the dose of tamoxifen used. For
this study, a tolerable dose of 0.1 mg/g of body weight was used.
Throughout the study, Fgf10"*; tomato™* littermates from
tamoxifen-injected mice and/or Fgf10°“**; tomato™" offspring
from corn-oil-injected mice were used as controls and no
recombination was observed in these offspring at the level of whole-
mount fluorescence imaging, fluorescence microscopy of lung
sections and FACS analysis, confirming the absence of leakiness in
the Fgf10°“"*" ; tomato™"* tool.

Fgf10-positive cells are amplified and migrate during early
lung development ex vivo

In order to study the behavior of Fgfl0-positive cells during the
pseudoglandular stage of lung development, pregnant mice carrying
Fgf10°*" ; tomato™* embryos received a single IP injection of
tamoxifen at E11.5 and embryos were harvested at E12.5. Lungs were
cultured in an air-liquid interphase and brightfield/fluorescence time-

lapse imaging was carried out for 72 hours (Fig. 1; supplementary
material Movie 1; #=3). Lineage-labeled cells were originally detected
as small populations in the distal mesenchyme and were mostly
abundant in the accessory lobe (Fig. 1B-B”). During the first 24 hours
of culture, tomato-positive cells amplified exponentially and
populated other regions of the growing lung (Fig. ID-D",J). At the end
of the three-day culture, lineage-labeled cells were highly abundant
and dispersed throughout the lung mesenchyme (Fig. 1E-E"). After
ex vivo culture, lungs were fixed, processed and stained for aSma
(Acta2 — Mouse Genome Informatics) (Fig. 1F-I). An average of
81+0.2 (n=3) tomato-positive cells was detected per section
(Fig. 1G,G".K) and a subpopulation of Fgf70-positive cells (5.67+0.57
cells; n=3) appeared in the PBSMC layer (Fig. 11,I',K).

Fgf10-positive cells are progenitors for parabronchial and
VSMCs in vivo

To study the commitment of Fgf70-positive cells to the smooth
muscle lineage in vivo, pregnant mice carrying Fgfl0'“¢";
tomato** embryos received a single IP injection of tamoxifen at
E10.5 and embryonic lungs were harvested at E13.5, E15.5 and
E18.5 (Fig. 2A-C). Because tomato-positive cells were mostly
abundant in the accessory lobe, this lobe was used for
immunostaining. aSma staining of Fgf10°““"; tomato™" lungs
revealed a subpopulation of tomato-positive cells in the PBSMC
layer at all three developmental stages (Fig.2G,G".K,K’,0,0").
Among total tomato-positive cells, tomato-positive PBSMCs were
significantly abundant at E13.5 (14.03+1.31% of total tomato-
positive cells; n=3) (Fig.2A) and E15.5 (18.47+3.75%; n=3)
(Fig. 2B) but to a less extent at E18.5 (7.51+0.72%; n=3) (Fig. 2C).
Another population of tomato-positive cells was identified in the
VSMC compartment at E15.5 (3.44+0.96%; n=3) (Fig.2B;
supplementary material Fig.S2) and E18.5 (4.88+0.83%; n=3)
(Fig. 2C; supplementary material Fig. S2). A third population of
lineage-labeled cells was observed in the vicinity of parabronchial
and VSMCs at all three stages. Initially, we thought that these cells
could have a neuronal nature, as Fgf10 is known to be involved in
neurogenesis (Haan et al., 2013; Hajihosseini et al., 2008). However,
B-IIT Tubulin (tubulin, beta 3 class III — Mouse Genome Informatics)
immunostaining did not show any overlap with the lineage label
(data not shown).

Fgf10-positive cells from early pseudoglandular stage are
progenitors for smooth muscle cells and lipofibroblasts in
vivo

The genetic model used in this study revealed that only a minor
proportion of Fgf10-positive cells commits to the smooth muscle
lineage (Fig.2). Fgf10 is known to be expressed by adipocyte
precursors and Fgfl0-null neonates suffer from impaired
development of the white adipose tissue (Sakaue et al., 2002;
Yamasaki et al., 1999). Thus, we decided to investigate whether
Fgf10-positive cells give rise to an adipose-related cell lineage in the
lung, the lipofibroblasts. Figf10-positive cells were labeled during
early pseudoglandular stage (E11.5) and lungs were harvested at
E12.5, E15.5 and E18.5 (Fig. 3A-C). FACS analysis showed a
drastic increase in the total number of RFP* cells from E12.5 to
E15.5 and then E18.5 (Fig. 3D). Our unpublished data show that
lipofibroblasts start to emerge in the lung at E15.5; thus, aSma and
Adrp (Plin2 — Mouse Genome Informatics) immunostaining was
performed at E18.5. For convenience, the left lung lobe was used to
carry out immunofluorescence staining and quantification (Fig. 3F).
An average of 450+10.12 (n=3) tomato-positive cells was counted
per sample and a minor proportion of RFP-positive cells stained for

297



RESEARCH ARTICLE

Development (2014) doi:10.1242/dev.099747

A Fgf10°* knock-in locus

Tam *
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aSma around the epithelium (5.68+0.39%; n=3) (Fig. 3E,G) and
within vascular walls (4.3140.23%; n=3) (Fig. 3E,H). Similarly to
Fgf10-positive cells labeled at E10.5, a population of aSma™ RFP*
cells was identified in the vicinity of PBSMCs (10.17+0.88%; n=3)
(Fig. 3E,I) and VSMCs (3.92+0.72%; n=3) (Fig. 3E). These cells
did not express the neuronal marker S-/11 tubulin (supplementary
material Fig. S3). However, a significant population of RFP-positive
cells stained for Adrp (29.96+5.17%; n=3) (Fig. 3E,J) and the
remaining population of RFP-positive cells (45.97+4.2%; n=3) that
did not stain for aSma or Adrp was characterized by its big size and
the presence of filopodia (Fig. 3E,K). The lungs were also stained
for other markers, such as Cd45 (Ptprc — Mouse Genome
Informatics) and Cd31 (Pecam1 — Mouse Genome Informatics), but
no overlap was observed between these markers and the RFP signal
(supplementary material Fig. S3).
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5 um section

t=72 h
; vy E11.5. (B-E) Brightfield imaging of an E12.5
Fgf10°°"”*; tomato™* lung undergoing
branching morphogenesis. (B'-E') Whole-mount
fluorescence imaging showing the progressive
amplification and migration of lineage-labeled
cells. Note the high tomato expression in the
accessory lobe at t=0 hour. (B"-E") Overlay of
brightfield and fluorescent images.
(F-I) Immunofluorescent detection of aSma
(green) in the lung after 72 hours of culture. The
areas in white boxes are magnified in F'-I'. A
subpopulation of lineage-labeled cells lies in the
PBSMC layer (white arrows in I).
(J) Quantification of the RFP signal over time.
(K) Quantification of lineage-labeled cells after
aSma immunostaining. n=3. Data are shown as
average values t s.e.m. Scale bars: 500 ym (B-
E); 75 um (F-I). BF, brightfield.

K

Fgf10-positive cells from late pseudoglandular stage are
progenitors for lipofibroblasts in vivo

Fgfl0-positive cells from E11.5 showed to be precursor cells for
PBSMCs, VSMCs and lipofibroblasts at E18.5 (Fig. 3). However,
the commitment of these early progenitors to the smooth muscle
lineage showed a decline beyond E15.5 (Fig. 2). To investigate this
observation further and to test whether lipofibroblast progenitors are
restricted to early developmental stages, Figf10-positive cells were
labeled at E15.5 and embryonic lungs were harvested at E16.5 and
E18.5 (Fig. 4). RFP expression was low at E16.5 (Fig. 4A) and was
more pronounced at E18.5 (Fig. 4B). The left lung lobe was used to
carry out immunofluorescence staining and quantification (Fig. 4D).
An average of 499+71.04 (n=3) tomato-positive cells was counted
per sample at E18.5 and aSma staining showed minimal overlap
with the RFP signal in the parabronchial (0.26+0.03%; n=3) and



RESEARCH ARTICLE

Development (2014) doi:10.1242/dev.099747

r
w0
o
W
o
L
[
a
<
o
L
[

— Merge —-r— RFP —r—

*—#ﬁ-*b
0]—'—'—3—'—"

s
0O 00 e o
@ N RO e®

Fig. 2. Contribution of Fgf10-positive cells labeled at E10.5 to the parabronchial smooth muscle lineage in vivo. (A-C) Overlay of brightfield and whole-
mount fluorescent images of the lung at E13.5, E15.5 and E18.5. Note the strong RFP signal in the accessory lobe at all three stages (white arrows). The right
panels in A-C show the quantification of multiple RFP* populations based on aSma staining for each stage. (D-O) Single-channel and merged images of aSma
staining (green) of the accessory lobes of the lungs from the upper panel showing RFP-positive cells (red) in the PBSMC layer at all three stages (asterisks).

The areas in the white boxes are magnified in D'-O’. n=3. Data are shown as average values * s.e.m. Scale bars: 500 ym (A); 1000 pm (B); 750 um (C); 25 um

(D-0).

vascular (0.7540.34%; n=3) compartments (Fig.4E). Significant
numbers of aSma™ RFP" cells around PBSMCs (10.33£1.65%; n=3)
(Fig. 4E,F) and VSMCs (4.99+£0.32%; n=3) (Fig.4E,G) were
detected and Adrp staining revealed a considerable proportion of
Adrp* RFP* cells (39.98+8.28%; n=3) (Fig. 4E,H,I). Similarly to
cells labeled at E11.5, aSma Adrp™ B-III Tub™ Cd45™ Cd31™ cells
(43.69+8.32%; n=3) were also observed (Fig. 4E,J,K; supplementary
material Fig. S3).

Fgf10 expression identifies lipofibroblast rather than
alveolar myofibroblast progenitors during alveologenesis
The alveolar stage of lung development is known for the prevalence
of alveolar myofibroblasts. These cells, in addition to lipofibroblasts,
are believed to play a crucial role in secondary septa formation and
alveolar maturation during postnatal alveolarization (O’Hare and
Sheridan, 1970; Rehan and Torday, 2012; Rubin et al., 2004; Torday
and Rehan, 2007; Vaccaro and Brody, 1978; Yamada et al., 2005).
To determine whether Fgfl0-positive cells contribute to these
lineages postnatally, pregnant mice carrying Fgf10°“* : tomato*'*
embryos were left to develop to term and then fed tamoxifen-
containing pellets starting on postnatal day 2 (P2). At P14, pups
were sacrificed, lungs were harvested, and the left lung lobe was
used for immunostaining (Fig. 5). No tomato signal was detected in
lungs from Fgf10™"; tomato™* pups (Fig. 5A,L) whereas the
signal was abundant in their Fgf70°“**; tomato*"* counterparts
(Fig. 5B), especially near the main bronchus (Fig. 5C). An average

of 141+40 (n=3) tomato-positive cells was counted per Fgf10"“"¢"*;
tomato"* sample and oSma immunostaining revealed a
subpopulation of lineage-labeled cells expressing aSma
(19.70+1.88%; n=3) (Fig. 5SD-H,M). These cells were located in the
lung parenchyma and not at the tips of secondary septa. On the other
hand, Adrp immunostaining showed that a major proportion of
Fgf10-expressing cells gives rise to lipofibroblasts (67.74+1.27%;
n=3) (Fig. 5I-K,M).

Fgf10-positive cells from various developmental stages
exhibit various molecular signatures and are retained
postnatally

Fgf10-expressing cells were labeled at E11.5 or E15.5 and lungs
were harvested at E18.5. Lungs were dissociated into single-cell
suspensions and stained for Cd45, Cd31, Epcam, Pdgfra, Kit and
Sca-1 (Ly6a — Mouse Genome Informatics). A FACSAria III cell
sorter was used to analyze 50,000-100,000 cells per sample per time
point. No tomato signal was detected in lungs from Fgf10™*;
tomato™* embryos (Fig. 6A) or from Fgfl0’“*"; tomato™"*
embryos exposed to corn oil instead of tamoxifen (data not shown).
Whereas lineage-labeled cells from E11.5 accounted for ~0.5% of
the total lung, those from E15.5 accounted for ~1.5% (Fig. 6B,C)
and most of these cells were Cd45~ Cd31™ (data not shown). Almost
all lineage-labeled cells from both time points expressed low levels
of Sca-1 (Sca-1") at E18.5 (Fig. 6E,G) and a subpopulation of
Fgf10-positive cells from E11.5 and E15.5 also expressed the
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mesenchymal marker Pdgfra at E18.5 (~9.9% and ~17.5%,
respectively) (Fig. 6F,H). Interestingly, almost no tomato-positive
cells from E11.5 and ~18.1% from E15.5 stained for the pan-
epithelial cell marker Epcam at E18.5 (Fig. 6E,G). Kit expression
was very low at this stage (E18.5) but staining revealed ~7.3% and
~1.4% overlap with the tomato signal in E11.5 and E15.5 time

E18.5

E11.5. (A-C) Overlay of brightfield and whole-mount fluorescent
images of the lung at E12.5, E15.5 and E18.5. (D) The total
number of RFP* cells in the lungs shown in A-C increases
drastically over time, as determined by FACS analysis.

(E) Quantification of RFP-positive populations. (F) Overlay of
brightfield and whole-mount fluorescent images of the left lung
lobe at E18.5. (G-1) aSma staining showing RFP-positive cells in
the PBSMC layer (G), vascular walls (H) and around PBSMCs ().
(J) Immunofluorescence staining showing an Adrp* RFP* cell.

(K) Big RFP-positive cells with filopodia (arrowheads) are present
in the lung parenchyma. n=3. Data are shown as average values
+s.e.m. ***P<0.001 (one-way ANOVA). Scale bars: 250 ym (A);
1000 ym (B,C); 500 um (F); 12.5 ym (G-K). Epi, epithelium; v,
vessel.

aSma

points, respectively (Fig. 6F,H). RT-PCR and cytospin analysis of
sorted Fgfl0-positive cells (labeled at E15.5) showed high
expression of Adrp (Fig. 6D), confirming the immunofluorescence
data obtained from processed lung tissues (Figs3 and 4).
Histological analysis of E15.5 Fgf10'"*" ; tomato"*" lungs (labeled
at E11.5) showed a subpopulation of RFP™ Pdgfra” cells (Fig. 61,J).
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Fig. 4. In vivo lineage tracing of Fgf10-positive cells labeled
at E15.5. (A,B) Overlay of brightfield and whole-mount
fluorescent images of the lung at E16.5 and E18.5. The RFP
signal is more intense at E18.5 than at E16.5. (C) Overlay of
brightfield and whole-mount fluorescent images of an E18.5
Fgf10°®*; tomato™* lung exposed to corn oil instead of
tamoxifen. (D) Overlay of brightfield and whole-mount fluorescent
images of the left lung lobe at E18.5. (E) Quantification of RFP-
positive populations. (F,G) aSma staining showing aSma~ RFP*
cells around PBSMCs and VSMCs. (H,l) Adrp immunostaining
showing Adrp* RFP* cells. The area in the white box is magnified
in 1. (J,K) Big RFP-positive cells with filopodia (arrowheads) are
present in the lung parenchyma. The area in the white box is
magnified in K. n=3. Data are shown as average values + s.e.m.
Scale bars: 750 ym (A,D); 1000 um (B,C); 12.5 ym (F,G,I,K);

25 um (H,J).
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Fig. 5. Fgf10-positive cells preferentially give rise to lipofibroblasts
rather than alveolar myofibroblasts during alveologenesis. Nursing
female mice were fed tamoxifen-containing pellets from P2 to P14.

(A) Overlay of brightfield and whole-mount fluorescent images of the left lung
lobe from an Fgf10**; tomato™* pup. (B,C) Representative image of the left
lung lobe from Fgf10°°™*; tomato™* pups. Note the strong tomato signal
around the mainstem bronchus (C; higher magnification of the boxed area in
B). (D,E) Immunostaining for aSma showing an aSma~ RFP* cell. The area
in the dashed box is magnified in E. The asterisks mark alveolar
myofibroblasts in the secondary septa. (F,G) Immunostaining for aSma
showing an aSma* RFP* cell (white arrow). The area in the dashed box is
magnified in G. (H) Single-channel fluorescent images of the aSma* RFP*
cell shown in G. (1,J) Immunostaining for Adrp showing an Adrp* RFP* cell.
The area in the dashed box is magnified in J. (K) Single-channel fluorescent
images of the Adrp* RFP* cell shown in J. (L) Immunostaining for aSma of an
Fgf10**; tomato™* lung. (M) Quantification of lineage-labeled cells
according to aSma and Adrp expression. n=3. Data are shown as average
values * s.e.m. Scale bars: 2.5 mm (A,B); 750 um (C); 25 ym (D-L).

Fgf10-expressing cells, labeled postnatally, represented ~0.1% of
the total lung (a total of one million cells was analyzed) (Fig. 6L).
~15.7% and ~22.8% of total RFP-positive cells stained for Epcam
and Sca-1, respectively (Fig. 6M). A subpopulation (accounting for
~10.5% of total RFP-positive cells) exhibited the molecular
signature of resident MSCs (Cd45~ Cd31 Sca-17) (Fig. 6N).

In a separate experiment, pregnant mice carrying Fgfl0"“®*;
tomato* embryos received a single IP injection of tamoxifen or
corn oil at E11.5 and were left to develop to term. The pups from
these mice were sacrificed at P30 and lungs were harvested for
FACS analysis. Lungs from corn-oil-exposed pups revealed no
tomato expression (Fig. 6S), whereas lineage-labeled cells from

tamoxifen-exposed lungs appeared in the distal mesenchyme,
especially at the tip of the accessory lobe (Fig. 6T,U). These cells
accounted for ~0.4% of total lung suspensions (Fig.60) and
similarly to the cells labeled at E11.5 and harvested at E18.5,
minimal overlap between tomato and Epcam was detected (Fig. 6P).
Nevertheless, ~11.1% of total lineage-labeled cells expressed Sca-
1, half of which representing a subset of resident MSCs (Fig. 6P,Q).
LipidTOX™ staining revealed that most tomato-positive cells
(~83.7%) contained neutral lipids at P30 (Fig. 6R).

In order to further characterize Epcam” RFP" cells, Fgf10-
expressing cells were labeled at E15.5 and RFP™ cells were sorted
at E18.5 and stained for Pro-Spc (Sftpc — Mouse Genome
Informatics) and E-Cadherin (Cdh1 — Mouse Genome Informatics)
(Fig. 7A,B). Interestingly, a subpopulation of RFP* cells was Pro-
Spc” but E-Cad™ (Fig. 7A’,B’). A similar observation was made for
lung sections where RFP™ cells could not be detected in the lung
epithelium (E-Cad") (Fig. 7D,D’,F) and 20.23+0.89% (n=3) of total
RFP" cells was Pro-Spc™ (Fig. 7C,C",F). Finally, RT-PCR on sorted
cells (labeled at P2 and collected at P30) showed that Epcam™
RFP" cells were positive for Spc, but negative for Nkx2.1 and E-
Cad, whereas Epcam™ RFP™ cells were positive for Nkx2.1, E-Cad
and Spc. Both populations showed lack of Fgfi0 expression
(Fig. 7E).

DISCUSSION

The embryonic lung mesenchyme consists of cells that belong to
distinct lineages, including myogenic, adipogenic, chondrogenic,
neuronal and other lineages. Most of these cell types arise from
endogenous (or resident) progenitor populations whereas few (e.g.
nerve cells) arise from exogenous sources (the neural crest). Cell-
fate determination probably arises from a complex network of
autocrine and paracrine signals leading to the proliferation and
differentiation of lineage-restricted as well as multipotent progenitor
cell populations.

Fgf10 is an early marker for the submesothelial mesenchyme
(Bellusci et al., 1997) and its expression levels have shown to be
crucial for the maintenance of both epithelial and mesenchymal
progenitors (Ramasamy et al., 2007). The domain of Fgfl0
expression in the embryonic lung has been thoroughly studied.
Northern blotting and quantitative PCR (qPCR) data show that
Fgf10 transcripts progressively accumulate in the embryonic lung
between E11.5 and E18.5 (Bellusci et al., 1997; El Agha et al.,
2012). In situ hybridization for Figf10 and X-Gal staining of Fgf10-
lacZ lungs show that Fgf10 expression is restricted to the tips of the
distal mesenchyme until E14.5, after which the expression becomes
dispersed throughout the mesenchyme (El Agha et al., 2012;
Mailleux et al., 2005; Ramasamy et al., 2007; Tiozzo et al., 2012).
Our lineage-tracing data reveal two waves of Fgf10 expression, each
of which is characterized by a distinct pattern in terms of cell
localization as well as differentiation potential (Fig. 8A). The first
wave, consisting of Fgf10-positive cells labeled at E11.5 as well as
their descendants, yields cells residing mostly in the distal
mesenchyme at E18.5 (especially observed in the accessory lobe)
and contributes to myogenic (PBSMCs and VSMCs) as well as
adipogenic (lipofibroblasts) lineages. By contrast, the second wave,
consisting of Fgf10-positive cells labeled at E15.5 as well as their
descendants, yields cells that are dispersed throughout the
mesenchyme at E18.5 and gives rise to adipogenic, but not
myogenic, lineages.

Lineage tracing of Fgf10-positive cells from E10.5 showed that
these cells contribute to the smooth muscle cell lineage when
examined at E13.5, E15.5 and E18.5; however, the percentage of
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Fig. 6. Flow cytometry analysis of the Fgf10-expressing lineage during embryonic development and postnatally. (A) E18.5 lungs from Fgf10™*;
tomato™** embryos show no tomato signal. (B,C) Tomato-positive cells account for ~0.5% and ~1.5% of the total E18.5 lung suspension when labeled at E11.5
and E15.5, respectively. (D) RT-PCR and immunostaining of sorted Fgf10-positive cells (labeled at E15.5) show high expression of Adrp (white arrows). Note
the presence of Adrp™ cells (asterisk). (E,F) Almost all Fgf10-expressing cells labeled at E11.5 express low levels of Sca-1 (Sca-1°") (E) and ~9.9% of these
cells co-express Pdgfra (F). (G) Almost all Fgf10-expressing cells labeled at E15.5 express low levels of Sca-1 (Sca-1") and ~18.1% of these cells co-express
Epcam. (H) ~17.5% of lineage-labeled cells express Pdgfra. (1,J) Section of an E15.5 Fgf10°"®"*; tomato™** lung (labeled at E11.5) showing Pdgfra expression
(green). The area in the white box is magnified in J. White arrows indicate RFP* Pdgfra* cells and the dashed line marks the epithelial-mesenchymal boundary.
(K) Lungs from Fgf10**; tomato™** adult mice show no tomato signal when exposed to tamoxifen. (L) Tomato-positive cells account for ~0.1% of the total adult
lung. (M) ~15.7% and ~22.8% of lineage-labeled cells express Epcam and Sca-1, respectively. (N) A subpopulation of Fgf10-expressing cells (~10.5%) shows
the molecular signature of resident MSCs. (O) Tomato-positive cells from E11.5 are retained at P30, and account for ~0.4% of the total lung. (P) ~11.1% total
RFP* cells express Sca-1 whereas minimal overlap with Epcam expression can be detected. (Q,R) ~4.9% of total tomato-positive cells are resident MSCs (Q)
and the majority (~83.7%) of total labeled cells contains neutral lipids (R). (S-U) Whole-mount fluorescence images of lungs from P30 mice that were exposed
to corn oil or tamoxifen at E11.5. Note the absence of tomato expression in corn-oil-exposed lungs. The accessory lobe of the tamoxifen-exposed lung shown in
T is shown in U. Note the strong tomato signal at the tip of this lobe. (V) Summary of the flow cytometry analysis of the Fgf10-expressing lineage during
embryonic lung development and postnatally. n22. Scale bars: 25 um (D); 100 um (1); 12.5 pm (J); 5mm (S, T); 2.5 mm (U). Epi, epithelium.
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aSma” RFP* cells relative to total RFP* cells showed a decline
between E15.5 and E18.5. As the overall number of Fgfl0-positive
cells (labeled at E11.5) showed a drastic increase from E12.5 to E15.5
and then E18.5 as demonstrated by FACS analysis (also demonstrated
by time-lapse imaging of EI12.5 lung undergoing branching
morphogenesis), we conclude that the drop in the number of aSma*
RFP™ cells relative to total RFP™ cells at E18.5 is likely to be due to
the expansion of the aSma™ RFP* population at the expense of the
aSma” RFP" population. In other words, the limited aSma” RFP*
fraction that forms between E10.5 and E15.5 gets diluted in the aSma™
RFP" population, which continues to expand beyond E15.5. This is
supported by our observation that aSma™ cells rarely proliferate when
examined at E13.5, E15.5 and EI18.5 (supplementary material
Fig. S4). The proliferative capacity of Fgf10-positive cells was also
demonstrated by time-lapse imaging of E18.5 lung explants that were
induced with tamoxifen at E11.5 (supplementary material Movie 2)
or E15.5 (data not shown). Moreover, primary cultures of E18.5 lung
mesenchyme (induced with tamoxifen at E11.5 or E15.5) showed that
~40% of RFP" cells were undergoing mitosis during the 24 hours of
culture (supplementary material Movie 3).

It was recently reported that a multipotent cardiopulmonary
progenitor cell population (Wnt2" Glil* Isl1"), originating from the
second heart field (SHF), invades the lung, giving rise to airway and
VSMCs in addition to other lineages (Peng et al., 2013). Our
lineage-tracing system does not label any SHF cells as lineage-
labeled cells could not be detected in the heart at any given time
point, probably owing to the deletion of intronic sequences
containing transcription factor binding sites for Isl1, Nkx2.5, Tbx5
and others (El Agha et al., 2012). Yet the possibility that a subset of
Fgf10-positive cells arises from Is//-positive cells coming from the
SHF cannot be excluded.

FACS analysis revealed that the first wave of Fgf10 expression
accounts for ~0.5% of the total lung at E18.5, whereas the second

_ Sorted cells r P2-P30 = Fig.7. Epcam® lineage-labeled cells do not represent an
3 E RT-PCR epithelial lineage in the lung. (A-B’) Immunofluorescence
staining of sorted Fgf10-positive cells (labeled at E15.5 and
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Fgf10 - The areas in the white boxes are magnified in A',B'.
o The white arrows indicate Pro-Spc* RFP* cells.
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wave accounts for ~1.5% of the total E18.5 lung. This indicates that
during embryonic lung development, not all Figf70-expressing cells
derive from Fgfi0-positive mother cells; rather, the Fgf70-
expressing domain expands by de novo induction of Fgf10
expression (Fig. 8B). However, clonal expansion of Fgf10-positive
cells needs to be further examined using confetti or rainbow Cre-
reporter mice in order to assess the degree of heterogeneity of these
cells and to determine whether they possess unipotent or multipotent
capabilities. Flow cytometry analysis also revealed that a
subpopulation of early and late lineage-labeled cells acquires Pdgfra
expression at later developmental stages. Surprisingly, a
subpopulation of late Figf10-positive progenitors (second wave) also
acquires Epcam expression. Epcam” RFP* cells were further
analyzed following FACS and they showed lack of Nkx2.1 and E-
Cad expression, indicating that these cells do not represent a bona
fide epithelial cell population. Yet they express significant levels of
Pro-Spc, as shown by immunofluorescence (of lung sections and
sorted cells) and RT-PCR, and appear to have lost Fgf70 expression
between P2 and P30. To date, there is no evidence for
mesenchymal-to-epithelial ~ transition events during lung
development, and our previous work with the Dermol-Cre; R26R
line suggests that mesenchymal cells do not integrate into the lung
epithelium (De Langhe et al., 2008; Tiozzo et al., 2012). Similarly,
we show here that the Fgfi0-expressing lineage is purely
mesenchymal by nature and labeled cells were never detected in the
lung epithelium. Whether these cells could ‘completely’ differentiate
into bona fide epithelial cells under specific conditions (acute injury,
for example) remains to be established.

Alveolar myofibroblasts and lipofibroblasts are two cell lineages
that are highly abundant during postnatal alveolarization. These cell
types play important roles in the formation of functional alveoli in
newborns. In this study, the contribution of Fgf70-positive cells to
these two lineages was addressed. When labeled during the alveolar
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Fig. 8. The differentiation potential of Fgf10-positive cells
varies throughout embryonic lung development.
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stage of lung development, most Fgf70-expressing cells gave rise to
lipofibroblasts that are believed to represent a stem cell niche that
signals to adjacent type 2 alveolar epithelial cells in a paracrine
fashion (Barkauskas et al., 2013). Furthermore, a minor population
of Fgfl10-expressing cells gave rise to myofibroblasts residing in the
parenchyma rather than in secondary septae. Alveolar
myofibroblasts are believed to derive from Pdgfra-positive cells as
Pdgfa-null newborns suffer from arrest in alveologenesis because of
the absence of these cells (Bostrom et al., 1996; Lindahl et al.,
1997). More recently, McGowan et al. have shown that Pdgfra
expression directly correlated with aSma expression and inversely
correlated with neutral lipid production (McGowan et al., 2008),
indicating that Pdgfra-positive cells are progenitors for alveolar
myofibroblasts rather than lipofibroblasts. Our FACS analysis shows
that only ~10% of Fgfl0-expressing cells co-express Pdgfia
postnatally (data not shown), which could explain our observation
that Fgf10-expressing cells preferentially give rise to lipofibroblasts
rather than alveolar myofibroblasts (Pdgfra"). Lipofibroblasts
originate from multiple progenitor pools and the Figfl0-expressing
pool contributes to a subset of lipofibroblasts in the lung (D.A.A.,
E.E.A. and S.B., unpublished). Although it has been suggested that
lipofibroblasts serve as a source of alveolar myofibroblasts during
alveologenesis (Perl and Gale, 2009), our data suggest that at least
Fgfl0-expressing  lipofibroblasts do not undergo this
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transdifferentiation. However, as Fgfr2b ligands have shown to be
required for the formation of alveolar myofibroblasts during
homeostasis (Perl and Gale, 2009; Ramasamy et al., 2007) as well
as regeneration after pneumonectomy (Chen et al., 2012), we
speculate that paracrine signaling between Fgf0-positive cells and
Pdgfra-positive progenitors is likely to be necessary for the
formation of the alveolar myofibroblast lineage during
alveologenesis.

Fgf10-positive cells were also examined during lung homeostasis
in the adult mouse. Despite the low efficiency of the Fgf10/“"* line
in labeling Fgfl0-expressing cells postnatally (El Agha et al., 2012),
FACS analysis of disaggregated adult lungs revealed that these cells
constitute ~0.1% of the whole lung. A subpopulation of Fgf10-
expressing cells (~10.5% of total Fgf70-expressing cells) exhibits
the molecular signature of resident MSCs (Cd45~ Cd31~ Sca-17) that
were previously described by McQualter et al. (McQualter et al.,
2009). In the latter study, the authors reported that the Cd45~ Cd31~
Sca-1" fraction of the adult lung represents a mesenchymal
population of resident progenitor cells that are also crucial for the
growth of epithelial progenitors in vitro. Our data support the
findings of McQualter et al. and provide direct evidence that Figf70
expression identifies a subset of resident MSCs.

Finally, Fgf10-positive cells, labeled at E11.5, were retained after
birth (P30), indicating that these cells have self-renewal
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capabilities. Nevertheless, the majority of these cells stained for the
neutral lipid dye, indicating their engagement into the lipofibroblast
phenotype.

In summary, the reported genetic model of lineage tracing shows
that Figf10-expressing cells represent a population of mesenchymal
progenitors in the lung in vivo. These cells give rise to airway and
VSMCs as well as lipofibroblasts during embryonic development.
Neonatally, these cells contribute to the formation of lipofibroblasts
and during adult life, they represent a subset of resident MSCs that
might play a crucial role in regeneration after lung injury. Our
observation that some descendants of Fgf70-expressing cells express
Pro-Spc shows how little is known about lineage hierarchy in the lung
mesenchyme. More studies need to be performed in order to better
characterize the various mesenchymal lineages in the lung, by
combining lineage-tracing tools with responder lines allowing genetic
manipulation of key signaling pathways (e.g. FGF, Wnt, Hedgehog),
and eventually implementing the attained knowledge in novel
therapeutic strategies for treating interstitial lung diseases.

MATERIALS AND METHODS

Mice and tamoxifen administration

Fgf10°“" knock-in mice were generated as previously described (El Agha et
al., 2012) and tomato™* reporter mice (B6;129S6-Gt(ROSA)26Sor™*(¢16-
1dlomato)llze/ Ty were purchased from Jackson Lab (stock number 007905).
Fgf10-lacZ hypomorph/reporter mice were described previously (Kelly et
al., 2001; Mailleux et al., 2005; Ramasamy et al., 2007). Mice were housed
in a specific pathogen-free environment and E0.5 was assigned to the day
when a vaginal plug was detected. Harvesting organs and tissues from wild-
type and transgenic mice was approved by Justus Liebig University Giessen
(approval numbers 405 M and 437 M, respectively) and animal
experiments were approved by the Regierungspraesidium Giessen (GI 20/10
Nr. 38/2011 and 117/2012) and the Animal Research Committee at
Childrens Hospital Los Angeles (CHLA; Protocol number 31-11) in strict
accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institute of Health. The approval
identification for CHLA is AAALAC A3276-01.

Tamoxifen solution was prepared as previously described (El Agha et al.,
2012) and pregnant females carrying Fgfl0'"*; tomato* embryos
received a single IP injection of 0.1 mg tamoxifen (Sigma, Schnelldorf,
Germany) per gram of body weight. For continuous tamoxifen exposure,
mice were fed tamoxifen-containing pellets (0.4 g of tamoxifen per kg of
food) (Altromin, Lage, Germany).

Whole-mount fluorescence imaging and time-lapse microscopy
Lungs were harvested in PBS and examined using Leica M205 FA
fluorescent stereoscope (Leica Microsystems, Wetzlar, Germany) equipped
with Leica DFC360 FX camera. The endogenous tomato signal was detected
using the RFP channel. For time-lapse microscopy, intact E12.5 lungs or
E18.5 lung explants were harvested in Dulbecco’s modified Eagle medium
(DMEM) and cultured on Whatman Nuclepore membrane filters (GE
Healthcare, Solingen, Germany) placed on 500 pul of DMEM with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. Culture dishes with
embryonic tissues were then transferred into the culture chamber (37°C; 5%
CO,) of Leica DMI6000 B live imaging microscope (Leica Microsystems)
connected to Leica DFC365 FX camera where imaging was performed. RFP
signal intensity was measured using ImageJ software (NIH).

Tissue processing and immunostaining

Freshly isolated lungs were washed in PBS and then fixed in 4%
paraformaldehyde (PFA) in PBS according to standard procedures. Then,
tissues were embedded in paraffin and sectioned at 5 pm thickness. Slides
were deparaffinized, blocked with 3% bovine serum albumin (BSA) and 0.4%
Triton X-100 [in Tris-buffered saline (TBS)] at room temperature (RT) for
1 hour and then incubated with primary antibodies against aSma (Sigma;
1:100), Adipose differentiation-related protein (Adrp) (Abcam; 1:50), Pro-Spc
(Seven Hills; 1:1000), E-Cadherin (BD; 1:200), B-III Tubulin (R&D; 1:50),

Cd45 or Cd31 (Biolegend; 1:100) at RT for 1 hour or at 4°C overnight. After
incubation with primary antibodies, slides were washed three times in TBST
(TBS buffer + 0.1% Tween 20) for 5 minutes, incubated with secondary
antibodies at RT for 1 hour and then washed three times in TBST before being
mounted with Prolong Gold Anti-fade Reagent with DAPI (4”,6-diamidino-2-
phenylindole; Invitrogen). Fluorescent images were acquired using Leica
DM5500 B fluorescence microscope connected to Leica DFC360 FX camera
and the endogenous tomato signal was detected using the RFP channel.
Colocalization data were further confirmed by z stacks of multiple optical
sections using Leica TCS SP5 X confocal microscope.

FACS analysis and sorting

Lungs were isolated, washed with Hanks’ balanced salt solution (HBSS) and
kept on ice. Then, they were cut into fine pieces using a sharp blade before
being digested with 0.5% Collagenase Type IV in HBSS (Life Technologies,
Invitrogen) at 37°C for 45 minutes. Single-cell suspensions were obtained
by passing lung homogenates through 18, 21 and 24G syringes before being
passed through 70 and 40 um cell strainers (BD Biosciences, Heidelberg,
Germany). Viable cell count was determined using Trypan Blue stain. Cells
were then resuspended in cold staining solution (0.1% sodium azide/5%
FCS/0.05% Triton X-100 in 1x PBS) containing antibodies (Biolegend, Fell,
Germany) against Cd45 (FITC-conjugated; 1:100), Cd31 (FITC-conjugated,
1:100), Epcam (APC-Cy7-conjugated; 1:50), Sca-1 (Pacific Blue-
conjugated; 1:100), Pdgfra (APC-conjugated; 1:100) and Kit (PE-Cy7-
conjugated; 1:50) for 30 minutes on ice in the dark and were then washed
with 0.1% sodium azide in PBS. LipidTOX staining was performed
according to the manufacturer’s instructions (Invitrogen). FACS
measurements and sorting were carried out using a FACSAria III cell sorter
(BD Biosciences) and the endogenous tomato signal was detected using the
PE channel. Gates were set according to unstained controls.

Figure assembly

Quantitative data were assembled using GraphPad Prism software
(GraphPad Software) and presented as average values =+ s.e.m. Figures were
assembled using Adobe Photoshop CS5.
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ABSTRACT

Lipid-containing alveolar interstitial fibroblasts (lipofibroblasts) are
increasingly recognized as an important component of the epithelial
stem cell niche in the rodent lung. Although lipofibroblasts were initially
believed merely to assist type 2 alveolar epithelial cells in surfactant
production during neonatal life, recent evidence suggests that these
cells are indispensable for survival and growth of epithelial stem cells
during adulthood. Despite increasing interest in lipofibroblast biology,
little is known about their cellular origin or the molecular pathways
controlling their formation during embryonic development. Here, we
show that a population of lipid-droplet-containing stromal cells emerges
in the developing mouse lung between E15.5 and E16.5. This is
accompanied by significant upregulation, in the lung mesenchyme, of
peroxisome proliferator-activated receptor gamma (master switch of
lipogenesis), adipose differentiation-related protein (marker of mature
lipofibroblasts) and fibroblast growth factor 10 (previously shown to
identify a subpopulation of lipofibroblast progenitors). We also
demonstrate that although only a subpopulation of total embryonic
lipofibroblasts derives from Fgf10* progenitor cells, in vivo knockdown
of Fgfr2b ligand activity and reduction in Fgf10 expression lead to global
reduction in the expression levels of lipofibroblast markers at E18.5.
Constitutive Fgfr1b knockouts and mutants with conditional partial
inactivation of Fgfr2b in the lung mesenchyme reveal the involvement
of both receptors in lipofibroblast formation and suggest a possible
compensation between the two receptors. We also provide data from
human fetal lungs to demonstrate the relevance of our discoveries to
humans. Our results reveal an essential role for Fgf10 signaling in the
formation of lipofibroblasts during late lung development.

KEY WORDS: Fgf10, Lipofibroblasts, Lung, Mesenchyme
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INTRODUCTION

Lipofibroblasts (LIFs) are lipid-droplet-containing interstitial
fibroblasts that are located within close proximity to type 2
alveolar epithelial cells (AECIIs; McGowan and Torday, 1997;
O’Hare and Sheridan, 1970). LIFs contribute to the production of
pulmonary surfactant by assimilating neutral lipids and transferring
them to AECIIs for final processing of the surfactant. They also
contain retinoic acids that are essential for the promotion of
postnatal alveolar septation, a crucial process that increases blood-
gas exchange surface (Simon and Mariani, 2007). LIFs are detected
in the embryonic rat lung starting at embryonic day (E) 16; thereafter
their numbers increase, peaking during the second postnatal week,
when alveologenesis is at its peak (Tordet et al., 1981). Although
LIFs have been studied in postnatal lungs, their exact cellular origin
and mechanism of differentiation remain unknown.

LIFs are present in adult human and mouse lungs (Kaplan et al.,
1985; Rehan et al., 2006). In vitro models of LIF differentiation
from mesenchymal progenitors, using either the human embryonic
lung fibroblast cell line (WI-38) or neonatal and adult human lung
biopsies, have helped to establish some of the crucial regulators of
LIF differentiation (Rehan et al., 2006). Previous reports have
shown that 7hyI™ but not Thyl~ cells are able to acquire LIF
characteristics, such as lipid-droplet accumulation and collagen
formation, shortly after initiation of in vitro culture (Penney et al.,
1992). Recently, it has been proposed that LIFs could contribute to
the AECII stem-cell niche in the adult lung (Barkauskas et al.,
2013).

LIFs share common characteristics with adipocytes, and it is
already established that peroxisome proliferator-activated receptor
gamma (Pparg), the master regulator of adipogenesis, is also
required for the maintenance of the LIF phenotype (Torday et al.,
2003). In LIFs, Pparg is downstream of parathyroid hormone-
related protein (Pthrp; Pthlh — Mouse Genome Informatics)
signaling, and it has been shown that in vivo inactivation of the
Pthrp pathway leads to abnormal alveolarization with defective
surfactant synthesis (Rubin et al., 2004). After Pparg activation,
LIFs express adipose differentiation-related protein (Adrp; Plin2 —
Mouse Genome Informatics), a trafficking protein that escorts lipid
substrates within the LIF cytosol and delivers them to adjacent
AECIIs (Schultz et al., 2002).

Fibroblast growth factor 10 (Fgf10) is expressed by both pre- and
mature adipocytes and plays an important role in the differentiation
of pre-adipocytes in the white adipose tissue via activation of the
Pparg pathway (Sakaue et al., 2002). Interestingly, Fgfl0 also
stimulates cell proliferation in white adipose tissue (Konishi et al.,
2006), and Fgf10-null embryos display impaired white adipose
tissue formation (Asaki et al., 2004; Mailleux et al., 2002). A recent
study demonstrated that postnatal day (P) 8 mouse lipofibroblasts
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expressing low levels of platelet derived growth factor receptor,
alpha polypeptide (Pdgfra) express high levels of Fgf10 and its
receptors Fgfi-lb and Fgfi-2b (McGowan and McCoy, 2015). Using
the Fgf107"¢ lineage-tracing tool (El Agha et al., 2012), we have
shown that Fgf10" cells are progenitors for LIFs, among other
lineages, in the developing mouse lung (El1 Agha etal., 2014). Based
on that and extrapolating our knowledge about the role of Fgf10 in
adipocytes to pulmonary LIFs, we hypothesized that Fgfl0
signaling plays an important role in the formation of pulmonary
LIFs. To our knowledge, there are currently no reported studies on
the role of Fgf10 signaling in the formation of LIFs.

To test our hypothesis, enhancer-trap, transgenic and knock-in
mouse lines were used to identify the Fgfl0-expressing
lipofibroblast subpopulation and to study the consequences of
disrupting Fgfl0 signaling for overall LIF formation in the
developing mouse lung. The impact of mesenchymal Fgfi-2b
deletion and of ubiquitous Fgfi-/b deletion on LIF formation was
investigated, the results of which suggest that Fgfr2b compensates
for the loss of Fgfrlb. The effect of recombinant FGF10 protein on
mouse and human fetal lung mesenchymal cells was also tested.
Taken together, our results demonstrate a novel role for
mesenchymal Fgfl10 signaling in the formation of LIFs.

RESULTS

Lipofibroblast formation increases progressively during
embryonic lung development

Given that the emergence of LIFs in the embryonic mouse lung was
unexplored, we first quantified the relative number of lipid-droplet-
containing cells between E13.5 and E18.5 by LipidTOX staining
followed by fluorescence activated cell sorting (FACS). LipidTOX
is a dye that labels neutral lipids that are abundantly present in LIFs.
Our results indicated that LipidTOX" cells emerged between E15.5
and E16.5, and they represented up to 30% of the total cell count in
the developing lung (Fig. 1A,B). Next, the expression levels of
Adrp, Pparg and Fgfl0 were examined throughout lung
development by qPCR (Fig. 1C). Adrp expression showed very
low levels between E11.5 and E15.5 and was upregulated beginning
at E16.5, peaking at E18.5. Pparg expression was first detected at
E15.5 and increased progressively up to E18.5. Fgf10 expression
increased steadily from E11.5 to E18.5.

Following intraperitoneal (IP) injection of tamoxifen into
Fgfl10°“"*’* ;tomato** mice at E11.5 or E15.5, ~30 and 40% of
labeled cells, respectively, trace to Adrp™ LIFs when quantified at
E18.5 (El Agha et al., 2014). In the present study, IP injection of
tamoxifen was carried out twice, at E11.5 and E14.5, in order to
maximize the labeling of LIFs derived from Fgf10" cells (Fig. 1D).
Immunofluorescence (IF) staining for Adrp in the resulting E18.5
lungs showed that only a small proportion of Adrp* cells are also
RFP” (Fig. 1E). However, quantification of IF indicated that ~65%
of the RFP™ cells are Adrp™ (Fig. 1F), demonstrating the increased
efficiency of our double tamoxifen injection approach to mark
Fgf10" LIFs. LipidTOX staining followed by FACS analysis was
also used to confirm these data. Our data indicated that RFP* cells
represent ~4% of the total lung cells, of which 66.5% are also
LipidTOX™ (Fig. 1H). The same analysis showed that 8.37% of total
LipidTOX™ cells are RFP* at E18.5 (Fig. 1G).

Next, we used the previously reported Fgf10-lacZ enhancer-trap
mouse line to monitor Fgf10 expression during neonatal life, and
showed that a subset of Fgf10™ cells displays LIF characteristics at
P5 [Adrp*, Oil Red O (ORO)*; Fig. S1]. The Adrp/B-gal double-
positive cells represented ~27% of total LIFs at this stage. In
conclusion, Fgf10-expressing cells and their descendants represent
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only a fraction of the total LIF population in the developing mouse
lung. In order to test whether Fgfl0 signaling is involved in
LIF formation, we used two independent but complementary
approaches: attenuation of Fgfir2b signaling and generation of Fgf70
hypomorphic lungs.

Attenuation of Fgfr2b ligand activity leads to impaired
lipofibroblast formation

To attenuate Fgfr2b ligand activity, we used our previously reported
and validated double-transgenic (DTG) system to overexpress a
soluble form of Fgfir2b in a ubiquitous fashion in the embryo upon
doxycycline exposure (Parsa et al., 2010, 2008; Volckaert et al.,
2011). Soluble Fgfr2b acts as a decoy receptor to block all Fgfir2b
ligands, including Fgfl0, potentially expressed at the time of
doxycycline administration. Based on the expression pattern of LIF
markers and the LipidTOX staining during lung development
(Fig. 1B,C), doxycycline was administered between E14.5 and
E18.5 to attenuate Fgfir2b ligand activity (Fig. 2A). Compared with
control lungs (n=4), DTG lungs (n=4) were smaller (Fig. 2C
versus B) and displayed dilated distal airways and thickened
mesenchyme (Fig. 2E versus D), indicating an arrest in overall
lung development. Adrp IF and ORO staining showed a decrease in
Adrp expression (Fig. 2H,I versus F,G) and lipid-droplet content
(Fig. 2L,M versus J,K) in DTG compared with control lungs. The
observed decrease in Adrp expression and ORO staining was
validated by qPCR. DTG lungs displayed a clear reduction in the
expression levels of Pparg (Fig. 2N; P<0.01) and Adrp (Fig. 20;
P<0.001) compared with control lungs. The decrease in Pparg
expression was also observed at the protein level as shown by
western blotting (Fig. 2P).

Fgf10 hypomorphs display impaired lipofibroblast formation
As a second approach, the impact of decreased Figf10 expression on
LIF formation during lung development was investigated. Given
that the complete deletion of Figf70 leads to lung agenesis (Sekine
et al., 1999), the Fgf10 hypomorphic allele was used (Mailleux
etal., 2005; Ramasamy et al., 2007) to generate E18.5 Fgf1(0"“"*'*;
tomato”* (control) and Fgf10'“""*Z;tomato* (hypomorph)
lungs (Fig. 3A). The Fgf10'" allele is phenotypically equivalent
to the Fgf10-null allele (El Agha et al., 2012). This experimental
set-up allows investigation of the impact of decreased Fgf70
expression on global LIF formation (paracrine and autocrine effects
of Fgfl10) and the impact of decreased Fgf10 expression on the
contribution of Fgfl0-expressing cells to total LIFs (autocrine
effect of Fgf10).

Impaired hindlimb development was observed in Fgfl(’¢"¢<Z;
tomato”** embryos, thus validating phenotypically the reduced
Fgf10 expression (data not shown). The Fgfl(0“"¢/“Z experimental
lungs were smaller, lacked the accessory lobe (arrow in Fig. 3C
versus B) and displayed thicker intersaccular walls and hemorrhagic
areas upon histological analysis (data not shown). Gene expression
analysis revealed a significant decrease in Fgfl(0) expression
(Fig. 3F; P<0.01) in hypomorphic lungs (n=3) compared with
littermate controls (#=3). qPCR also showed a significant reduction
in the expression levels of Pparg (Fig. 3G; P<0.05) and Adrp
(Fig. 3H; P<0.05) in hypomorphic lungs compared with littermate
controls.

Immunofluorescence for Adrp showed that hypomorphic lungs
exhibit a global decrease in Adrp expression compared with controls
(Fig. 3K,L versus LJ). Quantification of the Adrp signal using
MetaMorph software revealed a significant decrease in the number
(Fig. 3M; P<0.05) and area (Fig. 3N; P<0.05) of Adrp
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immunoreactive spots in hypomorphic lungs (#n=3) compared with
littermate controls (n=3).

The Tomato™* reporter allele was introduced in the background
of Fgfl10"“"’* (control) and Fgf10"“"*"“Z (hypomorph) embryos to
label Fgf10" cells at E14.5 with a single IP injection of tamoxifen
(Fig. 3A,D,E), allowing investigation of the autocrine effect of
Fgfl10. Lineage-labeled cells in the background of Adrp IF do not
display any significant difference between control and hypomorph
lungs in terms of Adrp spot number (Fig. 3S; P=0.2568). However,
we observed a significant decrease in the area of Adrp
immunoreactive spots (Fig. 3T; P<0.05) in the hypomorphs (n=3)
compared with controls (n=3; Fig. 3Q,R versus O,P). These data
suggest a defect in lipid-droplet formation that results in impaired
differentiation of LIFs.

Fgf10 acts on the mesenchyme to induce lipofibroblast
formation

In order to rule out any contribution from the epithelium to LIF
formation and to demonstrate a direct effect of Fgfl0 on
mesenchymal cells, primary lung mesenchyme was cultured at
different embryonic stages (E14.5-E18.5). Following differential
adhesion, unattached cells were washed and mesenchymal cells
allowed to grow for 24 h before RNA isolation (Fig. 4A). The cells
remaining in the primary culture consisted of a heterogeneous
population of mesenchymal cells. In cultures derived from E18.5
lungs, lipofibroblasts represented only about one-third of the total
adherent cells (Fig. S2). Fig. 4B shows representative images for
Cdhl IF performed on primary mesenchymal cells, indicating
minimal epithelial contamination. qPCR revealed low expression

4141

DEVELOPMENT



RESEARCH ARTICLE

Development (2015) 142, 4139-4150 doi:10.1242/dev.109173

r— Experimental design
A E145 Doxfood E18.5 (Sac.)

inactive
tTA

-

Doxycycline

(food or IP)

) active

inactive + nTA
rTA \_)

Fgf1

Soluble Faf3
et Fgfr2b — Fgf7
Fof10

Control| —————— DTG —
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levels for Pparg (Fig. 4D) and Adrp (Fig. 4E) at E14.5 and E15.5
with increased expression levels between E16.5 and E18.5. This is
consistent with the data obtained with lung homogenates (Fig. 1C),
thus indicating upregulation of Pparg and Adrp in the lung
mesenchyme during late embryonic stages. Parallel to the increase
in LIF markers, Fgfl0 expression was also increased in late
embryonic stages (Fig. 4C). Strikingly, Fgfr2b and Fgfrib, the
genes encoding the two Fgfl0 receptors, were upregulated in late
embryonic lung mesenchyme, with the increase in Fgfi2b
expression preceding that observed for Fgfrr/b (Fig. 4F,G).

In order to demonstrate a direct effect for Fgf10 on mesenchymal
cells, primary mesenchymal cultures of E19 rat lungs were treated
with recombinant human (th)FGF10. ORO staining after 24 h
revealed a significant increase in the number of lipid-droplet-
containing cells upon rhFGF10 treatment (Fig. 41 versus H; J;
P<0.05). When treated with increasing concentrations of thFGF10,
these cells showed a dose-dependent increase in Ppary as detected
by western blotting (Fig. 4K,L; P<0.05).

Analysis of Fgfr1b-null lungs suggests a compensatory role
for Fgfr2b in lipofibroblast formation

Given the observed sequential expression of Fgfi2b and Fgfirlb in
the lung mesenchyme (Fig. 4F,G), we tested whether Fgfl0
signaling in the mesenchyme via these receptors is involved in
LIF formation. First, the phenotype of E18.5 Fgfir1b knockout lungs
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was examined, and analysis by qPCR confirmed the absence of
Fgfr1b expression in knockout lungs (n=4) compared with control
lungs (n=7; Fig. 5A; P<0.01). Hematoxylin and Eosin (H&E)
staining did not show any apparent phenotype in knockout lungs
compared with control lungs (Fig. SH.,I versus F,G). Interestingly,
gPCR analysis showed that Pparg was significantly increased in the
knockouts compared with controls (Fig. 5C; P<0.01), and this was
accompanied by a modest increase in Adrp expression (Fig. 5D;
P=0.4762). Surprisingly, Fgfi-2b expression was increased (Fig. SE;
P<0.01), whereas Fgf10 expression levels remained unchanged
(Fig. 5B; P=0.4082).

The expression levels of Adrp were also investigated at the
protein level by IF. The staining revealed a slight increase in Adrp
immunoreactivity in the knockouts (Fig. 5L,M) compared with
controls (Fig. 5J,K). Quantification of the Adrp signal using
MetaMorph software showed a trend towards an increase in the
number (Fig. SN; P=0.0629) and area (Fig. 50; P=0.2921) of Adrp
immunoreactive spots in knockout lungs (n=3) compared with
control lungs (n=3).

Our results therefore indicate that ubiquitous deletion of Fgfi-/b in
the lung does not compromise LIF formation during embryonic
development; instead, there is a trend towards increasing LIF
formation. Interestingly, the elevated levels of Fgfi2b in Fgfrlb
knockout lungs suggest that Fgfi-2b could be compensating for the loss
of Fgfir1 b, thereby allowing normal and even enhanced LIF formation.
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Partial loss of mesenchymal Fgfr2bh expression impairs
lipofibroblast formation

So far, we have shown that Fgfi-2b is expressed in mesenchymal
cells and that Fgf10 acts directly on mesenchymal cells to promote
LIF formation. To test whether mesenchymal Fgfi2b signaling
plays a role in LIF formation in vivo, we carried out a partial loss of
Fgfir2b expression in the lung mesenchyme. Conditional genetic
deletion of Fgfi2b in the lung mesenchyme was achieved by IP
injection of female mice carrying 7g(Thx4-LMECreERT2)/+;
fefi2b** (control) and Tg(Thx4-LMECreERT2)/+:fafi-2b10%*
(mutant) embryos with tamoxifen at E14.5. The lungs from
mutant embryos are therefore expected to exhibit a 50% decrease
in Fgfir2b expression in the mesenchyme only. The recombination

Hypomorph —

Fig. 3. Fgf10 hypomorphs exhibit impaired LIF
formation. (A) Experimental design showing the
time line of tamoxifen treatment and tissue harvest.
The control and hypomorphic genotypes are shown.
(B,C) Whole-mount views of control and
hypomorphic E18.5 lungs. Note the absence of the
accessory lobe in the hypomorph (arrow in C).
(D,E) Whole-mount fluorescent images of the lungs
showing Tomato expression. (F-H) gPCR analysis
showing decreased expression of Fgf10, Pparg and
Adrp in the hypomorphic lungs compared with
control lungs. (1) IF for Adrp in control lungs. (J) High
maghnification of two fields from I. (K) IF for Adrp in
hypomorphic lungs. (L) High magnification of two
fields from K. (M,N) Quantification of Adrp
immunoreactivity shown in I-L using MetaMorph
software. (O) IF for Adrp in control lungs showing
Tomato expression. (P) High magnification of O.
(Q) IF for Adrp in hypomorphic lungs showing
Tomato expression. (R) High magnification of Q.
(S,T) Quantification of Adrp immunoreactivity in the
lineage-labeled cells shown in O-R. Scale bars:
750 ym in B-E; 25 pm in [,K,0,Q. n=3 per group.
*P<0.05, **P<0.01.
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of the Fgfi-2h"* allele in E18.5 mutant lungs was validated by PCR
(Fig. 6A). No major phenotypic differences were observed between
mutant and control lungs at E18.5 (Fig. 6D,E versus B,C). However,
gPCR analysis indicated a trend towards decreased Fgfi-2b
expression (Fig. 6F; P=0.0995). A statistically significant
reduction in Adrp expression was demonstrated (Fig. 6G;
P<0.05), suggesting defective LIF formation in mutant lungs
(n=5) compared with control lungs (n=3). However, no significant
differences were observed in the expression levels of Pparg
(Fig. 6H; P=0.2591) or Spry4 (as a readout for mesenchymal Fgf
signaling; Fig. 61; P=0.9291).

Immunofluorescence for Adrp was also carried out, and the
results indicated a decrease in Adrp staining in mutant lungs
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(Fig. 6L,M) compared with control lungs (Fig. 6J,K). Quantification
of the Adrp signal using MetaMorph software revealed a trend
towards a decreased number (Fig. 6N; P=0.1037) and area (Fig. 60;
P=0.1716) of Adrp immunoreactive spots in mutant lungs (n=5)
compared with control lungs (n=3).

Our results therefore indicate that deletion of one Fgfi-2b allele in
the lung mesenchyme starting at E14.5 impairs the LIF status at
E18.5 at the RNA level and to a lesser extent at the protein level.

Relevance of lipofibroblast formation in mice to human lungs

In order to demonstrate the relevance of our findings to human
lungs, the expression levels of FGF10 and ADRP were analyzed in
human fetal lung homogenates between weeks 10 and 21 of
gestation (3<n<11 for each time point). Our human data show a
significant increase in FGF10 only between 10 and 18 weeks of
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gestation (Fig. 7A), whereas in the mouse Fgf70 expression rises
constantly throughout lung development (Fig. 1C). Our results also
indicate that 4ADRP expression is unchanged between 10 and
21 weeks of gestation (Fig. 7B). Interestingly, the start of Adrp
expression in the mouse was seen between E15.5 and E16.5
(Fig. 1C), corresponding to weeks 20 and 22 of human gestation.
These data suggest that LIF formation in human lungs is likely to
occur past week 22, corresponding to the mid-canalicular stage of
lung development.

Using the human embryonic lung fibroblast cell line (WI-38), we
showed that treatment with thFGF10 led to a significant increase in
the number of lipid-droplet-containing cells (Fig. 7D versus C; E;
n=3; P<0.05). The triolein uptake assay demonstrated increased
lipogenesis in WI-38 cells treated with increasing concentrations
of rhFGF10 (Fig. 7F; P<0.05). Treatment of WI-38 cells with
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increasing concentrations of thFGF10 also led to a dose-dependent
increase in PPARg (Fig. 7G), thus reinforcing the proposed role of
mesenchymal FGF10 signaling in LIF formation. Lastly, epithelial
and mesenchymal cells were isolated from fetal human lungs at
16 weeks gestational age and RNA was isolated. Gene expression
analysis showed an enrichment of FGF10 and FGFR1b expression
in the mesenchymal fraction, whereas FGFR2b was enriched in the
epithelial fraction (Fig. 7H-J; n=2).

DISCUSSION

Although pulmonary LIFs were first described in the 1970s and
extensively studied in rodents, their lineage origin and molecular
pathways leading to their formation are still unknown. Previously,
we used Fgf]0-lacZ mice to show that during early embryonic lung
development (E12.5-E13.5) expression of Fgf10 identifies airway

smooth muscle cell progenitors (Mailleux et al., 2005). More
recently, using Fgf10"“" knock-in mice, we showed that during late
pseudoglandular and early saccular stages (E15.5-E18.5) Fgf10 is
predominantly expressed in cells of the lung parenchyma compared
with the airway smooth muscle cells, and these cells are mostly
identified as LIFs (El Agha et al., 2014). Here, we provide evidence
that Fgf10 plays a functional role in LIF formation.

LIFs and adipocytes share many aspects of their terminal
differentiation program, known as lipogenesis. However, it is
currently unknown whether the similarities between LIFs and
adipocytes extend into earlier stages of lineage formation. The
present findings provide new evidence that LIF formation depends
on Fgfl0 signaling, and this parallels the Fgf10 dependence of
white adipose tissue formation reported earlier (Asaki et al., 2004;
Sakaue et al., 2002). Interestingly, the role of the autocrine or
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paracrine effect of Fgf10, acting through Fgfr2b, in the development
of the white adipose tissue has already been suggested (Ohta and
Itoh, 2014). Here, we demonstrate that Fgf10 also signals in an
autocrine or paracrine fashion in another mesenchymal and
adipocyte-like cell type, the pulmonary LIF.

Fgf10 expression identifies a distinct subset of pulmonary
lipofibroblasts

Our data identify a previously unappreciated heterogeneity of
pulmonary LIFs. Based on our results, LIFs consist of Fgf7/0" and
Fgf10~ subpopulations.

Previously, we reported that in Fgf7 0" mice, the partial deletion
of transcription factor binding sites located in intron 1 of the
Fgfl0 gene led to decreased Cre expression compared with the
endogenous Fgf10 expression (El Agha et al., 2012). Thus, the
possibility that Fgf70~ LIFs reflect inefficient labeling of Fgf10"
cells cannot be excluded. However, as lacZ~ LIFs are also found in
Fgf10-lacZ lungs, we deduce that there are at least two sources of
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LIFs in the embryonic lung, partly distinguishable by Fgf10
expression.

The difference between these two pools (Fgfl0" and Fgfl10~
LIFs) in terms of origin and fate is unclear. In addition, a crucial
question remains open: what are the other endogenous factors
contributing to LIF lineage specification and maturation? For
example, it has been shown that lung ThyI™ cells differentiate into
LIFs through activation of Pparg, whereas Thyl~ cells
differentiate into myofibroblasts (Mclntosh et al., 1994; Phipps
et al., 1990; Varisco et al., 2012). Pparg signaling is one of the
major pathways described to date that is involved in the
differentiation of LIFs (Ferguson et al., 2009; McGowan and
Torday, 1997). In addition, ex vivo studies of human and mouse
tissues suggest that endothelial cells within the developing
adipose tissue can give rise to mature adipocytes (Tran et al.,
2012), although this has been contested recently (Berry and
Rodeheffer, 2013). The use of lineage-specific labeling for Thy1
and endothelial cells in the background of Fgf10"“"*"*;tomato~*
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would help to identify whether these are distinct cell populations
capable of giving rise to LIFs.

Fgf10 plays a crucial role in lipofibroblast formation

The overexpression of a dominant negative decoy receptor for
Fefi2b ligands demonstrated that Fgfi2b ligands are crucial for
LIF formation during late lung development. In addition to Fgf70,
Fgfl and Fgf7 are the two other Fgfr2b ligands expressed in the
developing lung (Bellusci et al., 1997). Contrary to Fgf10, which
binds Fgfr2b and Fgfrlb, Fgf7 binds only to Fgfr2b, whereas Fgfl
binds to all Fgf receptors (Ornitz et al., 1996). Fgf7-null mice are
viable and display impaired hair and kidney development (Guo
et al., 1996; Qiao et al., 1999), whereas Fgf7-null mice develop
enlarged adipocytes and inflammation of the adipose tissue only
after a high-fat diet (Jonker et al., 2012). It remains possible that
Fgfl and Fgf7 signaling could also contribute to LIF formation.
However, the data obtained with the Fgf70 hypomorphs strongly
suggest a combined autocrine and paracrine mode for Fgfl0
signaling during LIF formation, because both LIF subpopulations
(Fgf10" and Fgf10™) are adversely affected by decreased FgfI10

expression. A recent study suggested an autocrine role for Fgf10
signaling in promoting lipid storage in LIFs, but with no evidence
of such signaling (McGowan and McCoy, 2015). Considering the
many similarities between LIFs and adipocytes and given the
known role of Fgfl0 in adipogenesis, it is reasonable to draw
parallels between adipocytes and LIFs.

Fgfr1ib and Fgfr2b play redundant roles in the mesenchyme
as receptors for Fgf10

Fgfr2b is the main Fgf10 receptor, as demonstrated by phenotypical
similarities between Fgfi-2b-null pups (De Moerlooze et al., 2000)
and Fgf10-null pups (Sekine et al., 1999). However, Fgfl0 also
binds with high affinity to Fgfrlb (Ornitz et al., 1996), which is
expressed by both the epithelium and the mesenchyme (Lee et al.,
2008). In the early developing mouse lung, it is well accepted that
mesenchymal Fgfl0 acts on the epithelium through its receptor
Fgfr2b, whereas a direct action on the mesenchyme does not occur
until E14.5 (De Langhe et al., 2006). Our results suggest that during
late lung development, Fgf10 signals to the mesenchyme through
both Fgfi2b and Fgfrlb and that the two receptors play redundant
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roles in terms of LIF formation. The expression of Fgfi-2b in the
lung mesenchyme is a novel finding that suggests a mechanism of
alternative splicing to allow the expression of this receptor. In the
future, it will be interesting to investigate what controls Fgfi-2b
expression in the mesenchyme. The generation of double
conditional knockout of Fgfir1b/2b in the mesenchyme will also
be important to clarify whether these two receptors are the only
mediators of Fgf10 signaling in the lung mesenchyme.

Can Fgf10-regulated epithelial signals also contribute to the
formation of lipofibroblasts during development?

The present work shows clearly that Fgfl0 acts directly on the
mesenchyme and that Fgfrlb and Fgfi2b are likely to play
redundant roles as receptors for Fgfl0. However, Fgfl0 also
acts on the distal epithelial progenitor cells expressing Fgfi-2b
throughout lung development. Therefore, it is possible that some of
the effects observed upon reduction of Fgfi0 levels or upon
inhibition of the Fgfi2b ligand activity might result from the loss of
epithelium-derived signals that would also impact LIF formation.
We also investigated the expression levels of Sfipc and Scgblal in
the various mutants by qPCR (Fig. S3). Sfipc expression levels were
significantly reduced in Fgfi2b attenuated (Fig. S3A; P<0.001) and
Fgf10 hypomorphic lungs (Fig. S3C; P<0.01) but not in Fgfrrib
knockout (Fig. S3E) or Fgfir2b conditional knockout lungs
(Fig. S3G) compared with littermate controls. Scgblal expression
levels did not display significant changes in any of these mutants
(Fig. S3B,D,F,H). In the future, the possible involvement of
epithelium-derived signals in LIF formation upon the manipulation
of Fgf10 signaling can be tested by knocking out Fgfi-/b and Fgfi-2b
in the lung epithelium (specifically in Sftpc” cells) at E14.5 and
examining LIF formation at E18.5.

In conclusion, our findings identify, for the first time, the
developmental heterogeneity of pulmonary LIFs and specifically
describe the Fgf10"™ LIF subpopulation. We demonstrate that Fgf10
signals in an autocrine or paracrine fashion to promote the formation
of LIFs, probably through Pparg activation. Our data from human
fetal tissues and cells suggest that the role of Fgf10 signaling in LIF
formation in mice can be extrapolated to humans. Fgf10" cells and
LIFs represent important understudied cell populations in the
lung that might be crucial for the repair process after injury during
adult life.

MATERIALS AND METHODS

Ethics statement

Human fetal biopsies at different gestational ages were obtained under
IRB approval CHLA-14-2211. Exclusion criteria were human
immunodeficiency virus and hepatitis. All the samples used in this study
had no known genetic abnormalities.

Animal experiments were performed under the research protocol
approved by the Animal Research Committee at Children’s Hospital Los
Angeles and Labiomed at Harbor UCLA and in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. The approval identification for
Children’s Hospital Los Angeles is AAALAC A3276-01 (protocols
31-08 and 253-11). Mouse protocols were also approved by Justus Liebig
University Giessen (approval numbers 405_M, 437_M and 452_M).

Mice

The Rosa26"7*;tet(O)sFgfi2b/+ double heterozygous mice were
previously described (Parsa et al., 2008). To attenuate Fgfr2b ligands,
pregnant females carrying double-transgenic embryos and single-transgenic
littermate controls were put on a doxycycline-containing diet (normal rodent
diet with 0.0625% doxycycline; Harlan Teklad). For lineage tracing and
sorting of Fgf10" cells, we used Fgf10"“"® mice crossed with Tomato ™%
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reporter mice as previously described (El Agha et al., 2012, 2014). Females
carrying Fgf10°“*;tomato”* embryos received two IP injections of
tamoxifen (0.1 mg/g of body weight each) at E11.5 and E14.5, and lungs
were collected at E18.5. In order to perform lineage tracing in the context
of Fgfl0 hypomorph, Fgfl10"“"*";tomato*/** mice were crossed with
Fgfl0-lacZ/+ mice (Kelly et al., 2001) to generate Fgf10°""*;tomato™"
(control) and Fgfl10"“"*"Z .tomato™*  (hypomorph) embryos. The
Fgf10'“"¢ allele corresponds to a loss-of-function allele for Fgfl0 (El
Aghaetal., 2012), whereas the Fgf10-lacZ allele is a hypomorphic allele for
Fgf10 (Ramasamy et al., 2007).

X-gal staining
lacZ staining of postnatal Fgf70-lacZ lungs was performed as previously
described (Al Alam et al., 2011).

FACS sorting

Lungs from E18.5 Fgf10°“"*;tomato”* embryos were dissected in Hank’s
balanced salt solution (HBSS) on ice, put into a mixture of 0.5%
collagenase-DNase in HBSS, cut into small pieces and incubated for
30 min at 37°C with vigorous shaking. The cells were then strained through
100 pm followed by 40 pum cell strainers, washed and counted. Cells were
stained with CD45 for 30 min on ice to exclude blood cells. The endogenous
Tomato signal was detected using the PE channel. DAPI was used to
exclude dead cells. The analyses and sorting were performed using a
FACSAria III cell sorter and FACS Diva version 6.1.3 (BD Biosciences).
Gates were set according to unstained controls.

Histology

After fixation in 4% PFA, lungs were washed in PBS, dehydrated in graded
ethanol solutions, cleared in xylene and embedded in paraffin. For
immunostaining, 5-um-thick sections were cleared twice with xylene and
rehydrated, equilibrated in water and then washed in PBS. Antigen retrieval
was performed in citrate buffer (pH 6) at 95°C for 15 min. H&E staining
was done according to standard procedures. For immunostaining, slides
were incubated with primary antibodies against Acta2 (Sigma, C6198;
1:200), Cdhl (BD Biosciences, 610181; 1:200), Sftpc (Seven Hills,
WRAB-09337; 1:150) and Adrp (Abcam, ab52356; 1:150) at 4°C
overnight. For Adrp immunofluorescence (IF) staining, fluorescein
isothiocyanate-conjugated secondary antibodies (Jackson Laboratories,
111-095-046; 1:1000) were wused. MetaMorph software (Leica
Microsystems) was used for quantifying Adrp immunoreactive spots
(count and size). Three to four 40x fields per sample were analyzed. Oil
red O staining was performed as previously described (Rehan and Torday,
2003; Rehan et al., 2007, 2006). Immunohistochemistry was performed
with Dako EnVision kit according to the manufacturer’s instructions.
Fluorescence images were acquired using a Leica monocolor camera
attached to a Leica DM4000B microscope. Bright-field and differential
interference contrast images were acquired on using AxioCam MRc color
CCD camera (Zeiss Microimaging).

Primary culture of lung fibroblasts and WI-38 cell line

Whole lungs were dissected from embryos, minced into small pieces and
subjected to 0.025% trypsin (20 min at 37°C for rat lungs) or 0.5%
collagenase IV (45 min at 37°C for mouse lungs) digestion to give rise to
single cells. Mesenchymal cells were separated from epithelial cells by
differential adhesion as described previously (Lebeche et al., 1999). Thirty
minutes after plating, floating cells and media were removed and adherent
cells were washed several times with PBS. Human embryonic fibroblast
cell line WI-38 was cultured in the presence or absence of different
concentrations of recombinant human (rh)FGF10 (0, 1, 10, 100, 250 ng/ml;
R&D Systems, 345-FG-025/CF).

Isolation of fetal human lung cells

Human distal lung pieces, cut at 1 mm thickness from the edge of a
specimen at gestational age 16 weeks, were placed into a Miltenyi C-tube
and incubated at 37°C for 10 min with an enzyme mix from the Miltenyi
human tumor dissociation kit. The dissociation was then completed using

DEVELOPMENT



RESEARCH ARTICLE

Development (2015) 142, 4139-4150 doi:10.1242/dev.109173

the gentleMACS dissociator. After washing and red blood cell lysis, the cell
suspensions were filtered through a 40 um filter, counted and blocked with
Fc fragments for 15 min. After blocking, the cells were incubated with anti-
CD45 microbeads (Miltenyi Biotech, 130-045-801; 10 ul per 107 cells),
eluted through the column to exclude the CD45" cells. The remaining cells
were incubated with anti-CD326 microbeads to select positively for
epithelial cells. After elution, the CD326" cells were flushed from the
magnetic column. RNA was extracted from the enriched epithelial and
mesenchymal fractions depleted of CD45.

Gene expression analyses

RNA extracted from lung tissues or cells was reverse transcribed into cDNA
using Transcriptor High Fidelity ¢cDNA Synthesis Kit (Roche Applied
Science) according to the manufacturer’s instructions. cDNA was used for
dual color Hydrolysis Probe—Universal probe library-based quantitative
real-time PCR (qPCR), using the LightCycler 480 from Roche Applied
Science. Primers were designed using the Roche Applied Science probe-
based assay design center. Hprt gene or Gapdh assay, commercially
available from Roche Applied Science, was used as the reference gene.

Western blotting

Whole lungs or cultured lung mesenchymal cells were disrupted
immediately in RIPA buffer containing protease inhibitors. Equal amounts
of total lung protein (50 pg) from each assayed sample were used for
chemiluminescent western analysis (Roche Molecular Biochemicals) on
immunoblot PVDF membranes (Bio-Rad). Immunoblotting was performed
using antibodies against PPARY (Santa Cruz, sc-7196; 1:200) and GAPDH
(Chemicon, MAb 374; 1:1000).

Triolein uptake

Triolein uptake by the LIFs was measured as previously described (Karadag
et al., 2009). Briefly, lung tissues were minced into small pieces and
incubated with [*H]triolein (5 uCi/ml) in Dulbecco’s modified Eagle’s
medium supplemented with 20% rat serum. The tissue pieces were then
washed twice with 1 ml of ice-cold PBS and homogenized. A portion of the
homogenate was used for protein extraction and the remainder for neutral
lipid content.

Statistical analyses

Statistical analyses were performed using GraphPad Prism software. Non-
parametric tests were used to compare two groups and one way-ANOVA
was used to compare multiple groups. Data are presented as mean values+
s.e.m. The results were considered significant if P<0.05.
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Abstract

Inflammation-induced FGF10 protein deficiency is associated with bronchopulmonary dysplasia (BPD), a chronic
lung disease of prematurely born infants characterized by arrested alveolar development. So far, experimental
evidence for a direct role of FGF10 in lung disease is lacking. Using the hyperoxia-induced neonatal lung injury
as a mouse model of BPD, the impact of Fgf10 deficiency in Fgf10*/~ versus Fgf10™+ pups was investigated. In
normoxia, no lethality of Fgf10*/* or Fgf10*/~ pups was observed. By contrast, all Fgf10*/~ pups died within 8
days of hyperoxic injury, with lethality starting at day 5, whereas Fgf10*/* pups were all alive. Lungs of pups
from the two genotypes were collected on postnatal day 3 following normoxia or hyperoxia exposure for further
analysis. In hyperoxia, Fgf10™/~ lungs exhibited increased hypoalveolarization. Analysis by FACS of the Fgf10™/~
versus control lungs in normoxia revealed a decreased ratio of alveolar epithelial type Il (AECII) cells over total
Epcam-positive cells. In addition, gene array analysis indicated reduced AECIl and increased AECI transcriptome
signatures in isolated AECII cells from Fgf10*/~ lungs. Such an imbalance in differentiation is also seen in hyperoxia
and is associated with reduced mature surfactant protein B and C expression. Attenuation of the activity of Fgfr2b
ligands postnatally in the context of hyperoxia also led to increased lethality with decreased surfactant expression.
In summary, decreased Fgf10 mRNA levels lead to congenital lung defects, which are compatible with postnatal
survival, but which compromise the ability of the lungs to cope with sub-lethal hyperoxic injury. Fgf10 deficiency
affects quantitatively and qualitatively the formation of AECII cells. In addition, Fgfr2b ligands are also important
for repair after hyperoxia exposure in neonates. Deficient AECII cells could be an additional complication for
patients with BPD.

Copyright © 2016 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.

Keywords: fibroblast growth factor 10; bronchopulmonary dysplasia; AECII; differentiation; surfactant

Received 25 April 2016; Revised 31 August 2016; Accepted 12 October 2016

No conflicts of interest were declared.

Introduction

Fibroblast growth factor 10 (FGF10) protein deficiency
has been reported in patients with bronchopulmonary
dysplasia (BPD) [1]. BPD is a chronic lung disease

Copyright © 2016 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

of prematurely born infants and remains a leading
cause of morbidity and mortality. In humans, inflam-
mation is known to increase risk for BPD [2,3].
Inflammatory mediators activated by bacterial-derived
lipopolysaccharides (LPS) such as NF-xb, Spl, and

J Pathol 2017; 241: 91-103
www.thejournalofpathology.com



92

Sp3 were found to inhibit Fgfl0 transcription in mouse
lung explants [4,5]. The inhibition of Fgf10 expression
is mediated by LPS receptors (Toll-like receptor 2 and
4) activation. In the context of the immature lung, the
biotrauma and barotrauma induced by inflammation,
mechanical ventilation, and oxygen toxicity are known
to cause injury [6-9]. Due to advances in manage-
ment and therapy, the survival of premature infants
has increased. The histological characteristics of BPD
have also changed. The ‘old” BPD was characterized
by emphysema, interstitial fibrosis, and airway squa-
mous metaplasia. The ‘new’ BPD is thought to be a
‘developmental lung disease’, arising from arrested
alveolar development resulting in hypoalveolization
and dysmorphic microvasculature [10]. BPD treatment
is a considerable burden on health care systems [11,12].

While the evidence confirming the key role of FgfiI0
in embryonic lung development is strong [13,14],
comparatively less is known about the consequences
of constitutive Fgfl0 insufficiency following lung
injury. To demonstrate the effect of Fgfl0 deficiency
for prenatal and postnatal lung development in nor-
moxic conditions, we used a constitutive heterozygous
Fgf10*~ mouse line. Lung morphometry and gene array
were performed to identify changes in the lung structure
and global gene expression in Fgfl10%~ versus Fgf10+*
wild-type (WT) littermate lungs at E18.5. Because oxy-
gen toxicity is one of the major risk factors contributing
to BPD, we used the mouse hyperoxia-induced BPD
phenocopy model (85% oxygen from PO to P8) to inves-
tigate the impact of FgfI0 deficiency. Surprisingly, all
Fgf10*'~ pups died within 8 days of hyperoxic injury.
We therefore chose P3, a time point at which there
was no observable lethality, to collect pups for further
analysis consisting of lung morphometry, gene array,
fluorescence-activated cell sorting (FACS), immunoflu-
orescence (IF), reverse transcriptase-quantitative
polymerase chain reactions (RT-qPCR), and west-
ern blotting. We also used a double transgenic system in
mice [15-19] to attenuate all Fgfr2b ligands postnatally
in the context of hyperoxic injury. Our detailed analysis
may be critical in designing therapies to prevent lung
injury in neonates at risk for BPD and in adult lung
disorders characterized by FGF10 deficiency.

Materials and methods

Study approval

Animal studies

All experiments were performed in accordance with
the National Institutes of Health Guidelines for the
Use of Laboratory Animals. Animal experiments
were approved by the Federal Authorities for Animal
Research of the Regierungspraesidium Giessen, Hessen,
Germany (protocols 105/2011).

Mice
C57BL/6 mice were crossed to generate WT pups.
Fgf10*~ mice were generated by crossing Fgf10/o/flox

Copyright © 2016 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org
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mice (Fgfl0™!-25"s/]; stock No 023729; The Jackson
Laboratory, Bar Harbor, ME, USA) with CMV-Cre
mice (B6.C-Tg(CMV-cre)lCgn/J; stock No 006054;
The Jackson Laboratory). The resulting Fgfl0*~ mice
(Fgf10™!-15ms/J) were crossed for at least five gener-
ations with C57BL/6 mice to remove the CMV-Cre
allele and establish the Fgf10*/~ mice in the C57BL/6
background. Fgfl0*~ and Fgfl0™* embryonic and
postnatal mice were used (both males and females).
The Fgfl0*““~ embryos were previously generated
[20] by Crossing the FngOLaCZ/+ (Fgfl0Tg(Myl3—lacZ)24Buck
obtained from Dr Robert Kelly, Marseille, France and
maintained on the C57BL/6 background for at least
five generations) with the Fgfl0™~ mice previously
described. The Rosa26"™*; Tg(tet(o)sFgfr2b)/+ mice
[GH{(ROSA)26Sor™™!-1(MTAEGEPINagy  To(tet()-sFgfr2b)
1Jaw/CHC] were generated by crossing Rosa26rtTA/
+ [Gt(ROSA)26Sor™mI-1(MTAEGFPINagy| with Tg(tet(o)
sFgfr2b)/+ mice [Tg(tetO-sFgfr2b)1Jaw/CHC, obtained
from Dr Jeffrey Whitsett, Cincinnati, OH, USA]. Mice
were kept on the CDI1 background for at least five
generations. Both genders were used.

Hyperoxia injury (BPD mouse model)

Newborn pups were subjected to hyperoxia (HOX; 85%
0O,) injury from PO to P8 in a chamber (ProOx Model
110; BioSpherix, Ltd, Parish, NY, USA). To minimize
oxygen toxicity and bias, nursing dams were rotated
every 24 h between normoxia (NOX) and HOX. Pups
and dams received food and water ad libitum.

Statistical analyses

Significance was determined by two-tailed Student’s
t-test using GraphPad Prism statistical analysis software
(GraphPad, La Jolla, CA, USA). Chi-square analysis
(software R, package ‘survival’) was used for the com-
parison of survival data of all hyperoxia-exposed lit-
ters. All data are presented as mean + SEM. Values of
p <0.05 were considered significant.

Left lobe perfusion, alveolar morphometry, RNA
extraction, RT-qPCR, isolation of primary AECII cells,
microarray experiments, FACS, and western blot
Details may be found in the supplementary material
online, Supplementary materials and methods.

The data from the microarray experiment have been
deposited in NCBI’s Gene Expression Omnibus (GEO)
and are accessible through GEO Series accession num-
ber GSE76302 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE76302).

Results

Fgf10 expression is reduced upon hyperoxia (HOX)
exposure in neonatal wild-type (WT) lungs

The expression of Fgfl0 and associated Fgf genes
belonging to the same Fgf subfamily (FgfI, Fgf3, and
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Fgf7) that encode Fgf ligands acting via Fgfr2b [21]
was assessed by RT-qPCR in the lungs of C57BL/6
WT pups at different time points during normal alve-
ologenesis (between PO and P35). When normalized to
their respective values for the first time point collected
(PO), the results indicated a decrease in Fgfl0 expres-
sion over time, while the genes encoding other Fgfr2b
ligands were maintained at stable levels (Figure 1A, a).
When normalized to Fgfl0 expression at each of the
considered time-points, Fgfl and Fgf7 showed higher
mRNA levels while Fgf3 was generally present at lower
level (Figure 1A, b). Comparison of the expression (nor-
malized to the first time point collected, P2) of these
ligands’ mRNAs in HOX (85% O, from PO onwards)
revealed that Fgfl0 was the only one with significantly
lower levels at PS5 and P8 compared with NOX-exposed
WT lungs (Figure 1A, c).

Fgf10*~ newborn mice are indistinguishable from
WT littermates in NOX, but display increased
lethality following HOX injury

Considering the previously reported decreased FGF10
expression in human patients with BPD, we investigated
whether Fgfl0 deficiency in mice could reproduce the
clinical complications observed in BPD. We therefore
crossed Fgfl0*~ and WT mice and collected embryos
at E12.5 (n=3 and n=4 for WT and FgfI0*"~, respec-
tively) and E18.5 (n=3 and n="7 for WT and Fgf10*"~,
respectively) and assessed the levels of Fgf/0 mRNA
in their lungs by RT-qPCR. The relative levels of
Fgfl0 were 23.7% and 57.9% less at E12.5 (p =0.04)
and E18.5 (p=0.01), respectively, in Fgfl0*~ versus
WT lungs (data not shown). Fgfl0*~ (n=10) and
WT (n=12) pups exposed to NOX between PO and
P8 (Figure 1B) were viable and without phenotypic
differences (data not shown). Morphometric analysis
of P3 lungs (Figure 1C, b, d versus a, c; n =4 for each
genotype) showed no significant differences between
Fgf10*~ and WT for the mean linear intercept (MLI),
airspace or septal wall thickness (Figure 1D, a—c). To
mimic the BPD phenotype, newborn pups were sub-
jected to HOX for up to 8 days (Figure 1E) [22] (see also
supplementary material online, Figure S1 for validation
of the BPD model). Figure 1E—H displays the results for
the pups from two litters combined together (14 pups).
Survival analysis showed that all WT mice (n=38) sur-
vived at day 8, while none of the Fgf10"~ experimental
mice (n=06) were alive at this time point [chi-squared
tests on the Cox proportional hazards models (group
membership as only predictor): Fgfl0"~ versus WT:
chi?: 11.6, p < 0.001 (1 degree of freedom, df)]. A 50%
lethality was already observed at P5, suggesting that
lung damage starts earlier (Figure 1F). We therefore
analysed WT and Fgfl0*~ lungs at P3 during the course
of HOX. Haematoxylin and eosin staining of Fgfl0*/~
lungs (n =4) revealed an abnormal phenotype compared
with WT lungs (n=4), with enlarged alveolar sacs and
thinner interalveolar walls (Figure 1G, b, d versus a,
¢). Morphometric analysis demonstrated significantly

Copyright © 2016 Pathological Society of Great Britain and Ireland.
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increased MLI and airspace (both p =0.001), as well as
decreased septal wall thickness (p =0.039) (Figure 1H,
a—c).

Fgf10*/~ lungs exhibit impaired morphometry at
E18.5 associated with reduced Fgf signalling and
epithelial marker expression as well as increased
Tgfp signalling and ECM protein expression

We examined the presence of potential lung defects
in E18.5 Fgfl0*~ embryos. We also used previously
described Fgf10-*““~ hypomorphic mutants [20]. These
two lines exhibit 50% and 20% Fgf10 expression com-
pared with WT lungs, respectively. Figure 2A, a—c
shows the histology of the E18.5 WT (n=3), Fgf10"~
(n=7), and Fgfl0~“~ hypomorphic (n=3) lungs.
Morphometric analyses (Figure 2B) indicated that
Fgfl10*~ lungs exhibited increased MLI and airspace
with no change in septal wall thickness compared
with WT. Interestingly, Fgfl0"“#~ hypomorphic lungs
mostly showed increased septal wall thickness with
moderately, but significantly, increased MLI. The rea-
son for this difference is unclear. So far, our results have
shown that at P3, there is no obvious difference between
Fgfl0*~ and Fgfl0O** in NOX. However, at E18.5,
morphometric analyses revealed differences between
the two genotypes. The cellular and molecular mech-
anisms involved in this apparent recovery from E18.5
to P3 are so far unknown. In order to further charac-
terize the nature of the lung morphological differences
between the three conditions, we isolated RNA from
WT (n=3), Fgfl0*~ (n="17), and Fgf10““#~ hypomor-
phic (n=3) E18.5 lungs and carried out transcriptome
analyses. Our approach using two distinct types of Fgf10
mutants exhibiting different Fgf70 levels allowed us to
identify the top 70 mRNAs (selected based on p value)
which were differentially regulated between Fgf10-%~
hypomorph and WT lungs, and then to compare the
expression of these genes between Fgfl0™~ and WT
lungs. The heatmap in Figure 2C, a (see supplementary
material online, Figure S2 for greater magnification)
shows that these mRNAs were indeed also similarly
decreased or increased in Fgfl0*~ versus WT lungs.
The graph in Figure 2C, b summarizes the different
cellular compartments and biological processes that are
potentially affected based on the known function of the
identified genes. Interestingly, the expected epithelial
defects of Fgf10 deficiency could, in part, be caused
by the dysregulated expression of epithelium-specific
genes, such as lysophosphatidylcholine acyltransferase
1 (Lpcatl), phosphatidylinositol-4-phosphate-5-kinase,
type I, alpha (Pip5kla), G-protein-coupled receptor 30
(Gpr30), calpain 6 (Capn6), and pleiotrophin (Ptn). In
particular, Lpcatl deficiency has been associated with
neonatal death due to surfactant defects [23], while
Ptn promotes the proliferation of alveolar epithelial
type II (AECII) cells and prevents their differentiation
into AECI [24]. In addition to those implicated in
epithelial defects, we also identified changes in tran-
scripts expressed in muscle, the immune system,
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Figure 1. Congenital Fgf10 insufficiency leads to neonatal death upon hyperoxia injury. (A) RT-qPCR for Fgf1, Fgf3, Fgf7, and Fgf10in lungs
at various postnatal stages in normoxia (NOX). (a) Normalization to PO for each of the ligands indicates that Fgf10 expression decreases
postnatally compared with PO and compared with the other ligands. (b) Normalization to Fgf10 expression at each time point indicates that
Fgf1 and Fgf7 are expressed at higher levels than Fgf10. (c) Comparison of Fgfr2b ligands in hyperoxia (HOX) versus NOX indicates that
Fgf10 is the only Fgfr2b ligand mRNA to decrease significantly upon HOX injury. (B) Experimental set-up for NOX of Fgf10*/~ (experimental
group) and Fgf10*/* (control group) animals. (C) Haematoxylin and eosin (H&E) staining of NOX-exposed control (a, c) or experimental
(b, d) lungs at P3. (D) Corresponding lung morphometric analysis. Note the absence of differences in MLI (a), airspace (b), and septal wall
thickness (c). (E) Experimental set-up for HOX of Fgf10*/~ (experimental group) and Fgf10*/* (control group) animals. (F) Survival curve for
HOX-exposed animals showing that all of the experimental animals died within 8 days, whereas all of the control animals survived. (G) H&E
staining of HOX-exposed control (a, ¢) or experimental (b, d) lungs at P3. (H) Corresponding lung morphometric analysis of HOX-exposed
control and experimental animals. Note the increase in MLI (a) and airspace (b), and the decrease in septal wall thickness (c). Scale bars:
(C, a, b) 500 pm; (C, ¢, d) 50 pm; (G, a, b) 500 pm; (G, ¢, d) 50 um; *, significant p value; **, very significant p value.
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nerves, and the extracellular matrix (ECM) (Figure 2C,
c¢). These results highlight, as a consequence of either
direct or indirect effects of FgflI0 on the different
cellular compartments, potential defects of Fgfl0~
lungs. Next, we validated by RT-qPCR the changes
in Fgf signalling and the associated epithelial markers
between Fgfl0™~ and WT lungs at E18.5 (Figure 2D,
a, b). We found that the mRNA levels of Fgf10, Fgfr2b,
and Bmp4, the latter a downstream target of Fgf10 in the
epithelium, were decreased (all statistically significant).
An overall trend of decreasing expression was also
observed for other epithelial marker mRNAs. Epcam
levels were significantly reduced, supporting the notion
that alterations occur in the epithelial compartment,
which is the main cellular target of Fgfl0 signalling.
As Fgfl10 and Tgfpl play opposite roles during lung
development, we also investigated the expression of
genes involved in Tgfp signalling and the associated
ECM (Figure 2D, c, d). We found significantly increased
Smad3, Smad7, and IL-1b levels, but no changes for
Tgfbl and Tgfb3. Additionally, mRNA levels for dif-
ferent types of collagen (Collal, Colla2, Col3al, and
Col5a2) showed trends to increase. The increase in Tgff
signalling was confirmed by IF using phospho-Smad3
antibodies (see supplementary material, Figure S3).

Characterization of the response to oxygen injury
in AECII cells isolated from the lungs of WT
and Fgf10*~ mice

In order to identify the significant genes/pathways dif-
ferentially affected in AECII cells by HOX versus NOX
between Fgf10*~ and WT, we isolated AECII cells from
Fgf10*~ and WT P3 lungs in NOX and HOX conditions
and compared their transcriptomes (see supplementary
material online, Figure S4). In particular, we carried out
an interaction ‘HOX X genotype’ analysis (Figure 3).
The volcano plot identified a set of genes that are either
up- or down-regulated (Figure 3A). Interestingly, the
majority of differences between the genotypes occurred
in the down-regulated genes.

The top 100 regulated genes according to their p
values are represented in the corresponding heatmaps
(Figure 3B, a, b; see supplementary material online,
Figure S5 for greater magnification). We found a gene
set (located in the lower part of the array) whose expres-
sion was not drastically changed in HOX between
the two genotypes (Figure 3B, a), but was differen-
tially regulated in NOX conditions (Figure 3B, b).
Furthermore, another gene set down-regulated in HOX
(located in the top part of the array) was up-regulated
in NOX conditions. KEGG analysis revealed that the
processes altered were almost all linked to the immune
system and were down-regulated in mutant AECII
cells (Figure 3C). These processes were systemic lupus
erythematous, Staphylococcus aureus infection, antigen
presentation, graft versus host disease, and autoimmune
thyroid disease, amongst others. In order to assess the
differentiation status of the isolated AECII cells in
Fgfl10*~ versus WT lungs, we analysed the expression

Copyright © 2016 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org
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of the previously reported signatures for AECII and
AECI [25] in the arrays generated from these cells in
both NOX (Figure 3D) and HOX conditions (Figure 3E)
(see supplementary material online, Figure S6 for
greater magnification). In both conditions, we found a
decrease in the AECII signature, with a corresponding
increase in the AECI signature. Figure 3F, comparing
differential expression between genotypes in HOX
versus NOX, confirms the differential clustering of the
signatures for AECI and AECII.

Fgf10*/~ lungs in the context of HOX exhibit
decreased surfactant expression

Using western blotting (whole lung homogenates, n =4
for WT and n =3 for Fgfl0"~ lungs at P3; Figure 4A, a,
b), we quantified the protein expression of Fgf10, Fgfr2
(using an antibody which does not discriminate between
the Fgfr2b versus the Fgfr2c isoform), and mature Sftpc
and Sftpb. We noted significantly reduced expression of
all of these markers in FgfI10"~ versus WT (Figure 4A,
a—f). A decrease in Sftpb expression was also supported
by immunofluorescence (Figure 4B, a, b).

Next, we investigated by FACS the prevalence
of total epithelial cells (using Epcam as a general
marker), AECI [podoplanin (Pdpn)-positive], AECII
(Sftpc-positive), and epithelial stem/progenitor cells
(EpiSPCs; Epcam#" CD24/°%). In NOX, we observed
a significant decrease in the Epcam-positive fraction
of cells in Fgfl0*~ versus WT lungs (Figure 4C, a).
We also noted an increased proportion of AECI cells
(Figure 4C, b) and a decreased proportion of AECII cells
(Figure 4C, c) in Fgf10*~ versus WT lungs. This defect
is in addition to the previously described impaired differ-
entiation of the AECII cells in Fgf10™~ versus WT P3
lungs (Figure 3F). Interestingly, the prevalence of EpiS-
PCs was not different between Fgfl0*~ and WT lungs
(Figure 4C, d). Following hyperoxic injury, the ratio
of epithelial cells (Epcam+/whole lung) in Fgf10"/~
versus WT was no longer significant (Figure 4C, e).
However, the quantitative imbalance in the AECI ratio
in Fgfl0™~ versus WT remained (Figure 4C, f), while
the AECII ratio in Fgfl0™~ versus WT was no longer
significant (Figure 4C, g). As for NOX, no difference
was observed in the ratio of EpiSPCs in Fgf10*/~ versus
WT (Figure 4C, h). Next, we assessed cell proliferation
using IF for Ki67 (Figure 4D). In this analysis, we did
not discriminate between epithelium and mesenchyme.
In NOX, we observed a trend towards increased prolif-
eration in Fgf10*~ versus WT lungs (Figure 4D, a—c).
In HOX, a significant increase in Ki67-positive cells
was observed in Fgfl0*~ versus WT lungs (Figure 4D,
d-f). To confirm this observation, we assessed by IF
the ratio of Ki67+, Cdh1+ double-positive cells (over
the total number of cells stained by DAPI) in NOX and
HOX (see supplementary material online, Figure S7).
No difference was seen in NOX, but in contrast, HOX
triggered a significant increase in Ki67+, Cdhl+
double-positive cells (p =0.05; supplementary material
online, Figure S7A, b versus a). Supporting the FACS
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Figure 2. E18.5 Fgf10*/~ lungs display perturbed morphometry and impaired gene expression. (A) H&E staining of (a) Fgf10*/+, (b) Fgf10+~
(c), and Fgf10tZ~ lungs at E18.5. (B) Morphometry of the lungs shown in A. Note the increase in MLI (a) and airspace (b) and that there was
no change in septal wall thickness (c) in Fgf10*/~ lungs compared with Fgf10*/*. (C) (a) Gene array-based/heatmap analysis of the whole
lung of E18.5 Fgf10*/*, Fgf10*/~, and Fgf10°%~ lungs indicating that Fgf10-deficient lungs display an impaired pattern of gene expression
compared with Fgf10** lungs (see the supplementary material, Figure S2 for greater magnification). (b) Symbolic representation of the
genes affected grouped by cell types or processes. (c) Some of the relevant genes pertinent for the epithelium, muscle, immune system,
nerve, and ECM are listed. (D) Expression analysis by RT-qPCR of genes belonging to (a) FGF signalling, (b) epithelial markers, (c) Tgf
signalling, and (d) collagens between E18.5 Fgf10*/~ and Fgf10*/* lungs. Note the decrease in Fgf10 signalling mRNAs Fgfr2b and Bmp4,
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data, which indicated reduced epithelial cell abundance
(Epcam + cells) in Fgfl0*~ versus WT lungs in NOX,
we observed a reduction in the prevalence of Cdhl+
cells in NOX in Fgfl0*~ versus WT lungs (p = 0.004;
supplementary material, Figure S7A, c). As observed
for the FACS data, the difference in epithelial cell frac-
tion between the two genotypes was no longer seen in
HOX (supplementary material, Figure S7A, d). Investi-
gating changes in the mesenchyme revealed significant
increases, in NOX, for the fractions of CD45—, CD31—,
and Epcam-negative over total cells in Fgfl0™~ versus
WT lungs (supplementary material, Figure S7B, a). This
difference in the fraction of mesenchymal cells between
the two genotypes was no longer detected in HOX
(supplementary material, Figure S7B, b). Measurement
by FACS of the ratio of haematopoietic and endothelial
cells (defined as CD454, CD31+4, Epcam-negative)

Copyright © 2016 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

showed no difference in NOX and HOX between
Fgf10*~ and WT lungs at P3 (data not shown).

Postnatal attenuation of Fgfr2b ligands in NOX,
during the saccular/alveolar stage of lung
development, does not cause lung structural
defects or lethality

As no congenital mutation in the FGF10 gene in patients
with BPD has been reported so far, it is likely that
in BPD babies, the initial stages of lung development
occur in the presence of normal levels of FGF10. To
mimic this situation in a mouse model, we used a previ-
ously reported dominant negative soluble Fgfr2b expres-
sion approach [Rosa26"™* ; Tg(tet(O)sFgfr2b)/+ mice]
to scavenge, in a ubiquitous and doxycycline-inducible
manner, all the Fgfr2b ligands, thereby turning off

J Pathol 2017; 241: 91-103
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Figure 3. Interaction ‘hyperoxia X genotype' analysis to identify the significant genes/pathways differentially affected by HOX in isolated
AECII cells from WT and Fgf10*/~ lungs at P3. (A) Volcano plot. (B) Top 100 regulated genes in HOX (a) versus NOX (b) in AECII cells isolated
from Fgf10*/~ and WT mice (see the supplementary material, Figure 5 for greater magnification). (C) KEGG analysis of the interaction
'hyperoxia x genotype'. (D) AECI and AECII gene-set analysis comparing AECII cells isolated from Fgf10*/~ and WT lungs in NOX (see the
supplementary material, Figure S6 for greater magnification). (E) AECI and AECII gene-set analysis comparing AECII cells isolated from
Fgf10*~ and WT lungs in HOX (see the supplementary material, Figure S6 for greater magnification). (F) AECI and AECII gene-set analysis
in AECII cells isolated from Fgf10+/~ versus WT lungs in HOX or NOX.

Fgfr2b signalling [15-19,26]. Using this approach, we
disrupted Fgfr2b signalling (mediated by Fgfl, -3,
—7, and —10; see Figure 1A) in the postnatal lung
during the saccular and the beginning of the alveolar
stages, between PO and P8 (Figure SA-D). In NOX,
we observed no lethality (Figure 5B) and no struc-
tural defects (Figure 5C, D) between double-transgenic
experimental lungs (DTG) and single-transgenic control
lungs (STG). Similar results were observed upon expo-
sure to doxycycline for a longer time period, from PO to
P105 (data not shown).

Postnatal attenuation of Fgfr2b ligands in HOX,
during the saccular/alveolar stage of lung
development, leads to significant lethality

In order to investigate the impact of Fgfr2b lig-
ands attenuation during neonatal hyperoxia lung
injury, we exposed two litters fed with doxycyclin
through the mother (including littermate controls; total

Copyright © 2016 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

15 pups) to NOX and HOX (PO-P8). In contrast
to NOX, HOX induced lethality in 50% of the
Rosa26"™* :Tg(tet(O)sFgfr2b)/+ DTG experimental
group beginning at P6 (Figure 5E, F; chi-squared tests on
the Cox proportional hazards models (group member-
ship as only predictor): Rosa26"™*;Tet(O)sFgfr2b/+
versus single transgenic (STG) control: chi’: 6.2,
p=0.012 (1 df)]. Compared with Fgfl0*~ neonatal
mice, this lethality started 1 day later (see Figure 1F)
and the lethality at P8 was less (100% versus 50% dead
in Fgfl0*~ versus DTG, respectively). Morphometry
at P3 (Figure 5G, H) showed increased MLI (+19.3%,
p=0.029) in the DTG compared with the STG group
control. This increase, compared with the Fgf10+/‘
versus WT in HOX (Figure 1H, a) (+68.2%, p =0.001),
supports our conclusion that in HOX, DTG lungs exhibit
a less severe phenotype than do Fgfl0*~ lungs. The
lungs of Fgf10*/~ mice at P3 in HOX had quantitative
defects (increased AECI, decreased AECII) as well

J Pathol 2017; 241: 91-103
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Figure 4. Fgf10*/~ lungs in the context of HOX exhibit less mature Sftpc and mature Sftpb. (A) Western blotting analysis (whole lung
homogenates) for (a) Fgf10, Fgfr2, mature Sftpc, and B-actin, as well as (b) mature Sftpb and p-actin on Fgf10*/+ and Fgf10*/~ lungs
exposed to HOX at P3. (c-f) Quantification of bands using ImageJ software (b—d). (B) Immunofluorescence for Sftpb in P3 HOX Fgf10+/~
and Fgf10*"*+ lungs. (C) Fluorescence-activated cell sorting in NOX (a—d) and HOX (e-h) of Fgf10*/* and Fgf10%/~ P3 lungs for (a, e) Epcam,
(b, f) AECI, (c, g) AECII, and (d, h) epithelial stem progenitor cells (EpiSPC). (D) Ki67 labelling for proliferation in (a, b) NOX and (d, e) HOX
for (a, d) Fgf10*"+ and (b, €) Fgf10*/~ P3 lungs. (c, f) The Ki67+ fraction of cells in (c) NOX and (f) HOX. Note the increase in Ki67+ cells in
the Fgf10*/~ lungs exposed to HOX. Scale bars: (B, a, b) 20 um; (D, a, b, d, €) 50 pm; *, significant p value; **, very significant p value.
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Figure 5. Attenuation of Fgfr2b ligands postnatally in the context of HOX-exposed pups leads to significant lethality. (A) Experimental
set-up for NOX of R26"™/+ itet(0)sFgfr2b/+ (DTG, experimental group) and R26 ™+ :+/+ (STG, control group) animals. Animals were fed with
doxycycline-containing food to induce the dominant negative soluble Fgfr2b in the experimental group. (B) Survival curve for NOX-exposed
animals indicating that all experimental and control animals survive in NOX. (C) HEE staining of NOX-exposed control (a, b) or experimental
(¢, d) lungs at P3. (D) Corresponding lung morphometric analysis. Note the absence of differences in MLI (a), airspace (b), and septal wall
thickness (c). (E) Experimental set-up for HOX of R26"™/+ ;tet(0)sFgfr2b/+ (experimental group) and R26™™/* = /+ (control group) animals.
(F) Survival curve for HOX-exposed animals indicating that 50% of the experimental animals died within 8 days, while all the control
animals survived. (G) HE&E staining of HOX-exposed control (a, b) or experimental (c, d) lungs at P3. (H) Corresponding lung morphometric
analysis of HOX-exposed control and experimental animals. Note the increase in MLI (a), while the airspace (b) and septal wall thickness
(c) were not affected. Scale bars: (C, a, ¢; G, a, ¢) 500 pm; (C, b, d; G, b, d) 50 pm; *, significant p value.
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Figure 6. Rosa26"™* Tg(tet(o)sFgfr2b)/+ (DTG) lungs in the context of HOX exhibit decreased Sftpc expression without quantitative change
in the prevalence of Epcam, AECI, and AECII cells. (A) Western blot analysis for pro-Sftpc and p-actin of STG and DTG P3 lungs exposed to
NOX. Quantification of the western blot results shows no difference between STG and DTG mice. (B) Fluorescence-activated cell sorting of
cells from STG and DTG P3 lungs in NOX for Epcam, AECI, and AECII cells. No quantitative changes were observed in NOX. (C) Western blot
analysis for pro-Sftpc and p-actin on STG and DTG P3 lungs exposed to HOX. Quantification of the western blot results shows a significant
decrease in Sftpc expression in DTG versus STG mice. (D) Fluorescence-activated cell sorting of cells of STG and DTG P3 lungs in HOX for
Epcam, AECI, and AECII cells. No quantitative changes were observed in HOX; *, significant p value; *, very significant p value.

DTG and STG mice for Epcam, AECI or AECII cell
fractions (Figure 6D).

Discussion

Fgfl0 maintains undifferentiated the Sox9/1d2-
positive cells present in the distal lung epithe-
lium [27,28]. These cells are multipotent epithelial

Copyright © 2016 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

progenitor cells. Lineage tracing using Id2-CreERT2
showed that they give rise to both bronchiolar and
alveolar progenitors. Based on single cell transcriptome
studies of the developing epithelium, the alveolar pro-
genitors represent a population of ‘bipotent progenitor
cells’. These bipotent cells differentiate into either
AECI or AECII cells. However, what controls their
differentiation remains unknown. A gene signature
characteristic of each cell type has been recognized.
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The bipotent progenitor cells exhibit both signatures
[25]. Our results suggest that Fgf10 may play a key role
in directing the differentiation of the bipotent progenitor
cells towards the AECII lineage. This conclusion is
based on the observation that while the epithelial com-
partment is decreased in Fgfl0™~ lungs, the ratio of
AECII cells (to Epcam-positive cells) is also decreased,
while that of AECI cells is increased. Interestingly,
Fgf10 hypomorphic lungs, exhibiting around 20% of
the WT Fgfl0 mRNA level, also show a pronounced
defect in AECII cells [20], supporting a role for Fgf10
in the ontogeny of the AECII lineage. The role, in this
differentiation process, of the other Fgfr2b ligands abun-
dantly expressed in the lung (Fgfl and Fgf7) is unclear
and will also need to be addressed. The observation
that surfactant production, which is AECII’s primary
function, is compromised in FgfI0*~ in HOX supports
our conclusion that AECII cells from Fgfl0*~ lungs
are deficient. Interestingly, the AECII cells of Fgfl0+~
lungs are still capable of producing enough surfactant to
allow normal lung function in NOX. However, follow-
ing HOX, these cells are prematurely lost due to built-in
developmental (differentiation) defects that remain to
be defined. The observed increase in epithelial prolif-
eration and the FACS data from Fgfl0*~ versus WT
lungs upon HOX injury appear to indicate an attempt
to replenish the failing AECII pool. This newly formed
AECII cell pool arising from either AECII stem cells
[29] or other still unidentified sources is apparently not
able to compensate for the loss of surfactant protein b
and ¢ production. Western blotting analysis at P3 clearly
showed a significant decrease in Sftpc and Sftpb expres-
sion (Figure 4A, a, b). Decreased surfactant expression
is likely a major contributor to the lethal phenotype
upon injury. Impaired surfactant production following
hyperoxia exposure in adult mice upon Fgfr2b ligand
blocking has been reported previously [30]. In neonatal
lung injury, the present results support the role of Fgft2b
ligands in the repair process of the AECII cells, and the
associated surfactant expression.

Genome-wide association studies did not associate
single-nucleotide polymorphisms in the FGFI0 gene
with BPD [31]. Constitutive mutations in FGF10 there-
fore appear to be rare, or non-existent, in BPD patients.
However, the reduction in FGF10, which is linked to
inflammation, may be associated with some of the clin-
ical manifestations.

Our transcriptome results suggest that differences
exist in the immune status of AECII cells in Fgfl10~
versus WT lungs. The role of FGF signalling in
controlling inflammation is still controversial. In
primary cultures of human airway epithelial cells,
FGF7 decreases transcript abundance for many
interferon-induced genes, which may attenuate the
response of epithelial cells to inflammatory mediators
[32] (see ref 33 for a review of the role of Fgf7 in the
lung). Short-term overexpression of Fgf7 in vivo, 3 days
prior to acute lung injury, is protective. However, Fgf7
exposure for 7 days or longer increases lung inflamma-
tion and injury, suggesting differential cytoprotective

Copyright © 2016 Pathological Society of Great Britain and Ireland.
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versus inflammatory effects of Fgf7, dependent on the
duration of growth factor treatment [34]. To date, such
negative inflammatory effects have not been reported for
Fgf10. In the future, precise analysis of epithelial gene
expression will be critical for a better understanding of
the biological responses triggered by Fgf10 versus Fgf7.
Fgfl10 increases the recruitment of T-regulatory cells
in the context of bleomycin injury [35] and mobilizes
lung-resident mesenchymal stem cells and protects
against acute lung injury [36]. Whether these effects
are triggered by Fgf10-mediated epithelial signals or by
Fgf10 acting on these inflammatory/stem cells remains
to be elucidated.

Our results are also of interest regarding ALSG
(aplasia of lacrimal and salivary glands) or LADD
(lacrimo-auriculo-dento-digital ~syndrome) patients
(exhibiting FGF10 or FGFR2b mutations). While these
patients initially appear to have normal lung function,
they develop chronic obstructive pulmonary disease
[37]. This is likely associated with deficient repair of
the epithelium upon injury. It still remains to be inves-
tigated whether this is due to developmental defects in
the epithelial progenitors and/or insufficient postnatal
FGF10 levels that compromise epithelial maintenance.
One aspect is clear; these patients will likely be more
prone to lung disease than the normal population. At a
minimum, prophylactic preventive measures should be
considered for these ‘at-risk’ patients.
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Abstract

Bronchopulmonary dysplasia (BPD), characterized by alveoli simplification and dysmorphic pulmonary microvasculature, is
a chronic lung disease affecting prematurely born infants. Pulmonary hypertension (PH) is an important BPD feature
associated with morbidity and mortality. In human BPD, inflammation leads to decreased fibroblast growth factor 10
(FGF10) expression but the impact on the vasculature is so far unknown. We used lungs from Fgf10+/~ versus Fgf10*/* pups
to investigate the effect of Fgf10 deficiency on vascular development in normoxia (NOX) and hyperoxia (HOX, BPD mouse
model). To assess the role of fibroblast growth factor receptor 2b (Fgfr2b) ligands independently of early developmental
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defects, we used an inducible double transgenic system in mice allowing inhibition of Fgfr2b ligands activity. Using vascular
morphometry, we quantified the pathological changes. Finally, we evaluated changes in FGF10, surfactant protein C (SFTPC),
platelet endothelial cell adhesion molecule (PECAM) and alpha-smooth muscle actin 2 (¢-SMA) expression in human lung
samples from patients suffering from BPD. In NOX, no major difference in the lung vasculature between Fgf10*/~ and
control pups was detected. In HOX, a greater loss of blood vessels in Fgf10*/~ lungs is associated with an increase of poorly
muscularized vessels. Fgfr2b ligands inhibition postnatally in HOX is sufficient to decrease the number of blood vessels
while increasing the level of muscularization, suggesting a PH phenotype. BPD lungs exhibited decreased FGF10, SFTPC and
PECAM but increased a-SMA. Fgf10 deficiency-associated vascular defects are enhanced in HOX and could represent an

additional cause of morbidity in human patients with BPD.

Introduction

Fibroblast growth factor 10 (FGF10) protein deficiency has been
reported in patients with bronchopulmonary dysplasia (BPD) (1).
BPD is a chronic lung disease of prematurely born infants and
remains a leading cause of morbidity and mortality. In humans,
inflammation is known to increase risk for BPD (2,3). Supporting
a functional link between inflammation and FGF10-messenger
ribonucleic acid (mRNA) expression, inflammatory mediators
activated by bacterial-derived lipopolysaccharides (LPS) (4) such
as NF-kB, Sp1 and Sp3 were found to inhibit Fgf10 transcription in
mouse lung explants (5,6). Indeed, the inhibition of Fgf10 expres-
sion is mediated by LPS receptors (toll-like receptors 2 and 4)
activation (1). In addition to inflammation-induced FGF10 defi-
ciency, congenital FGF10 expression deficiency [as well as defi-
ciency in the FGF10 receptor, fibroblast growth factor receptor 2b
(FGFR2Db)] has been reported in humans suffering from aplasia of
lacrimal and salivary glands (ALSG) and lacrimo-auriculo-dento-
digital (LADD) syndromes (7-10). Patients with heterozygous
FGF10 loss-of-function exhibit significant decrease in inspira-
tory vital capacity (IVC), forced expiratory volume 1 (FEV1) and
FEV1/IVC ratio compared to non-carrier siblings and to predicted
reference values (11). These data are consistent with chronic
obstructive pulmonary disease. As both patients with BPD and
ALSG or LADD syndrome are characterized by developmen-
tal abnormalities, we hypothesized that dysregulation of FGF10
expression contributes to the associated lung pathogenesis in
these patients.

Fgf10 has been shown using animal models to be a key devel-
opmental regulator during lung development. This is illustrated
by the fact that Fgf10 null pups die at birth due to lung agenesis
(12). Fgf10 is localized in the mesenchyme of the developing lung
from the onset of organogenesis and encodes a secreted protein,
which acts in a paracrine fashion mainly through the receptor
Fgfr2b, expressed in the lung epithelium (13-15). During the
initial phases of the pseudoglandular stage of lung development
[embryonic day (E) 9.5 through 16.5 in mice], Fgf10 expression
adjacent to the nascent epithelial buds as well as its activity in
vitro on isolated lung epithelium grown in matrigel suggested
that Fgf10 plays a crucial role in controlling branching morpho-
genesis (16). We reported that congenital Fgf10 deficiency (mice
heterozygous for Fgf10, Fgf10*/~) disrupts the formation of the
alveolar lineage in a quantitative and qualitative manner leading
to increased alveolar epithelial cell type I and decreased alveolar
epithelial cell type II (AT2). Furthermore, surfactant protein B
and C (Sftpb and Sftpc) levels were reduced in the mutants and
such decreases are associated with the observed fatal hyperoxia
(HOX)-induced lung injury in a mouse model of BPD (17).

During the pseudoglandular stage, Fgfl0 also indirectly
orchestrates the development of the adjacent mesenchyme,
which contains the progenitors of multiple important lung
cell types, including the endothelium, the vascular and airway

smooth muscle cells, the alveolar myofibroblasts, the lipofibrob-
lasts, the interstitial fibroblasts and the nerve cells (for a review,
see (18,19)). Its impact on the mesenchyme is not surprising
as Fgfl0 signalling is embedded in an interactive signalling
network comprising major pathways such as retinoic acid, sonic
hedgehog, bone morphogenetic protein 4, transforming growth
factor beta-1, Wnt, platelet-derived growth factor and vascular
endothelial growth factor. In addition to a developmental role,
Fgf10 is a major player in regeneration of the lung after injury.
In bleomycin-induced lung fibrosis, Fgfl0 overexpression is
both protective and therapeutic. Fgf10 is also involved in the
regeneration of the bronchial lung epithelium after naphthalene
injury (20,21).

The evidence confirming the key role of Fgf10 in embryonic
lung development is strong. However, less is known about the
impact of constitutive Fgfl0 deficiency on the formation and
maintenance of the pulmonary vasculature and in the context
of normoxia (NOX) and HOX-induced lung injury.

To demonstrate the effect of Fgfl0 deficiency on postnatal
pulmonary vasculature in normoxic condition, we used a consti-
tutive heterozygous Fgf10*/~ mouse line. Since oxygen toxicity
is one of the major risk factors contributing to BPD, we used
the HOX-induced BPD mouse model (85% oxygen from PO-P8) to
investigate the impact of Fgf10 deficiency in hyperoxic condition.
As 100% of the Fgf10*/~ mutant pups are dead at P8 during HOX
exposure (17), we chose P3 as a time point for further analysis of
the lung vasculature. The analysis of lung vascular morphom-
etry to identify changes in lung vascular structure consists of
quantification of vessel count and extent of vessel muscular-
ization. We also used gene arrays on Fgf10*/~ versus Fgf10/+
control littermate whole lungs exposed to NOX or HOX to iden-
tify transcriptomic changes potentially linked to vascular forma-
tion. We also performed immunofluorescence (IF) and reverse
transcriptase-quantitative polymerase chain reaction on exper-
imental and control lungs at different stages of development.

Finally, in human lung samples of patients suffering from
BPD, we used immunohistochemistry (IHC) and IF to evaluate
the changes in FGF10, SFTPC, platelet endothelial cell adhesion
molecule (PECAM) and ACTA2 expressions. For the first time, we
report the consequence of Fgf10 deficiency in mice on postnatal
lung vasculature and during HOX-induced lung injury and sug-
gest that defective FGF10 signalling in human patients with BPD
is causative for some of the vascular defects.

Results

FGF10 and its receptor FGFR2 are expressed in lungs
from patients with BPD

Using IHC, we found that FGF10 and its receptor FGFR2 are
expressed in the lung parenchyma of patients with BPD.
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Figure 1. Expression of FGF10 and associated targets in human and mouse lungs. (A) FGFR2 receptor and its ligand FGF10 are expressed in lungs from patients with
BPD (n = 4). (Aa) FGFR2 and (Ac) FGF10 expression in remodelled pulmonary vasculature. (Ab) and (Ad) respective high magnification. Scale bar: 20 ym. (B-C) Analysis
of vascular smooth muscle cell and endothelial cell markers did not show changes in Fgf101/~ versus Fgf107/+ control lungs at E12.5, E18.5 and P3 (HOX). (Ba) qPCR
analysis showed significant decrease of Fgf10 expression in Fgf101/~ versus Fgf101/+ lungs at E12.5, E18.5, P70 and P3 HOX, n = 4 each. (Bb-Bd) Comparative expression
by qPCR analysis in Fgf107/~ versus Fgf101/* control lungs at (b) E12.5, (c) E18.5 and (d) P3 HOX of Vegfr2, Vegfa, Pdgfrb and Pdgfb. No significant difference is observed
even though a trend towards a decrease in Vegfa is observed at E18.5. (C) IF for PECAM staining on E18.5 (a,b) Fgf101/% and (c,d) Fgf10/~ lungs (n = 4 each) showed
slightly lower immunoreactivity in Fgf101/~ lungs. Scale bar: a, ¢, 100 pm; b, d, 30 pm.

In particular, FGF10 and FGFR2 positive immunoreactivity
are localized in relevant lung histopathological features
of the disease, such as remodelled pulmonary vasculature
(Fig. 1A) as well as in alveolar septa and interstitial fibrotic
regions (Supplementary Material, Fig. S1A and C) and in
distorted conducting airways (Supplementary Material, Fig. S1B
and D).

Expression levels of vascular smooth muscle cell and
endothelial cell markers are indistinguishable between
Fgf10+*" versus control Fgf10*+ lungs in NOX and HOX

The formation of the vascular system during development was
first investigated by examining the expression levels of key
vascular genes, previously reported to be regulated in the lungs
of Fgf10 hypomorphic (Fgf102%~) embryos displaying one copy
of the Fgf10!Z hypomorphic allele and one copy of the deleted
(Fgf107) allele (22). We compared the expression of these genesin
Fgf10*/~ versus control lungs. The decrease in Fgf10 expression
in experimental lungs was validated by qPCR at different time
points (Fig. 1Ba). At all the stages considered [embryonic day (E)
12.5, E18.5, P70], Fgf10 was reduced but at different levels indi-
cating potential compensatory mechanisms at work allowing to
regulate Fgf10 transcription from the remaining Fgf10 wild-type
allele. Decrease in Fgf10 expression in the P3 lungs between the

two genotypes was also detected in the context of HOX exposure
(Fig. 1Ba).

Next, we determined by qPCR in Fgf10*/~ versus control lungs
at the time points mentioned before (Fig. 1Bb—d) the expressions
of Vegfr2, its associated ligand Vegfa, as well as the vascular
smooth muscle receptor platelet derived growth factor receptor
beta (Pdgfrb) and its associated ligand Pdgfb. For all these time
points and conditions, we found that the expression of these
genes was not severely affected by loss of one copy of the Fgf10
allele, even though a decrease was observed at E18.5 for Vegfa. IF
inlungs at E18.5 for Pecam to label the endothelial cells indicated
a strong and very defined signal in control lungs (Fig. 1Ca, b;
n = 4) and an equally strong but more diffuse signal in mutant
lung (Fig. 1Cc, d; n = 4). As the samples were processed under the
same conditions, this difference could reflect potential endothe-
lial defects in Fgf10*/~ lungs. Interestingly, a significant decrease
in PECAM1 mRNA expression was detected in BPD versus control
lungs (Supplementary Material, Fig. S2A).

Morphometry analysis of mutant versus control lungs
in NOX suggests only minor defects in the status of the
vasculature upon reduced Fgf10 expression

To further examine the status of the vasculature in mutant
versus control lungs in NOX, we quantified at P3 the number of
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vessels and extent of muscularization of these vessels. The anal-
ysis was based on detection of muscle tissue (x-SMA staining)
surrounding the vessel endothelium (von Willebrand staining,
VWEF) (Fig. 2A). Vessels were subdivided into four groups based on
their diameters (10-20 pum, 20-70 pm, 70-150 pm and >150 pm).
The number of blood vessels in Fgfl0*/~ versus control lungs
in NOX indicated no difference in total vessel count. However, a
significant reduction was observed in the number of 70-150 pm
vessels (P = 0.049) (Fig. 2B). No difference in muscularization was
noted (Fig. 2Ca—d).

Decreased number of blood vessels and decreased
muscularization is observed in Fgf10™/~ versus control
lungs exposed to HOX

Next, we compared the vascular response of mutant and control
lungs to HOX. In both genotypes, we observed a drop in total
blood vessel count upon HOX injury, the 20-70 pm blood vessels
being the most affected (Fig. 2Da and b). Interestingly, in control
lungs, HOX significantly increased the number of 70-150 pm
blood vessels (Fig. 2Da, P < 0.001). In Fgf10*/~ lungs, HOX signif-
icantly reduced the total blood vessel count (P = 0.01) (Fig. 2Db).
As for the control lungs, we observed a decrease in the number of
20-70 pm blood vessels (P = 0.008) and an increase in the number
of 70-150 pm blood vessels (P = 0.02).

The direct comparison of the Fgf10*/~ versus control lungs in
HOX (Fig. 2E) indicated decreased vessel number in mutant lungs
(P = 0.07), which is mostly affecting the 20-70 pm blood vessels
(P = 0.06). A significant loss of muscularization (decrease in
partial muscularized but increase in non-muscularized vessels)
was seen for the 20-70 pm blood vessel group (Fig. 2Fb) and
reduced muscularization was observed for the 70-150 pm blood
vessels (Fig. 2Fc). Interestingly, despite these defects, we failed to
see any evidence of lung hemorrhage in Fgf10*/~ lungs in HOX at
P3 (Fig. 2A), suggesting that in our conditions, the contribution of
the vascular system to the previously observed lethal phenotype
is likely minor (17).

FGF10 expression is reduced in patients with BPD and
is associated with epithelial and vascular defects

We further validated in human lungs the observations made in
mice. We obtained samples from either patients with BPD (n = 4)
or neonates who died from causes unrelated to lung disease
(n = 2). In non-BPD control lungs, FGF10 protein was detected
around the conducting airways and within the lung interstitial
tissue. However, lungs from patients with BPD displayed lower
FGF10 protein expression (Fig.2Ga and b), confirming the
previously reported decrease in FGF10 in BPD lungs (1). gRT-PCR
analysis was carried out for FGF10 and associated ligands as
well as FGFR2b in human BPD (n = 3) versus control (n = 4) lungs
(Supplementary Material, Fig. S2A). We confirmed the decrease
in FGF10 expression as well as FGF7 and FGFR2b. No changes in
the expression of FGF1 and FGF3 were detected. In mouse, the
expression of Fgfl, 3 and 7 is not changed between Fgf10*/~ and
wild type (WT) lungs (n = 4 each group) (Supplementary Material,
Fig. S2B).

Mature SFTPC, a secreted protein expressed by AT2 cells,
which was strongly detected in control lungs, was much reduced
in BPD samples (Fig. 2Gc and d). PECAM, an endothelial marker,
was also reduced in BPD versus control lungs (Fig. 2Ge and f). In
line with the known pulmonary hypertension (PH) phenotype,
alpha-smooth muscle actin (a-SMA) expression was increased
in patients with BPD (Fig. 2Gg and h).

Transcriptomic analysis of the Fgf10*/~ and control
lungs at P3 in NOX or HOX

Next, we compared the gene arrays from HOX- versus NOX-
exposed Fgfl0*/~ and control P3 lungs (Fig. 3A). Volcano plots
revealed that HOX treatment was indeed effective in triggering
changes in gene expression profiles in both control and exper-
imental lungs (Fig. 3B and C, respectively). However, changes
between the two genotypes, either in NOX or HOX, were more
modest (Fig. 3D and E, respectively). The expression changes in
response to HOX correlated between the two genotypes (Fig. 3F).
The light blue points within the central circle represent genes
that are not considerably regulated by HOX in either genotype.
The dark blue points represent genes that are similarly regulated
by HOX in both genotypes. The red points represent genes that
show a more than 2-fold differential regulation between the
genotypes. To support this result, we identified sets of genes
differentially expressed in HOX versus NOX (selected according
to their P-value) in control P3 lungs (Fig. 3G). As expected from
the correlation analysis, these genes were similarly differentially
regulated in HOX versus NOX in Fgf10*/~ P3 lungs (Fig. 3G). (See
Supplementary Material, Fig. S3 for higher magnification of the
heatmaps shown in Fig. 3G)

In contrast, the differential expression profiles due to the
genotype did not correlate between the hyperoxic and normoxic
conditions (Fig. 3H). To further define the genes affected by the
decrease in Fgfl0 expression in NOX, we identified the top 100
genes regulated between Fgf10*/~ versus control in NOX (Fig. 31I).
Interestingly, these genes respond to HOX by being globally up-
regulated (top part of the heatmap) or down-regulated (low part
of the heatmap) (Fig. 3, right heatmap). (See Supplementary
Material, Fig. S4 for higher magnification of the heatmaps shown
in Fig. 31.)

Next, we compared by gqPCR the changes in Fgf signalling
and the associated epithelial markers between Fgfl0*/~ and
control lungs in NOX (Fig. 3Ja and b). As expected, the decrease
in Fgfl0O expression is associated with decreased Fgfr2b, Etu5
and Spry2, which support impaired Fgf10 signalling in NOX. The
decrease in epithelial markers, particularly significant for Epcam,
was also observed (Fig. 3Jb). Fgf10*/~ lungs at P3 do not exhibit
significantly increased Tgfg signalling (Fig. 3Jc). Nonetheless,
we observe a modest increase in collagen expression (Fig. 3Jd)
and except for Cncb2, no significant change in cell cycle gene
expression was detected (Fig. 3Je).

The same analysis in HOX showed significant decreased
expression of Fgfl0 and an increase of epithelial markers
(Fig. 3Ka and b). Further, we found significant increase in Tgfg1
and Tgfp3 and drastic increase in all the collagen genes (Fig. 3Kc
and d).

These results are supported by our previous report (17).
Increased phospho-SMAD3 indicating activated Tgf-g signalling
was detected in Fgf10*/~ versus control mice in HOX P3 lung. In
addition, our western blot results show a trend towards increase
collagen levels in Fgf10*/~ versus control mice (Supplementary
Material, Fig. S5A).

Finally, cell cycle genes observed in the gene array, which
regulate cell cycle either negatively (cyclin-dependent kinase
inhibitor 1A, Cdknla) or positively (Ccnb1, Ccnb2, Ccna2) are sig-
nificantly up-regulated (Fig. 3Ke).

In order to identify the significant genes/pathways differ-
entially affected by HOX versus NOX between Fgf10*/~ versus
control, we carried out an analysis of the interaction HOX x
genotype (Fig. 4). This analysis relies on the comparison of the
genes differentially expressed in (HOX versus NOX in Fgf10+/~
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Figure 2. Analysis of the vascular defects in mouse and human lungs. (A-F) Analysis of the vascular defects in P3 Fgf10™/~ versus Fgf10t/* control lungs in HOX.
(A) THC for vWF and a-SMA of (a, b) Fgf101/* and (c, d) Fgf10T/~ lungs between NOX (Fgf101/* n = 6, Fgf101t/~ n = 3) and HOX (n = 4 each). (B) Total vessel count in
NOX between P3 Fgf10t/* and Fgf101/~ lungs. (C) Blood vessel muscularization in NOX between Fgf10t/* and Fgf101/~ lungs for blood vessels at (a) 10-20 pm, (b)
20-70 pm, (c) 70-150 pm and (d) >150 pm. (D) Total vessel count between NOX and HOX in (a) Fgf10/+ and (b) Fgf107/~ lungs. (E) Total vessel count in HOX between
P3 Fgf10/+ and Fgf101/~ lungs. (F) Blood vessel muscularization in HOX between Fgf101/+ and Fgf101/~ control lungs for blood vessels at (a) 10-20 pm, (b) 20-70 pm,
(c) 70-150 pm and (d) >150 pum. Scale: Aa-d, 20 pm. (G) Immunofluorescence for FGF10, SFTPC, PECAM and ACTAZ2 in lungs of BPD (n = 4) versus control non-BPD (n = 2)
patients. (a, b) FGF10 expression, (c, d) mature-SFTPC expression, (e, f) PECAM expression and (g, h) ACTA2 expression. Scale bars A-F: 100 pm, insets in (A-F): 25 um.
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Figure 4. Interaction HOX x genotype analysis to identify the significant genes/pathways differentially affected by HOX in Fgf107/~ versus control P3 lungs. (A) Volcano
plot. (B) Top 100 regulated genes in HOX in Fgf101/~ versus control lungs (n = 4 each). (C) Analysis of the same top 100 genes in NOX between Fgf107/~ and control
lungs (n = 4 each). (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis between Fgf101/~ versus control lungs in HOX versus NOX.

lungs) with those differentially expressed in (HOX versus NOX
in control lungs). The volcano plot identified a set of genes,
which are up- and down-regulated (Fig. 4A). The top 100 regu-
lated genes according to their P-values are represented in the
corresponding heat maps (Fig. 4B and C). As expected from the
interaction analysis, the differential regulation observed in HOX
(Fig. 4B) is no longer maintained in NOX (Fig. 4C). (Please see
higher magnification of the heatmaps in the Supplementary
Material, Fig. S6). For example, genes, which expression was not
drastically changed in HOX between the two genotypes (located
in the top part of the heatmap) are differentially regulated in
NOX conditions. Furthermore, genes that were down-regulated
in HOX conditions are up-regulated in NOX conditions. These
sets of genes, which do not show a parallel increase or decrease
in HOX versus NOX, are therefore likely to contribute to the
lethal phenotype observed in the Fgfl0*/~ mice in HOX. KEGG
analysis reveals that the main processes altered differentially
are spliceosomes, protein processing in endoplasmic reticulum,
metabolism of xenobiotics by cytochrome P450, antigen process-
ing and presentation (Fig. 4D).

Regarding the changes in the Hedgehog (Hh) pathway
(Supplementary Material, Fig. S7), our data show an increase of
expression in the Fgf10*/~ versus control mice in some elements
of the Hh pathway. As reported previously (23,24), we have
indications that Hh signalling to the lung mesenchyme regulates
capillary network formation of the developing distal lung and
through the regulation of expression of Vegfa in sub-mesothelial
lung mesenchyme. The main difference observed in NOX and
HOX is an increase in the expression of the transcriptional factor
Gli2 and 1, respectively. Interestingly, we previously reported that
Sonic Hedgehog (Shh) down-regulates Fgf10 expression in the
mesenchyme (16) and it was recently shown that Fgf10 induces
Shh expression in the epithelium (25). From the developmental
studies, it is therefore not surprising that Fgfl0 could impact
Shh expression and a down-regulation of Shh expression and
activity should be expected in the Fgf10*/~ versus control lungs.
However, our data are not sufficient to prove a substantial
repression of the pathway, further analysis of the protein
localization or post translational modification would be needed.
The changes in the focal adhesion (Supplementary Material,

6102 UoIB L Z U0 358N Aq 810£GZS/6E APP/BLIU/EE0 L0 1/I0P/AOBIS]E-0[DlHE-80UBADE/BLIY/WOS"dNOD|WapEese//:SARY WOl papeojumoq



8 | Human Molecular Genetics, 2018, Vol. 00, No. 00

Fig. S8) and Janus kinases (Jak)-Signal Transducer and Activator
of Transcription proteins (STAT) (Supplementary Material,
Fig. S9) signalling pathways appear more marked in the Fgf10+/~
versus control mice, but once again we cannot determine
with absolute certainty the exact contribution of each of these
pathways to the observed phenotype, especially when the main
change in downstream elements of the pathway involves cyclin
D1, which is a common target for multiple effector pathways.
We also investigated the expression of different elements of the
Wnt pathway using KEGG pathway analyses in NOX and HOX,
finding a significant alteration of expression in many of them
(Supplementary Material, Fig. S10A and B). In particular, the Wnt
canonical pathway in HOX shows an up-regulation through the
increased expression of Wnt10b, a gene encoding an activator of
the pathway, and the down-regulation of adenomatous polyposis
coli (Apc), a gene encoding a negative regulator of -catenin activ-
ity. These findings suggest an activation of the g-catenin nuclear
activity and are supported by an increase expression of the T-cell
factor/lymphoid enhancer factor (TCF/LEF) downstream targets
in the analyzed sample, in particular, Fosl1, Wisp1 and Cyclin D1.
However, western blot analysis using whole lung protein extract
shows no major difference in phospho-f3-catenin between
Fgf10*/~ versus WT lungs (Supplementary Material, Fig. S5B).

Transcriptomic analysis of Fgf10*/~ versus control
lungs supports the correlation between decrease Fgf10
expression and vascular defects

Next, a KEGG pathway analysis for the genes involved in vascular
smooth muscle cell contraction and Vegf signalling between
the two genotypes in NOX (Fig.5) and HOX (Supplementary
Material, Fig. S11) was carried out. Figure 5A indicates that 60.9%
of the genes controlling vascular smooth muscle cell contraction
were differentially expressed between the two genotypes in
NOX (41.3% up-regulated, 19.6% down-regulated). Among the
down-regulated genes, we found genes encoding for transmem-
brane proteins [e.g. Ramp1 (receptor activity modifying protein
1), Kenmb2, Adora2] and cytosolic proteins [e.g. Itpr3 (inositol 1,4,
5-trisphosphate receptor type 3), Pla2g1 (phospholipase A2 group
I), Arhgef, Adcy8]. In particular, Ramp1 is a receptor compound for
intermedin/adrenomedullin leading to stabilization of endothe-
lial barrier function and attenuation of ventilator-induced lung
injury in mice (26). Furthermore, adrenomedullin acts through
Rampl and is proposed to have an antifibrotic effect in human
lung fibroblast (27). Ramp1, as part of the CGRP1 receptor, reg-
ulates the pulmonary circulation (28). In addition, Caveolin-1
interacts with Itpr3 to regulate Ca2+ entry in endothelial cells
(29). Interestingly, Pla2g1 inactivation reduces atherosclerosis in
mice (30).

Among the genes up-regulated, we found genes encoding for
transmembrane proteins [e.g. Ptgir (prostaglandin I2 receptor),
Cacnal, Adrala, Agtrlb, Nprl] and cytosolic proteins (e.g. Rock1,
Plcb2, Prkaca). In particular, Ptgir, a major regulator in the prosta-
cyclin pathway, has been shown to be dysregulated in congenital
diaphragmatic hernia leading to PH (31). Rho A/rho kinase
(Rock) pathway plays an important role in the pathogenesis of
human PH (32). Furthermore, Rock1 contributes to the profibrotic
response of endothelial cells in experimental pulmonary fibrosis
(33). Figure 5B indicates that 42.9% of the genes involved in Vegf
signalling were differentially expressed (17.9% up-regulated,
25% down-regulated). Among the down-regulated genes, we
found genes encoding for cytosolic proteins [e.g. Src, Sphkl
(sphingosine kinase 1), Pla2g4, Rac3]. Src-family kinases, a
family of non-receptor tyrosine kinases, are major regulators

of vascular smooth muscle function in health and disease
(34). Sphk1 is involved in endothelial cell motility and angio-
genesis (35). Sphk1l deficiency increased pulmonary vascular
hyperresponsiveness, which is one aspect in pulmonary arterial
hypertension pathogenesis (36). Pla2 (phospholipase A2) activity
plays a substantial role in protecting pulmonary microvascular
endothelial cells against oxidative stress (37). Among the
genes up-regulated, we found genes encoding for cytosolic
proteins [e.g. Pik3cd (phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit delta), Shc2, Prkcb, Hspb1]. In particular,
inhibition of Pik3cd has been shown to attenuate antigen-
induced airway inflammation and hyperresponsiveness by
preventing vascular leakage in mice (38). Interestingly, while the
percentage of genes being differentially expressed in vascular
smooth muscle cell contraction pathway are very similar in
HOX (Supplementary Material, Fig. S11A) and NOX (Fig. 5A),
the total number of genes being affected in the Vegf signalling
pathway is much lower in HOX (Supplementary Material, Fig.
S11B) compared to NOX (Fig.5B). Especially, the number of
down-regulated genes decreases from 25% to 11%. One reason
is the up-regulation of genes upon HOX exposure, which
are previously down-regulated in NOX, resulting in no more
differential expression when comparing to the control group.
For example, Pla2g4 is down-regulated in NOX but up-regulated
in HOX supporting its protective role in oxidative stress. Taken
together, the transcriptomic analysis of Fgf10*/~ versus control
lungs in NOX suggests that reduced Fgfl0 expression could
lead to vascular defects by dysregulating genes that are playing
a crucial role in endothelial barrier function, atherosclerosis,
pulmonary circulation/ hypertension, vascular smooth muscle
function, airway inflammation and endothelial oxidative stress.

Increased myosin light chain phosphorylation is
observed in BPD versus control lungs

Given the transcriptomic data regarding smooth muscle cell
contraction in NOX (Fig. 5) and HOX (Supplementary Material,
Fig. S11) between Fgf10*/~ and WT lungs, we examined by IHC
the extend of phosphorylation of two key myosin light chain
proteins identified in our gene array, myosin light chain 9 (MYL9)
and MYL6b in BPD (n = 3) versus control (n = 4) lungs. Both MYL9
and MYL6D are detected in pulmonary vessels. MYL9 expression
appears to be decreased in BPD versus control (Supplementary
Material, Fig. S12a and b) while the expression of MYL6b is
unchanged (Supplementary Material, Fig. S12e and f). Analysis
of the expression of the corresponding phosphorylated forms
indicates a clear increase in the context of BPD (Supplementary
Material, Fig. S12c, d, g and h), thereby supporting our transcrip-
tomic data. A similar analysis was carried out in mice (Supple-
mentary Material, Fig. S13). As the KEGG analysis showed that
MYL9 in NOX and MYL6b in HOX could be potentially regulated,
we focused on their expression by IHC in these two conditions. In
NOX, MYL9 expression (as well as its corresponding phosphory-
lated form) does not display any difference between Fgf10™/~ and
control lungs (Supplementary Material, Fig. S13Aa-d). However,
in HOX, MYL6b and its phosphorylated form exhibited the same
pattern as in human BPD (Supplementary Material, Fig. S13Ba-d).

Blockade of Fgfr2b ligands activity postnatally leads to
decreased blood vessel number and increased
muscularization

Fgf10*/~ lungs display ‘build in’ developmental defects (17),
which could cause the vascular defects observed. While the
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KEGG PATHWAY ANALYSIS Fgf10* vs. Fgf10** in NOX
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Figure 5. Transcriptomic analysis of Fgf107/~ versus control P3 lungs in NOX suggests that reduced Fgf10 expression could lead to vascular defects. KEGG pathway
analysis of the expression of genes involved in (A) vascular smooth muscle cell contraction and (B) Vegf signalling pathway in Fgf10t/~ versus control P3 lungs in NOX
(n = 4 each). Note that 60.9% of the genes are affected for the (A) vascular smooth muscle cell contraction and 42.9% of the genes are affected for the (B) Vegf signalling
pathway.
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Figure 6. Analysis of the vascular defects in P3 double transgenic (DTG: Rosa26"TAMTA Tq(Tet(0)sFgfr2b)/+) and control single transgenic (STG: Rosa26"TA/MTA /)
lungs in HOX. (A) IHC for vWF and a-SMA of (a) STG and (b) DTG lungs (n = 5 each). (B) Total vessel count in STG and DTG lungs. (C) Blood vessel muscularization between
STG and DTG lungs for blood vessels at (a) 10-20 pm, (b) 20-70 pm, (c) 70-150 pm and (d) >150 pm. Scale: Aa, b, 20 pm.

Fgf10*/~ mice are useful to understand human pathologies
associated with reduced FGF10 expression such as patients
with ALSG and LADD syndromes (7,10), it is very unlikely that
this model is representative of the majority of cases with BPD,
where due to inflammation, FGF10 expression is reduced during
the saccular/alveolar stages of lung development. Supporting
this conclusion, mutation in the FGF10 gene has not been
reported so far in the context of BPD. In order to investigate the
impact of Fgfr2b ligands inhibition postnatally, we developed
a transgenic mouse model [Rosa26"™AMTA | Tg(Tet(O)sFgfr2b)/+]
allowing the expression of a soluble form of the Fgf10 receptor
Fgfr2b upon exposure of the mice to doxycycline. This system
is well established in our laboratory and has been validated in
many organs (21,39-42). We have therefore exposed the nursing
females to dox food immediately after the birth of double
transgenic [DTG, Rosa26"™/TA  Tg(Tet(0)sFgfr2b)/+] and control
single transgenic (STG, Rosa26™™/"™ /1) pups and analyzed
the lungs for vascular defects at P3 in HOX using the vWF
and «a-SMA staining (Fig. 6Aa and b) as previously described.
The quantification of the vessel number indicates a significant
decrease of the 20-70 pm blood vessels in the DTG versus control
lungs (P = 0.04, n = 5) as well as decreased total blood vessels
(Fig. 6B). Further analysis of the muscularization status indicates
increased muscularization of both 10-20 pm and 20-70 pm
vessels (Fig. 6Ca and b). This is a feature seen in the context of
PH and indicates that the blockade of Fgfr2b ligands postnatally
is sufficient to elicit the PH phenotype, a characteristic defect
seen in BPD.

Discussion

We have previously reported a clear link between Fgf10 defi-
ciency and vascular defects in Fgf10'*%~ hypomorphic lungs
(these lungs express only 20% of the normal level of Fgf10) (22).
We showed that Vegfa is a target of Fgf10 in the developing lung
epithelium and that decreased Fgf10 levels eventually translate
into decreased Vegfa and associated vascular defects. Vegfa is
not significantly reduced in E18.5 Fgfl0*/~ versus WT lungs.
Only a trend towards reduction is visible in the present study
(Fig. 1Ab). In the Fgf10'2%~ hypomorphic lungs, the vascular tree
is severely underdeveloped (22). Our quantification of the num-
ber and size of blood vessels indicates that significant vascular
defects are not observed in P3 Fgf10*/~ lungs in NOX. However,
such defects emerge after HOX exposure and are characterized
by a significant drop in the number of blood vessels and by an
increase of the more immature (smooth muscle actin-negative)
blood vessels. However, these defects did not appear to lead to
lung hemorrhages, either at P3 or at later time points analyzed,
suggesting that the observed lethality is not due to a failing
vascular system (17). Interestingly, vascular defects, primarily
PH, have been proposed as the main causes of lethality in infants
with BPD (43). The PH phenotype is not observed in Fgf10*/~
lungs but is present upon Fgfr2b ligands inhibition postnatally.
This suggests that developmental defects upon reduction of
Fgf10 expression could be protective postnatally against PH. This
could be a possibility, for example, if the smooth muscle progen-
itor cells are impaired and do not respond to proliferative stimuli
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following HOX exposure. Interestingly, we reported defective
smooth muscle cells formation in the Fgfl0 hypomorphic lung
(44). Along these lines, a decrease in Fgfl0 expression starting
during the saccular phase that would allow normal smooth mus-
cle cell formation could then be causative for the PH phenotype.
Alternatively, Fgfl0 decrease during the saccular phase is not
sufficient to trigger a PH phenotype as additional Fgfr2b ligands,
such as Fgfl and Fgf7 could act redundantly with Fgf10 and will
have to be inhibited also for the vascular phenotype to appear.
Our results allow for the first time to propose vascular defects
caused by inhibition of Fgfr2b ligands activity postnatally. It
is still unclear if these defects are the consequences of direct
or indirect effect of Fgfr2b ligands on the endothelium and/or
vascular smooth muscle cells. Interestingly, the simultaneous
deletion of Fgfrl and Fgfr2 in endothelial cells while allowing
normal vascular homeostasis leads to impaired neovascular-
ization of the skin and retina after injury and is associated
with delayed wound healing (45). In addition, Fgfrl and Fgfr2
in endothelial cells play a critical role for cardiac functional
recovery and vascular remodelling following cardiac ischemia-
reperfusion injury, without affecting the cardiac hypertrophic
response suggesting that from the activation of the Fgf pathway
in endothelial cells after ischemia injury could be beneficial (46).

The presence of more immature (smooth muscle actin-
negative) blood vessels in our experimental mice in HOX raises
the possibility that Fgf10 signalling contributes to the formation
of vascular smooth muscle cells during organogenesis via its
action on Pdgfb (22) or via a more direct action on smooth muscle
cell progenitors (47).

Interestingly, recombinant Fgfl0 has been shown to act
directly on mesenchymal-derived cells such as cardiomyocytes
(48), adipocyte stem cells (49) and lipofibroblasts (50), strength-
ening the concept that in the lung, Fgf10 does not only act on
the epithelium. Fgf10 has also been shown to directly support
the proliferation of endothelial cells (51).

It is therefore tempting to subdivide the effects of decreased
Fgf10 expression on the vasculature into two classes: one class
linked to developmental defects where the blood vessels are
more sensitive and immature and one class linked to the role
of Fgf10 in repair as a proliferative factor for the endothelium,
thereby limiting the vascular damages triggered by HOX.

In conclusion, constitutive decrease in Fgf10 mRNA levels in
mice leads to lung congenital defects, which are compatible with
postnatal survival, but which compromise the ability of the lungs
to cope with sub-lethal hyperoxic injury. In particular, we pro-
vide evidence that Fgf10 heterozygous mice display pulmonary
vasculature defects during normal lung development and during
injury. This knowledge may be critical in designing therapies to
prevent lung injury in neonates at risk for BPD and in adult lung
disorders characterized by FGF10 deficiency.

Materials and Methods
Ethical approvals

Animal studies were performed in accordance with the National
Institutes of Health Guidelines for the Use of Laboratory Animals
and approved by the Federal Authorities for Animal Research of
the Regierungspraesidium Giessen, Hessen, Germany protocols
105/2011. For the human studies written informed consent was
received from participants prior to inclusion in the study at
Columbia University (New York, USA). Participants were identi-
fied by number, not by name. In addition, human lung tissues
were also obtained from Erasmus MC Sophia Children’s Hospital
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(Rotterdam, The Netherlands). Human lung tissue donation was
approved by the ethics committee of the Erasmus MC Sophia
Children’s Hospital (Rotterdam, The Netherlands).

Mice

Fgfl0*/~ mice were generated by crossing Fgf10foxflx mice
(Fgf10tm1-25ms/l Jackson laboratory stock 023729) with Cytomegalo-
virus (CMV)-Cre mice [B6.C-Tg(CMV-cre)1Cgn/J, Jackson labora-
tory stock 006054]. The resulting Fgf10*/~ mice (Fgf10tmi15ms/)
were crossed for at least five generations with C57BL/6 mice.
Fgf10*/~ and Fgf10*/+ embryonic and newborn littermates were
used.

Human samples

Lung sections from four patients with BPD were obtained. Two
males (25 and 34 weeks of gestational age) and two females (23
and 24 weeks of gestational age) underwent invasive ventilation
for either 1 or 4 months and died between 1 to 6 months after
birth. Diagnosis of BPD was confirmed post-mortem by resident
pathologists in all patients. Lung sections from two females
(37 weeks and full term) who died (7 days and 13 months,
respectively) from causes other than lung disease were obtained.
Further samples were obtained for MYL6b and MYL9 immunos-
taining. Lung sections from three infants diagnosed with BPD (25,
28, 31 weeks of gestational age) were used. Lung sections from
three infants (24, 26, 33 weeks of gestational age) who died from
causes other than BPD were used as controls. RNA from three
patients (two with 26 weeks and one with 27 weeks of gestational
age) with BPD and from four controls (27, 33, 38 and 39 weeks of
gestational age) were used for gRT-PCR.

Left lobe perfusion, isolation and tissue processing

The left lobe was perfused through the trachea with a pressure
of 20 cm H,0 with 5 ml phosphate buffered saline (PBS) followed
by 5 ml, 4% paraformaldehyde (PFA). The trachea was tied off
with a string and the lung was removed and placed in 4% PFA
for max. 24 h at 4°C. Lungs were then progressively dehydrated
(30%, 50%, 70%, 99.6% ethanol, each 3 h) and embedded with a
Leica embedding machine (EG 1150C). Paraffin blocks were kept
cold and 5 pm sections were cut.

Immunostaining

Immunofluorescence staining for SFTPC, PECAM and o-SMA.
Paraffin sections were deparaffinized, blocked with 3% bovine
serum albumin (BSA) and 0.4% Triton X-100 [in tris-buffered
saline (TBS)] at room temperature (RT) for 1 h and then incubated
with primary antibodies against mature-SFTPC (Seven Hills,
1:1000), PECAM (Abcam, 1:100) and «-SMA (Sigma-Aldrich, 1:400)
at RT for 1 h or at 4°C overnight. After incubation with primary
antibodies, slides were washed three times in TBST (TBS buffer
+ 0.1% tween 20) for 5 min, incubated with secondary antibodies
at RT for 1 h and then washed three times in TBST before being
mounted with Prolong Gold Anti-fade Reagent with DAPI (4,
6-diamidino-2-phenylindole; Invitrogen) (Table 1).

FGFR2 and FGF10 staining. Immunohistochemistry for FGFR2
and FGF10 was performed on lung tissue sections from patients
with BPD. First, paraffin sections were deparaffinized. For FGFR2
staining, antigen unmasking were done by incubation of the
slides in boiling buffer solution for 15 min, then blocked with 3%
BSA for 60 min in RT and incubated with the primary antibody
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Table 1. Antibodies for immunohistochemistry

Antibody Company (Catalog number) Dilution
FGF10 Antibodies-online (ABIN360398) 1:30 (human)
FGFR2 (BEK) Santa Cruz (sc-122) 1:300 (human)
SFTPC Seven Hills (WRAB-9337) 1:100 (human)
PECAM/CD31 BD Pharmingen (550274) 1:100 (mouse and human)
a-SMA Sigma-Aldrich (A2547) 1:600 (mouse)

1:400 (human)
von-Willebrand-factor (VWF) Dako (A0082) 1:1200(mouse)
MYL6b Merck (AB3381) 1:100 (mouse)

1:200 (human)
Phospho MYL6b BosterBio (A14059) 1:600 (mouse)

1:200 (human)
MYL9 Abcam (ab64161) 1:200 (mouse and human)
Phospho MYL9 Abcam (ab2480) 1:100 (mouse and human)

(FGFR2, 1:300) over night at 4°C. After washing steps, incubation
with secondary antibody was performed before covering the
slides with DAPI solution. For FGF10 staining, antigen unmasking
were done by incubation of the slides in boiling buffer solution
for 25 min, then treated with proteinase K for 15 min at RT.
Afterwards slides were blocked with 10% BSA for 60 min in RT
followed by incubation of the primary antibody (FGF10, 1:30) at
4°C overnight. After washing steps, incubation with secondary
antibody was performed before covering the slides with DAPI
solution (Table 1).

a- SMA/VWF double staining. The 3 pm sections were deparaf-
finized, endogenous peroxidase was removed by incubation with
3% H,0,-methanol solution for 20 min, then washed with Aqua
Dest and PBS each 2 x 5 min. For antigen retrieval, sections
were trypsinized for 10 min at 37°C, then washed with PBS
(4 x 5 min) and immersed in blocking buffer (10% BSA) for a
further 20 min. After washing with PBS (4 x 5 min), sections were
blocked with Rodent Block M (Biocare Medical MM horseradish
peroxidase (HRP)-Polymer Kit, Cat. No. 1-800-799-9499) for
30 min, washed with PBS, incubated with primary antibody
(alpha-actin 1:800 diluted, 30 min) and HRP polymer (20 min)
before immersed in substrate solutions (Vip substrat Kit, vector,
30 s—4 min). Slides were monitored under the microscope for
staining progression and washed with tap water for 5 min. Before
staining for vWF, sections were immersed in blocking buffer
(10% BSA) for 15 min, washed with PBS, blocked with serum
(ImmPRESS Kit Anti-rabbit Ig), then sections were incubated
with vWF antibody (1:1200 diluted) at 37°C for 30 min and
washed again. After incubation with secondary antibody (Anti-
rabbit Ig peroxidase, InmPRESS reagent), sections were stained
with diaminobenzidine (DAB) substrate Kit (SK-4100, vector)
and staining progression was observed under the microscope.
After washing with tap water, sections were counterstained with
methyl green for nuclei on a heating plate (60°C), progressively
dehydrated and coverslipped (Table 1).

Immunostaining for MYL6b, phospho-MYL6b, MYL9 and phospho-
MYL9 in mouse and human lungs. The 3 pm sections were
deparaffinized. For antigen retrieval, sections were heated in
a microwave for 25 min in Rodent Decloaker (Biocare/Zytomed
Systems), then washed with PBS (4 x 5 min) and immersed in
blocking buffer (10% BSA) for a further 10 min. After washing
with PBS (4 x 5 min), sections were blocked with Rodent Block
M (Biocare/Zytomed Systems) for 30 min. For human samples

Protein-Block from ZytoChem-Plus AP Polymer-Kit was used
instead of Rodent Block M for 5 min. Slides were washed
with PBS and incubated with primary antibody overnight.
After washing, slides with human samples were incubated
with PostBlock solution for 20 min before incubation with AP-
Polymer Reagent for 30 min. Slides with mouse samples were
not incubated with PostBlock solution. Next, slides were washed
and immersed in substrate solutions (RedChromogen, 2-10
min). Slides were monitored under the microscope for staining
progression and washed with tap water for 5 min. After washing,
sections were counterstained with hematoxylin for nuclei on a
heating plate (60°C), progressively dehydrated and coverslipped
(Table 1).

Image acquisition. Fluorescent images were acquired using
Leica DM5500 B fluorescence microscope connected to Leica
DFC360 FX camera. Lung tissue sections without immunoflu-
orescence were analyzed under light microscope and repre-
sentative photomicrographs were taken by usage of computer
software for image analysis (QWin, Leica, Wetzlar, Germany).

RNA extraction

After lung function measurements were taken, the right
bronchus was clamped and either cranial and accessory or
caudal and medial lobes were removed, placed in TRIZOL,
homogenized in GentleMACs and frozen in liquid nitrogen
for RNA extraction. RNA was isolated using the RNeasy Mini
Kit (Qiagen, Hilden, Germany) according to manufacturer’s
instructions.

Quantitative real-time RT-PCR

RNA was reverse-transcribed (QuantiTect Reverse Transcription
Kit, Cat. No. 205313, Qiagen GmbH, Deutschland, Hilden). cDNA
was diluted to a concentration of 5 ng/pl. Primers were designed
using Roche Applied Sciences online Assay Design Tool. All
primers were designed to span introns and blasted using NCBI
software for specificity. Sybr Green Master Mix (Invitrogen, Cat.
No.11733-038) was used for RT-PCR with a Roche LightCycler
480 machine. Samples were run in triplicates using Hprt as a
reference gene. The dCT and ddCT values were calculated as
follows: dCT (WT) = CT (WT, reference gene) - CT (WT, gene
of interest), dCT (Mutant) = CT (Mutant, reference gene) - CT
(Mutant, gene of interest), ddCT = dCT (Mutant) — dCT (WT).
Mouse primers are listed below (Table 2).
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Western blot

Loading buffer was added to protein samples from the
lungs (5% SDS in bromophenol blue and B-mercaptoethanol),
denatured for 8 min at 98°C and cooled on ice. 15 pg of protein
sample was loaded on a 8-10% polyacrylamide gel and run
at 35 mA per gel for ~1 h. Samples were then transferred
electrically to a polyvinylidene fluoride membrane (Amersham,
Germany) by semi-dry electro blotting (70 mA per gel, gel size,
7 x 9 cm) for 90 min. The membrane was blocked with 5% milk
in TBS-T blocking buffer at RT on a shaker for 1 h followed by
incubation with primary antibody overnight (Supplementary
Material, Table S2) at 4°C. After washing with 1 x TBS-T
four times for 15 min each, the membrane was incubated
with the respective HRP-labelled secondary antibody (dilu-
tion 1:2000) at RT for 1 h followed by four times washing
with 1 x TBS-T buffer for 15 min each. The protein bands
were detected by Enhanced Chemiluminescence (Amersham,
Germany) treatment and emitted signals were detected with a
chemiluminescence imager. Quantification of bands was done
by using ImageJ software Table 3.

HOX injury (BPD mouse model)

Newborn pups were subjected to HOX (85% 02) injury from PO-
P8 in a chamber (Proox Model 110, Biospherix). To minimize
oxygen toxicity and bias, nursing dams were rotated every 24 h

Table 2. Human and mouse primers forward/reverse
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between NOX and HOX. Pups and dams received food and water
ad libitum.

Vascular morphometry

The degree of muscularization was determined from 3 pm
mouse lung sections. Morphological assessment of lung
vessel muscularization (outer diameter: 10-20 pm, 20-70 pm,
70-150 pm and >150 pm) was performed via computer-
assisted analysis (Leica Q Win Standard analyzing soft-
ware) at 40x or 63x magnification under a microscope.
The analytical software detected the vessels’ endothelium
that appeared in a brown color (VWF staining) and the
muscle tissue surrounding the vessels that appeared in a
violet color («-SMA staining). The software distinguished
between non-muscularized vessels (no smooth muscle cells
detectable with a-SMA staining), partially muscularized (min-
imum one smooth muscle cell and maximum 75% of the
vessel circumference with «-SMA staining) and fully mus-
cularized (>75% of the vessel circumference with «-SMA
staining).

Gene arrays

The data from the microarray experiment have been deposited
in NCBI's Gene Expression Omnibus (GEO) and is accessible
through GEO Series accession number GSE113104.

Human gene Forward sequence (5'-3’)

Reverse sequence (5'-3’)

FGF7 AAGGGACCCAAGAGATGAAGA CCTTTGATTGCCACAATTCC
FGF10 GAAGGAGAACTGCCCGTACA GGCAACAACTCCGATTTCTACT
FGFR2b GATAAATAGTTCCAAT TGCCCTATATAATTG
GCAGAAGTGCT GAGACCTTACA
PECAM1 CTGTCCCTGATGCCGTG AGCAGGGCAGGTTCATAAAT
PGBD TGTCTGGTAACGGCAATGCG CCCACGCGAATCACTCTCAT
Mouse gene Forward sequence (5'-3’) Reverse sequence (5'-3’)
Fgfl GTAGTTTCCTAGAGGCAGGTTG TGATAAAGTGGAGTGAAGAGAGC
Fgf3 GATTACTGCGGTGGAAGTGG CCGTTCCACAAACTCACACTC
Faf7 ACTATCTGCTTATAAAATGGCTGCT GTGGGGCTTGATCATCTGAC
Vegfr2 CAGTGGTACTGGCAGCTAGAAG ACAAGCATACGGGCTTGTTT
Vegfa AAAAACGAAAGCGCAAGAAA TTTCTCCGCTCTGAACAAGG
Pdgfb GAGTCGGCATGAATCGCT CAGCCCCATCTTCATCTACG
Pdgfrb GGAGAACAGAGAGGAAACAGT GCGGAAAACCCTGAGAGAAT
Hprt CCACAGGACTAGAACACCTGCTAA CCTAAGATGAGCGCAAGTTGAA

Table 3. Antibodies used for western blotting

Primary antibody Company (Catalog number) Dilution Secondary antibody Company Dilution

(rabbit) (Catalog number)

COL1A1 Meridian Bioscience (T40777R) 1:1000 Swine anti rabbit HRP Dako (P0217) 1:2000

B-ACTIN Abcam (ab8227) 1:30.000 Swine anti rabbit HRP Dako (P0217) 1:2000

Phospho-3-CATENIN Cell Signaling (9566) 1:1000 Anti-Rabbit IgG Promega W401B 1:5000
(H+L), HRP Conjugate

Total B-CATENIN Cell Signaling (9582) 1:1000 Anti-Rabbit IgG Promega W401B 1:5000
(H+L), HRP Conjugate

B-ACTIN BioLegend (664802) 1:2500 HRP Goat anti-rat IgG BioLegend 405405 1:5000
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Statistical analyses

Significance was determined by two-tailed Student’s t-test
using GraphPad PRISM statistical analysis software. All data are
presented as mean + SEM. Values of P < 0.05 were considered
significant.

Supplementary Material

Supplementary Material is available at HMG online.
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SUMMARY

The lung harbors its basal stem/progenitor cells
(BSCs) in the protected environment of the cartilagi-
nous airways. After major lung injuries, BSCs are
activated and recruited to sites of injury. Here, we
show that during homeostasis, BSCs in cartilaginous
airways maintain their stem cell state by downregu-
lating the Hippo pathway (resulting in increased
nuclear Yap), which generates a localized Fgf10-ex-
pressing stromal niche; in contrast, differentiated
epithelial cells in non-cartilaginous airways maintain
quiescence by activating the Hippo pathway and
inhibiting Fgf10 expression in airway smooth muscle
cells (ASMCs). However, upon injury, surviving
differentiated epithelial cells spread to maintain
barrier function and recruit integrin-linked kinase to
adhesion sites, which leads to Merlin degradation,
downregulation of the Hippo pathway, nuclear
Yap translocation, and expression and secretion of
Wnt7b. Epithelial-derived Wnt7b, then in turn,
induces Fgf10 expression in ASMCs, which extends
the BSC niche to promote regeneration.

INTRODUCTION

Stem cells are required for tissue homeostasis and repair. They
reside in a highly specialized stromal microenvironment called
the stem cell niche (Scadden, 2006), where they are kept in a
quiescent state during homeostasis or rapidly amplify upon
tissue insults. Basal stem/progenitor cells (BSCs), located in
the protected environment of the cartilaginous airways of the
trachea and mainstem bronchi, were identified as progenitors

48 Developmental Cell 43, 48-59, October 9, 2017 © 2017 Elsevier Inc.

of secretory or ciliated cells (Rock et al., 2009). Secretory cells
represent transit-amplifying cells with the potential to self-renew
or differentiate into post-mitotic ciliated daughter cells (Pardo-
Saganta et al., 2015; Rawlins et al., 2009). Secretory cells drive
almost the entire cell turnover in the conducting airways during
homeostasis or repair of small injuries (Rawlins et al., 2009),
and give rise to alveolar epithelial cells after major lung epithelial
injuries (Barkauskas et al., 2013; Kim et al., 2005; Lee et al.,
2014). Interestingly, after major lung epithelial injuries, BSCs
emerge at sites of injury where they aid in restoring lung architec-
ture (Kumar et al., 2011; Vaughan et al., 2015; Zuo et al., 2015).
How BSCs are maintained and restricted to cartilaginous
airways during homeostasis, and how they are activated and
recruited to sites of severe injury are not well understood.

The production and maintenance of BSCs during development
depends on Fgf10 secreted by the stromal tissue located in be-
tween the cartilage rings (Volckaert et al., 2013b). Furthermore,
overexpression of Fgf10 in all lung cells during late embryonic
development induces the ectopic development of BSCs in con-
ducting airways (Volckaert et al., 2013b), where they normally
do not reside. Similarly, the maintenance of the adult BSC pool
depends on Yap, the nuclear effector of the Hippo pathway,
whereas overexpression of Yap in adult tracheal BSCs results
in BSC hyperplasia and stratification (Tata et al., 2013; Zhao
et al., 2014). These findings indicate that lung stem/progenitor
cells deploy Hippo signaling to maintain their stemness, and
that Hippo signaling executes these tasks by controlling Fgf10-
Fgfr2b signaling. It further suggests that BSCs are absent from
non-cartilaginous conducting airways because airway smooth
muscle cells (ASMCs) which envelop them, do not secrete
Fgf10 during homeostasis (Volckaert et al., 2011, 2013b).

Interestingly, upon injury-induced loss of airway epithelial
cells, surviving differentiated cells spread out to seal the wound
and maintain barrier function and secrete Wnt7b to induce
ectopic Fgf10 expression in ASMCs (Volckaert et al., 2011,
2013a). This mesenchymal-derived Fgf10 then acts back on

.
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the airway epithelium to drive regeneration by expanding secre-
tory transit-amplifying cells and inhibiting their differentiation into
ciliated cells (Volckaert et al., 2011, 2013b). Airway epithelial
injury leads to the inactivation of the Hippo pathway in differen-
tiated epithelial cells of the conducting airway (Lange et al.,
2015), and genetic inactivation of the Hippo pathway or overex-
pressing Yap in secretory cells breaks their quiescence (Lange
et al., 2015; Zhao et al., 2014).

In the present paper, we tested how the Hippo pathway
regulates Fgf10 expression in stromal cell niches. We report the
existence of a mode of stem cell regulation in which tracheal
BSCs during homeostasis or differentiated cells after injury down-
regulate their Hippo signaling (resulting in increased nuclear Yap)
to generate their own localized Fgf10-expressing stromal niche,
which maintains or amplifies the stem/progenitor cell population
via Fgf10-Fgfr2b signaling. Mechanistically, we also show that
surviving epithelial cells spread out after airway epithelial injury
and recruit integrin-linked kinase (llk) to adhesion sites, which
results in the destabilization of Merlin, an upstream activator of
the Hippo pathway. An increase in nuclear Yap in surviving and
spreading airway epithelial cells then leads to the expression
and secretion of Wnt7b, which acts on the ASMCs to induce the
release of Fgf10. Fgf10 subsequently activates Fgfr2b signaling
on BSCs to drive their expansion, mobilization, and/or differentia-
tion. This intricate epithelial-mesenchymal reciprocal signaling
pathway between stem/progenitor cells or differentiated cells
and their niche cells ensures maintenance of stemness during ho-
meostasis and promotes regeneration in response to injury.

RESULTS

Tracheal Basal Stem/Progenitor Cells Maintain and
Restrict Their Cell Pool during Homeostasis by
Generating a Localized Fgf10-Expressing Stromal Niche
Our previous studies have demonstrated that the development
and maintenance of BSCs during embryogenesis depends on
Fgf10 secreted by stromal cells in between cartilaginous rings
of the upper airway (Volckaert et al., 2013b). To test whether
the Fgf10-Fgfr2b signaling axis controls BSC amplification and
maintenance in adult tracheas, we induced the expression of
Fgf10 in adult Rosa26-rtTA; Tet-Fgf10 mice (hereafter, referred
to as rtTa-Fgf10), or inactivated Fgfr2b in all adult airway epithe-
lial cells using Sox2-CreERT2;Fgfr2b™ or in BSC specifically
using Krt5-CreERT2;Fgfr2b™ mice (hereafter, referred to as
Sox2-Fgfr2b™ and K5-Fgfr2b™, respectively). While overexpres-
sion of Fgf10 for 2 weeks caused a significant expansion of Ker-
atin-5 (K5)- and p63-positive BSCs in the trachea, conditional
deletion of Fgfr2b resulted in depletion of BSCs (Figures
1A-1C, S1A, and S1B). BSCs were lost to both differentiation
(Figure S1A) and apoptosis (Figure S1C) due to the loss of Fgfr2b
signaling within the basal cell compartment but not upon inacti-
vation of Fgfr2b in secretory daughter cells using Scgbiaf-
CreER;Fgfreb™ mice (Figure S1D). These data, together with
our previous findings during development (Volckaert et al,
2013b), indicate that Fgfr2b signaling is required for BSC main-
tenance during pre- and post-natal life.

It has been shown that inactivation of the Hippo pathway or
overexpression of Yap, the transcriptional effector of the Hippo
pathway, in secretory and/or tracheal BSCs drives their amplifi-

cation. In addition, Yap ablation in BSCs results in their loss over
a period of 12 weeks (Lange et al., 2015; Zhao et al., 2014), sup-
porting the concept that lung stem/progenitor cells deploy Hippo
signaling to control their fate. To test whether Hippo signaling
executes this task by controlling Fgf10-Fgfr2b signaling, we
disrupted the Mst1/2 genes, which results in inactivation of
the Hippo pathway and increased nuclear Yap. This was accom-
plished by either conditional deletion of Mst1/2 genes in all
airway epithelial cells using Sox2-CreERT2;Mst1/2”" mice, or
only in secretory/ciliated daughter cells using Scgbla1-Cre;
Mst1/2”" mice (referred to as Sox2-Mst1/2”" and Scgblal-
Mst1/2"", respectively) (Figure 1D). These experiments revealed
increased Fgf10 expression in the tracheal stromal niche (Fig-
ures 1E, S1E, and S1F), and amplification of the tracheal BSC
population in both mouse strains (Figures 1D, 1F, and 1G). Line-
age tracing using the Confetti allele in tracheas of Scgbiai-
Cre;Mst1/2":Rosa26R-Confetti mice (hereafter, referred to as
Scgblal-Mst1/2"-Confetti) indicated that the expansion of
BSCs in Scgb1a1-Mst1/2""-Confetti tracheas was not caused
by the dedifferentiation of secretory cells but rather by amplifica-
tion of existing BSCs (Figure 1F). To test the hypothesis that this
BSC expansion was due to the increase in stromal Fgf10 expres-
sion, we simultaneously deleted Mst1/2 and Fgfr2b in all tracheal
epithelial cells using Sox2-CreERT2;Mst1/2":Fgfr2b™ mice
(referred to as Sox2-Mst1/2"-Fgfrob™), and found that BSCs
failed to expand and were lost (Figures 1D, 1F, 1G, and S1C),
indicating that the Hippo pathway in epithelial cells promotes
BSC quiescence by repressing Fgf10 expression in a non-cell
autonomous manner within the stromal niche. To further confirm
this finding, we deleted Yap in all tracheal epithelial
cells and simultaneously overexpressed Fgf10 by intercrossing
Sox2-CreERT2;Yap”" and nTA-Fgf10 mice (referred to as
Sox2-Yap™'-rtTa-Fgf10) (Figure 1D) or intercrossing Sox2-
CreERT2;Yap"”" and Rosa26-LSL-rtTa;Tet-Fgf10 mice (referred
to as Sox2-Yap”-rtTa”-Fgf10) (Figure S1G). The Rosa26-
LSL(Lox-STOP-Lox)-rtTA (referred to as rtTa”) cassette carries
a loxP-flanked stop codon, which is removed in the presence
of active Cre recombinase allowing for cell-type-specific rtTa
expression. Consistent with previous studies (Zhao et al,
2014), the majority of BSCs were lost 10-12 weeks after tamox-
ifen-induced ablation of Yap when Fgf10 expression was not
induced (Figures 1D and 1G-1l). In sharp contrast, however, in-
duction of Fgf10 expression after tamoxifen-induced Yap abla-
tion efficiently triggered BSC proliferation and halted further
BSC loss (Figures 1D and 1G-1l), suggesting that epithelial
Yap is critical for generating a localized Fgf10-expressing stro-
mal niche. Indeed, inactivation of Yap in Sox2-CreERTZ2;Yap""
mice resulted in decreased Fgf10 expression in the tracheal stro-
mal niche (Figures S1F and S1H).

Next, we wanted to address how increased nuclear Yap in-
duces Fgf10 expression in the tracheal stromal niche. Intrigu-
ingly, an interaction between Yap and p63 has been suggested
to indirectly regulate basal stem cell proliferation and mainte-
nance in squamous cell carcinoma by inducing Fgf10 expression
in the adjacent stroma (Ramsey et al., 2013; Zhao et al., 2014).
Expression of Wnt7b, which is one of the main upstream regula-
tors of Fgf10 expression in the lung, has been shown to be driven
by p63 in other tissues (Trink et al., 2007). In the lung, Wnt7b
expression is regulated in part by the transcription factors
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Figure 1. The Inactive Hippo Pathway in Basal Stem/Progenitor Cells Generates the Fgf10-Expressing Tracheal Stromal Niche Required to
Maintain Their Cell Pool

(A) Experimental strategy and schematic representation of tracheal BSC amplification after Fgf10 overexpression or tracheal BSC loss after Fgfr2b ablation in
airway epithelial cells. Ciliated, secretory, and BSCs are shown in green, blue, and red, respectively.

(B) Immunostaining on rtTa-Fgf10, control, and Sox2-Fgfr2b™ tracheas for the BSC markers Keratin 5 (K5) (green) and p63 (red) 14 days after doxycycline or
tamoxifen induction.

(C) Quantification of the number (#) of BSCs per 100 um of basement membrane for the pictures represented in (B).

(D) Experimental strategy and schematic representation of Mst1/2 ablation in all airway epithelial cells or selectively in secretory/ciliated cells alone or in
combination with either Fgfr2b or Yap in all airway epithelial cells with or without simultaneously inducing Fgf10 expression.

(E) Whole-mount in situ hybridization for Fgf10 in control, Scgb1a1-Mst1/2"", and Sox2-Mst1/2"" tracheas. Note purple Fgf10 expression between the tracheal
cartilage rings.

(F) Upper panels show immunostaining on control, Sox2-Mst1/2", and Sox2-Mst1/2"-Fgfr2b" tracheas 2 months after tamoxifen induction as well as on a
2.5-month-old Scgb1a1-Mst1/2"-Confetti trachea for the BSC marker K5 (red) and the secretory cell marker Scgb1al (green). Lower panel shows immuno-
staining on Scgb1a7-Mst1/2""-Confetti trachea for the BSC marker K5 (red) and GFP (green).

(G) Quantification of the number (#) of BSCs per 100 um of basement membrane (BM) of pictures represented in (F and H).

(H) Immunostaining on control, Sox2-Yap™, Sox2-Yap™-rtTa-Fgf10 tracheas for the BSC markers K5 (green) and p63 (red) after tamoxifen-induced deletion of
Yap and/or doxycycline-induced Fgf10 expression. Refer to (D) for the experimental strategy.

(I) Immunostaining on adjacent tracheal sections from control, Sox2-Yap”’, and Sox2-Yap”-Fgf10 mice for BSC marker K5 (green) and Yap (red) or proliferation
marker PCNA (red) 12 weeks after tamoxifen and 2 weeks after doxycycline induction, starting at 10 weeks after tamoxifen induction.

Nuclei, DAPI (blue). *p < 0.05; **p < 0.01; n > 6. Error bars represent means + SEM. Scale bars, 100 um (B, F, and H); 50 um (I). See also Figure S1.
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Figure 2. Inactivation of the Hippo Pathway in Differentiated Airway Epithelial Cells after Injury or after llk Inactivation Induces Epithelial
Wnt7b Expression and Fgf10 Secretion by ASMCs

(A) Immunostaining on non-cartilaginous airways of non-injured (NI) control lungs and lungs 3 days after naphthalene (npt)-induced injury for secretory cell marker
Scgb1al (green) or ciliated cell marker B-tubulin (green) and Yap or Merlin (red).

(B) Quantification of Yap pixel intensity of pictures represented in (A) (n > 6 mice).

(C) Quantification of Merlin pixel intensity of pictures represented in (A) (n > 6 mice).

(D) Immunostaining on non-cartilaginous airways of control Fgf10-2°Z, Scgb1a1-Mst1/2"-Fgf10-2°?, and Scgb1a1-lik"-Fgf10-3°Z lungs for secretory cell marker
Scgb1al (green) with either Yap (red) or Wnt7b (red) or Dkk1 (red) or Fgfr2b (red) and B-gal staining of Fgf10"a°2. Black arrowheads indicate Fgf10 expression
in ASMCs.

(E) Quantification of pixel intensity of Yap, Wnt7b, Dkk1, and Fgfr2b signals represented in (D) (n > 6 mice).

(F) Relative mRNA expression of Wnt7b and Dkk1 in control, Scgbla1-Mst1/2”", and Scgb1a1-lk” lungs.
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(legend continued on next page)
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Foxa2, Nkx2.1, and Gata6 (Weidenfeld et al., 2002), and binding
of Yap/Taz to Nkx2.1 increases its transcriptional activity (Park
et al., 2004). Based on these observations, we wondered if
epithelial-derived Wnt7b could be downstream of the Hippo
pathway to regulate Fgf10 expression in the stroma. As ex-
pected, we found increased epithelial Wnt7b expression in tra-
cheas of Sox2-CreERT2;Mst1/2” and Scgb1al-Cre;Mst1/2"*
mice, whereas Wnt7b was drastically reduced in Sox2-
CreERT2;Yap™ tracheal epithelium (Figure S1l). To determine if
epithelial Wnt7b expression induces Fgf10 expression in the
stroma, we generated Sox2-CreERT2;Wnt7b™ mice and found

Sftpc

Figure 3. Fgf10 Overexpression or Illk Dele-
tion in Secretory Cells Induces Basal Cell
Recruitment to the Non-cartilaginous Con-
ducting Airways

(A) Immunostaining for Scgb1al (green) and p63
(red) (left), or Scgb1a1 (green) and K5 (red) (middle),
or Scgb1al (green) and Sftpc (red) (right) on non-
cartilaginous airways of Scgblal-rtTa”-Fgf10
mice, which were induced with doxycycline for
5.5 weeks starting at 3 weeks of age. (A") High
magnification of selected regions in (A).

(B) Immunostaining on control and Scgblal-lk”"
non-cartilaginous airways for Scgbiat (green) and
K5 (red) or K5 (red) by itself. (B") High magnification
of selected regions in (B).

Nuclei were stained with DAPI (blue). Scale bar,
500 pm (A and B), 100 um (A), 300 um (B'). See also
Figure S5.

a decrease in stromal Fgf10 expression
compared with control tracheas (Fig-
ure S1F) concomitant with a decrease in
BSCs (Figure S1J). Interestingly, condi-
tionally ablating Wnt7b in secretory cells
alone using Scgb1al-Cre;Wnt7b”" mice
did not affect the BSC population (Fig-
ure S1J), indicating that Wnt7b expressed
by basal cells is required for their mainte-
nance through the induction of Fgf10 in
the adjacent mesenchyme.

Inactivation of the Hippo Pathway in
Differentiated Airway Epithelial

Cells in Non-cartilaginous,
Conducting Airways Activates

Fgf10 Expression within the

ASMC Niche

We have previously shown that ASMCs
provide a niche for secretory “transit-
amplifying” progenitor cells by releasing
Fgf10 in response to Wnt7b secreted
by airway epithelial cells that survive
and spread after airway epithelial injury (Volckaert et al.,
2011). We observed that naphthalene-mediated lung injury
inactivates Hippo signaling (i.e., increased nuclear Yap translo-
cation) in airway epithelial cells (Figures 2A and 2B), suggest-
ing that, similar to that observed in cartilaginous airways, the
Hippo pathway may also control Fgf10 expression within the
ASMC niche. To further establish that the Hippo pathway con-
trols Fgf10 in the ASMC niche, we deleted Mst1/2 in secretory
and ciliated cells using Scgblal-Mst1/2”" mice and inter-
crossed the mice with an Fgf10-2°Z reporter line to monitor
Fgf10 expression. The efficient deletion of Mst1/2 (Figure S2A)

(G) Western blot analysis showing FGF10, YAP, FGFR2B, P-MST1/2, and WNT7B protein expression in control, Scgb1al-Mst1/2” (MST1/2 KO), and

Scgb1al-lik" (ILK KO) lungs.

(H) Quantification of pixel intensities of pictures represented in (I) (n > 6 mice).

(1) Immunostaining on control and Scgb7a1-/lk” non-cartilaginous airways for Merlin (red) or phospho-Mst1/2 (red).
Nuclei, DAPI (blue). *p < 0.05; **p < 0.01; n > 6. Error bars represent means + SEM. Scale bar, 100 um. See also Figures S2, S3, S4, S6, and S7.
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Figure 4. Fgf10 Expression in ASMCs Drives Secretory and Basal Cell Amplification in the Lower Non-cartilaginous Conducting Airways

upon llk Inactivation

(A) Schematic representation of airway BSC amplification or loss, and stromal Fgf10 or nuclear Yap levels in the different mutant strains.

(B) Sirius red (collagen)/fast green staining and immunostaining on Scgb7a7-llk” (ILK KO), Scgb1a1-lik"-Fgfr2b” (ILK FGFR2b DKO), and Scgbtal-llk"-rtTa-
Dkk1 (ILK DKK1) non-cartilaginous airways for BSC markers p63 (red) and Keratin 5 (K5) (green) or secretory cell marker Scgb1a1 (green) and Yap (red).

(C and D) Morphometric analysis of airway remodeling (C) and quantification of BSC numbers (D) of images represented in (B).

(E) Relative mRNA levels of Scgb1a1 (secretory cells), FoxJ1 (ciliated cells), K5 (BSCs), p63 (BSCs), Col71a1 (collagen), and Col3aT (collagen) in control, Scgb1a1-

k", Scgbiat-lIk"-Fgfr2b™, and Scgb1al-lIk"-rtTa-Dkk1 lungs.

Nuclei were stained with DAPI (blue). “p < 0.05; **p < 0.01; N.S., not significant; n > 6. Error bars represent means + SEM. Scale bars, 100 um. See also

Figures S3, S4, S6F, and S7.

led to nuclear translocation of Yap in secretory cells (Fig-
ure S2B), increased Wnt7b with decreased Dkk1 expression
in secretory and ciliated cells, elevated Fgf10 expression in
the ASMC niche, and increased Fgfr2b expression in airway
epithelial cells (Figures 2D-2G, S2A, S3A, S3B, and S3D). To
investigate whether the expansion of airway epithelial cells
upon conditional Mst1/2 ablation is caused by the sustained
secretion of Fgf10 by the ASMC niche, we simultaneously in-
activated the Mst1/2 and Fgfr2b genes in all airway epithelial
cells using Sox2-Mst1/2"-Fgfrob™ mice (Figure S2). These
studies revealed that, despite the accumulation of Yap in their
nuclei (Figure S2B), secretory cell hyperplasia did not occur
(Figures S2 and S4; Figure S6C shows the specificity of the
Sox2-CreERT2 line). This confirms that ASMC niche-derived
Fgf10 is induced downstream of epithelial Yap and acts in a

non-cell autonomous and paracrine manner on neighboring
secretory cells.

Fgf10 Overexpression or Inactivation of llk in Secretory
Cells Extends the Basal Stem Cell Niche and Induces
Secretory and Basal Stem/Progenitor Cell Hyperplasia

in Conducting Airways

Based on our observation that ectopic BSCs do not populate the
non-cartilaginous airways upon Mst1/2 inactivation in secretory
cells (data not shown), despite induction of Fgf10 in ASMCs,
we suspected that Fgf10 levels did not reach the threshold
required to recruit BSCs to the non-cartilaginous airways.
To determine whether Fgf10 expression alone is sufficient to
induce secretory and BSC amplification in the non-cartilaginous
airways in the absence of injury, we overexpressed Fgf10 in all
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Figure 5. Fgf10-Fgfr2b Signaling Downstream of Yap Drives Secretory and Basal Cell Amplification in the Lower Non-cartilaginous

Conducting Airways upon llk Inactivation

(A) Schematic representation of non-cartilaginous airway secretory/ciliated amplification and BSC amplification or loss, and stromal Fgf10 or nuclear Yap levels
upon airway epithelial /lk/Fgfr2b ablation, /lk ablation, and /lk/Yap ablation. All lungs were collected at 2 months after tamoxifen induction.
(B) Sirius red (collagen)/fast green staining and immunostaining on Sox2-llk""-Fgfrab™, Sox2-1Ik”", and Sox2-lik"*-Yap™ non-cartilaginous airways for BSC

markers p63 (red) and Keratin 5 (K5) (green).

(C and D) Morphometric analysis of airway remodeling (C) and quantification of BSC numbers (#) per 100 pm of basement membrane (D) from images

represented in (B).

(E) Relative mRNA levels of Scgba1 (secretory cells), FoxJ1 (ciliated cells), K5 (BSCs), p63 (BSCs), Col1aT (collagen), and Col3a1 (collagen) in control, Sox2-1k™*
(ILK KO), Sox2-lIk"-Fgfr2b™ (ILK FGFR2b DKO), and Sox2-llk"'-Yap™ (ILK YAP DKO) lungs.

Nuclei were stained with DAPI (blue).

secretory cells for 5.5 weeks starting at 3 weeks of age using
Scgblail-Cre;Rosa26R-LSL-rtTa;Tet-Fgf10 mice or in ASMCs
for 10 weeks starting at 9 weeks of age using Acta2-CreERT2;
Rosa26R-LSL-rtTa; Tet-Fgf10 mice, which were first placed on
tamoxifen chow for 3 weeks starting at 6 weeks of age (referred
to as Scgblal-rtTa”-Fgf10 and Acta2-rtTa”’-Fgf10, respec-
tively). These studies demonstrate that Fgf10 overexpression is
sufficient to allow for BSCs to populate the non-cartilaginous
airways (Figures 3A, S4, and S5A).

Interestingly, Merlin activates the Hippo pathway by regulating
Mst1/2 and sequestering Yap in the cytoplasm (Yin et al., 2013).
Merlin has been shown to stabilize by binding integrin-linked
kinase (llk) and llk-associated proteins such as paxillin and Rsu
(Apte et al., 2009; Donthamsetty et al., 2013; Manetti et al.,

54 Developmental Cell 43, 48-59, October 9, 2017

*p < 0.05; **p < 0.01; n > 6. Error bars represent means + SEM. Scale bars, 100 um. See also Figures S3, S4, and S6C.

2013; Serrano et al., 2013); it is degraded during cell spreading
by mechanisms that are not fully understood (Cooper and Gian-
cotti, 2014; Das et al., 2015; Okada et al., 2009). Intriguingly, we
observed high expression of Merlin levels in secretory and
ciliated cells of non-injured lungs and low expression in surviv-
ing, spreading epithelial cells after naphthalene-induced airway
epithelial injury (Figures 2A and 2C). To determine whether
robust activation of the ASMC niche with higher and more
sustained levels of Fgf10 permits BSCs to populate the non-
cartilaginous conducting airways, we deleted Illk from secretory
cells using Scgb1a1-Cre;llk"  mice (referred to as Scgb1a1-lik™).
We found that Merlin protein levels as well as Mst1/2 phosphor-
ylation are decreased (Figures 2H and 2I), while nuclear Yap and
Wnt7b are increased in secretory and ciliated daughter cells of



Scgbial-lik” mice (Figures 2D-2G). Importantly, we found a
significant increase in Fgf10 expression in the ASMC niche
of Scgblal-lik” lungs compared with controls as well as
Scgblal-Cre;Mst1/2"" mice (Figures 2D, 2G, S3A, S3B, and
S3D) and elevated numbers of secretory cells and BSCs (Figures
2D, 3B, and S6E) in conducting airways by 1 month after Ik
deletion. Interestingly, the airways of Scgblal-lik”" mice
demonstrated subepithelial fibrosis, with increased stromal
SMAD2/3 phosphorylation, and airway obstruction (Figures S4
and S5B). The recruitment of BSCs to the conducting airways
in Scgb1al-lk"" lungs mostly occurred within the upper and
middle non-cartilaginous airways; although it should be noted
that BSCs were occasionally found along the entire length of
the non-cartilaginous conducting airways all the way down to
the distal broncho-alveolar duct junctions (Figure 3B). Lineage
tracing using the Rosa26-mTmG allele in the airways
of Scgblal-CreER;lIk”:Rosa26-mTmG mice supports the
concept that the aberrant accumulation of BSCs and subepithe-
lial fibrotic myofibroblasts in these airways is not due to dediffer-
entiation of secretory cells (Figures S6A, S6B, and S6D).

Integrin-Linked Kinase Inactivation Increases Fgf10-
Fgfr2b Signaling Downstream of Yap to Drive Secretory
and Basal Stem/Progenitor Cell Amplification in Non-
cartilaginous Conducting Airways

To establish whether the secretory and BSC amplification
in Scgbtal-lik"" non-cartilaginous airways depends on Fgf10

Figure 6. The Hippo Pathway Regulates
Fgf10 Signaling to Induce Basal Stem/
Progenitor Cell Amplification in COPD
Immunostaining on control and COPD distal air-
ways for BSC marker p63 (green) and Yap (red) or
Wnt7b (red) or Fgfr2b (red). (n = 5). Note staining of
cilia for Fgfr2b in control but not in COPD airways,
indicating a loss of ciliated cells in COPD. Scale
bar, 100 um. See also Table S1.

secretion by the ASMC niche, we
simultaneously inactivated Ilk and Fgfr2b
in secretory cells, but not BSCs,
using Scgblal-Cre;llk”:Fgfr2b™ mice
(referred to as Scgblal-lik"*-Fgfrob™).
Despite the rescue of secretory cell hy-
perplasia and the subepithelial fibrosis
phenotype, we found that the non-carti-
laginous airways still showed aberrant
accumulation of BSCs (Figures 4A-4E,
S4, and S7). However, when we blocked
Whnt7b-induced Fgf10 expression in the
ASMC niche by overexpressing Dkk1 or
deleting Wnt7b simultaneously with Ik
in secretory cells using Scgbilal-
Cre;lik"";Rosa26-rtTA; Tet-Dkk1;Fgf10-3°%
(referred to as Scgbtal-llk""-rtTa-Dkk1-
Fgf10-2°%) or Scgb1al-Cre;lik”:Wnt7b""
(referred to as Scgblal-lik""-Wnt7b™)
mice, we rescued both the ampilification
of BSCs/secretory cells and subepithe-
lial fibrosis, respectively (Figures 4A-4E, S3B, S4, S6F,
and S7). Evidence of inactivation of the Hippo pathway was
provided by the nuclear localization of Yap in airway epithelial
cells from rescued lungs (Figure S7).

To further confirm that the aberrant accumulation of BSCs upon
secretory cell-specific Ilk deletion is due to a non-cell autonomous
effect mediated by Fgf10 secreted by the ASMC niche down-
stream of Yap, we generated Sox2-CreERT2;II "t Sox2-
CreERT2;lIK":Fgfr2b™, and Sox2-CreERT2;lIk";Yap™ mouse
lines (referred to as Sox2-llk”, Sox2-Ilk""-Fgfreb™, and Sox2-
lIk”-Yap™, respectively), in which we either deleted /lk alone or
in combination with either Fgfr2b or Yap in all airway epithelial
cells, including BSCs. We found BSC and secretory cell hyperpla-
sia as well as subepithelial fibrosis in the non-cartilaginous air-
ways of Sox2-llk”" mice in which Fgf10 is upregulated in the
AMSC niche. However, this phenotype was rescued in Sox2-
lIK"-Fgfrab™ mice, in which the airway epithelium cannot respond
to upregulated Fgf10, as well as in Sox2-llk”"-Yap™ mice in which
the ASMC niche does not secrete Fgf10 (Figures 5A-5E, S3C, S4,
and S7). These results indicate that epithelial Ik efficiently acti-
vates the Hippo pathway to maintain airway epithelial cell quies-
cence by inhibiting Fgf10 secretion from the ASMC niche.

The Yap-Wnt7b-Fgf10 Regenerative Pathway Is
Chronically Activated in COPD Airways

Our results demonstrate that epithelial-mesenchymal inter-
actions coordinated by Hippo signaling actively maintain
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(A) During homeostasis, basal stem/progenitor cells are only found in the trachea, where they maintain themselves by inducing Fgf710 expression in the tracheal
stromal niche downstream of Yap. Ik positively regulates the Hippo pathway in conducting airway epithelial cells to maintain their quiescence by inhibiting Yap-

mediated activation of Fgf10 expression in ASMCs.

(B) Hippo pathway inactivation in conducting non-cartilaginous airway epithelium in response to injury or by deleting /lk (1) or Mst1/2 (2) results in nuclear Yap
localization and increased epithelial Wnt7b expression and Fgf10 expression in ASMCs, which reciprocally breaks epithelial quiescence. The Fgf10-expressing
basal stem cell niche extends into the non-cartilaginous airways allowing for BSC mobilization into the lower conducting airways upon airway epithelial /lk
deletion. Alternatively, Fgf10 released by the activated ASMC niche could drive the differentiation of LNEPs, which are scattered along the lower conducting

airways, into the basal stem/progenitor cell lineage.

post-natal tissue homeostasis, and downregulation of Hippo
signaling during injury is required to initiate regeneration and
recruitment of stem cells to the site of injury. However, activa-
tion of the Yap-Wnt7b-Fgf10 regenerative pathway may need
to be delicately controlled to maintain airway epithelial quies-
cence and prevent airway remodeling; indeed, our data in the
preceding animal modeling studies support the concept that
deregulation of Hippo signaling leads to aberrant repair and
regeneration in the lung. We examined whether this repair
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cascade is deregulated in the airways of human subjects with
chronic obstructive pulmonary disease (COPD), a chronic lung
disease associated with airway remodeling and obstructive
physiology. Increased nuclear YAP levels and FGFR2b and
WNT7b expression were observed in squamous metaplastic
areas within the airway epithelium of COPD subjects (Figure 6
and Table S1). These findings provide proof of concept that
the Hippo pathway is inactivated to induce Fgf10 expression
and BSC amplification in human COPD.



DISCUSSION

We report a mode of stem cell regulation in which BSCs generate
and maintain their own localized stem cell niche by regulating the
expression of Fgf10 within the stromal compartment of the carti-
laginous airways (Figure 7A); loss of this tonic Fgf10 signaling
leads to BSC depletion. We further demonstrate that the Hippo
signaling pathway in either tracheal BSCs themselves during ho-
meostasis or in sparsely surviving and spread out differentiated
epithelial cells after injury controls the maintenance and neo-
generation of Fgf10-expressing stromal stem cell niches in the
lung. We previously reported that upon airway epithelial injury,
ASMCs that envelop the non-cartilaginous airways are activated
to release Fgf10 (Volckaert et al., 2011). Fgf10 then binds Fgfr2b
on BSCs to mobilize and expand this stem/progenitor pool by in-
hibiting their premature differentiation, thus facilitating efficient
lung regeneration (Figure 7B). The source of recruited BSCs to
sites of injury may depend on the level and type of injury and
may include the recently identified lineage-negative epithelial
progenitors (LNEPs) (Ray et al., 2016; Vaughan et al., 2015). In
our model, we show via lineage tracing that the ectopic BSCs lin-
ing the non-cartilaginous airways are not derived from secretory
cells, supporting the concept that induction of Fgf70 expression
by the stromal niche allows for the recruitment of tracheal BSCs
or the differentiation of Sox2* LNEPs along the BSC lineage.

We found that Ik and Merlin, the stability of which is controlled
by its interaction with Ik, tune the Hippo pathway and the nuclear
translocation of Yap that leads to the induction of Wnt7b expres-
sion; this, in turn, triggers Fgf10 expression in the airway niche to
activate BSCs and/or induce differentiation of LNEPs. We
demonstrate that Ik positively regulates the Hippo pathway in
non-cartilaginous airway epithelial cells to maintain their quies-
cence during normal homeostasis by inhibiting Yap-mediated
activation of the Wnt7b-Fgf10 epithelial-mesenchymal crosstalk
between airway epithelial progenitor cells and their stromal
niche. Our findings suggest that integrin signaling through Ik
represents a sensor of airway epithelial injury that acts upstream
of the Wnt7b-Fgf10 repair cascade and functions as a gate-
keeper for airway epithelial quiescence; this may prevent sus-
tained airway remodeling as observed in chronic lung diseases,
such as COPD and asthma. Interestingly, Ik has been shown to
act as an upstream Hippo pathway activator in the liver where it
is essential for the proper termination of the regenerative
response (Apte et al., 2009). However, more recently, Ik was re-
ported to inhibit the Hippo pathway in human breast, prostate,
and colon cancer cell lines (Serrano et al., 2013), suggesting
that llk regulation of Hippo signaling may be contextual (e.g.,
normal versus cancer cells). A recent paper has also defined a
role for epithelial Shh in the regulation of airway epithelial cell
quiescence; similar to our studies, this occurs through an indi-
rect non-cell autonomous mechanism (Peng et al., 2015).
Together, these studies highlight the critical importance of devel-
opmental pathways in epithelial-mesenchymal crosstalk during
injury repair in adult mammalian lungs.

Our data also demonstrate substantial aberrant signaling of
these developmental pathways in chronic airway remodeling
associated with human COPD. This suggests that chronic acti-
vation of the ASMC niche in COPD may drive BSC amplification
or drive the differentiation of LNEPs present in the conducting

airways along the BSC lineage, possibly preventing them from
contributing to alveolar epithelial homeostasis and regenera-
tion. This may explain why airway BSC metaplasia precedes
emphysema in COPD (Auerbach et al., 1961; Dye and Adler,
1994; Kennedy et al.,, 1984; Leopold et al., 2009; Lumsden
et al.,, 1984; Peters et al., 1993; Shaykhiev and Crystal, 2013;
Shaykhiev et al., 2011). Thus, while transient Fgf10 expression
by ASMCs is critical for proper airway epithelial regeneration
in response to injury (Volckaert et al., 2011, 2013a), sustained
Fgf10 secretion by the stem cell niche, in response to chronic
llk/Hippo inactivation (i.e., chronic nuclear Yap), results in path-
ological airway remodeling. Finally, our studies support the
therapeutic targeting of the Hippo/Fgf10/Fgfr2b signaling axis
in chronic lung disease.
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Cat# 112-166-003; RRID: AB_2338253
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Cat# 715-546-150; RRID: AB_2340849

Cat# 705-546-147; RRID: AB_2340430

Cat# 705-606-147; RRID: AB_2340438
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Alexa Fluor 488 AffiniPure F(ab’): Fragment Donkey
Anti-Chicken IgY (IgG) (H+L)

Alexa Fluor 488 AffiniPure F(ab’). Fragment Donkey
Anti-Rabbit IgG (H+L)

Alexa Fluor 647 AffiniPure F(ab’). Fragment Donkey
Anti-Rabbit IgG (H+L)

Alexa Fluor 488 AffiniPure F(ab’). Fragment Donkey
Anti-Rat 1gG (H+L)

Cy3 AffiniPure F(ab’). Fragment Donkey

Anti-Rat I1gG (H+L)

Peroxidase AffiniPure F(ab’). Fragment Donkey
Anti-Goat IgG (H+L)

Peroxidase AffiniPure F(ab’). Fragment Donkey
Anti-Rabbit IgG (H+L)

Peroxidase AffiniPure F(ab’). Fragment Donkey
Anti-Mouse IgG (H+L)

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Cat# 703-546-155; RRID:

Cat# 711-546-152; RRID:

Cat# 711-606-152; RRID:

Cat# 712-546-150; RRID:

Cat# 712-166-150; RRID:

Cat# 705-036-147; RRID:

Cat# 711-036-152; RRID

Cat# 715-036-150; RRID:

AB_2340376

AB_2340619

AB_2340625

AB_2340685

AB_2340668

AB_2340392

: AB_2340590

AB_2340773

Chemicals, Peptides, and Recombinant Proteins

Sirius Red in saturated Picric acid Rowley Biochemical Institute Cat# F-357-2

Fast green FCF solution Fisher Scientific Cat# F99-10

X-gal Research Products International Cat# B71800

BrdU GE Healthcare Cat# RPN201

RNase A Roche Cat# 109169
Proteinase K solution Invitrogen Cat# 25530-049
Critical Commercial Assays

In Situ Cell Death Detection Kit, Fluorescein Roche Cat# 11 684 795 910

PCNA staining kit

Maxima First Strand cDNA Synthesis
Amersham anti-BrdU antibody kit
Tagman Gene Expression Assays

Zymed Laboratories Inc.
Thermo Fisher Scientific
GE healthcare

Applied Biosystems

Cat# 93-1143
Cat# FERK1642
Cat# RPN202
Cat# 4369016

Experimental Models: Organisms/Strains

Tet-Dkk1
Tet-Fgf10
Rosa26-rtTa
Scgb1ai-Cre
Fgfrab™

Foft oLacz
Sox2-CreERT2
Rosa26R-Confetti
Scgblail-CreER
Rosa26R-LSL-rtTa
Rosa26-mTmG
Wnt7b™
Acta2-CreERT2
Krt5-CreERT2

Ya pf/f
1K™
Mst1/2"*

De Langhe Lab

Jeffrey Whitsett

De Langhe Lab

Thomas Mariani

Clive Dickson

Saverio Bellusci

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
Pierre Chambon

The Jackson Laboratory
Eric Olson

Reinhard Fassler

The Jackson Laboratory

(Volckaert et al., 2011)
Clark et al., 2001)
Volckaert et al., 2011)

De Moerlooze et al., 2000)

(
(
(Ji et al., 2006; Simon et al., 2006)
(
(

Kelly et al., 2001)
JAX 017593

JAX 017492

JAX 016225

JAX 005670

JAX 007676

JAX 008467
Wendling et al., 2009
JAX 018394

Xin et al., 2013
(Grashoff et al., 2003)
JAX 017635

Software and Algorithms

ImageJ

NIH

https://imagej.nih.gov/ij/
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SOURCE

IDENTIFIER

Other

B-glucuronidase (qPCR primer)
Scgb1ai (QPCR primer)

FoxJ1 (QPCR primer)

Keratin 5 (QPCR primer)

p63 (Trp63) (QPCR primer)
Muc5a/c (qPCR primer)
Col1a1 (qPCR primer)

Col3a1 (gPCR primer)

Wnt7b (QPCR primer)

Dkk1 (qPCR primer)

Life technologies
Life technologies
Life technologies
Life technologies
Life technologies
Life technologies
Life technologies
Life technologies
Life technologies
Life technologies

MmO00446953_m1
MmO00442046_m1
Mm00807215_m1
Mm01305291_g1
MmO00495788_m1
Mm01276718_m1
Mm00801666_g1
MmO01254476_m1
MmO00437358_m1
Mm00438422_m1

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stijn P. De
Langhe (sdelanghe@uabmc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All mice were bred and maintained in a pathogen-free environment with free access to food and water. Both male and female mice
were used for all experiments. Tet-Dkk1 (Volckaert et al., 2011), Tet-Fgf10 (Clark et al., 2001), Rosa26-rtTa (Volckaert et al., 2011),
Scgb1al-Cre (Ji et al., 2006; Simon et al., 2006), Fgfr2b™ (De Moerlooze et al., 2000), Fgf10-2Z (Kelly et al., 2001), lik”" (Grashoff
et al., 20083), Sox2-CreERT2 (JAX 017593), Rosa26R-Confetti (JAX 017492), Scgb1a1-CreER (JAX 016225), Rosa26R-LSL-rtTa (Bel-
teki et al., 2005), Rosa26-mTmG (JAX 007676), Mst1/2"F (JAX 017635), Wnt7b"" (Rajagopal et al., 2008), Acta2-CreERT2 (Wendling
et al., 2009), Krt5-CreERT2 (JAX 018394) and Yap™ (Xin et al., 2013) mice were previously described. All experiments were approved
by the National Jewish Health and University of Alabama at Birmingham Institutional Animal Care and Use Committee (IACUC). Naph-
thalene (Sigma-Aldrich) was dissolved in corn oil at 30 mg/ml and administered intraperitoneally at 8 weeks of age, with doses
adjusted to achieve a 95% decrease in the abundance of Scgb7a’ mRNA in total lung RNA of WT mice at 3 days after injection.
For tamoxifen induction, mice were placed on tamoxifen containing food (rodent diet with 400 mg/kg tamoxifen citrate; Harlan Teklad
TD.130860) at 6-8 weeks of age for 2 to 3 weeks and lungs were isolated 8-13 weeks later. For doxycycline induction: mice were
placed on doxycycline containing food (rodent diet with 625 mg/kg dox; Harlan Teklad TD.09761). Lungs from non tamoxifen treated
mice were isolated at 4-10 weeks of age.

METHODS DETAILS

B-gal Staining

Fgf10-°Z lungs were dissected and fixed in 4% formalin in PBS at room temperature for 5 minutes and rinsed in PBS. For staining,
X-Gal (Research Products International, B71800) was dissolved in Dimethylformamide and freshly added to LacZ staining solution
(5mM Potassium hexacyanoferrate(lll), 5mM Potassium hexacyanoferrate(ll) trinydrate, 2mM MgCl,, 81mM Na,HPO, and 20mM
NaH,PO,) at a final concentration of 1mg/ml. Lungs were inflated with freshly prepared LacZ staining/X-gal solution and stained over-
night at 37°C in the dark with gentle agitation. After rinsing with PBS, lungs were postfixed in 4% formalin in PBS at room temperature
overnight. For microtome sections, after 4% formalin fixation, lungs were washed in PBS, dehydrated, and paraffin embedded.

Picro-Sirius/Fast Green FCF Staining

5 um paraffin sections were stained for collagen as follows. In brief, after deparaffinization, slides were rehydrated through a series of
decreasing ethanol concentrations. Slides were then incubated in Sirius red/Fast green FCF solution (0.1% Fast green FCF (F99-10;
Fisher) dissolved in 0.1 % Sirius Red in saturated Picric acid (F-357-2; Rowley Biochemical Institute)) for 1 h. After incubation, slides
were washed in 0.01 N Hydrochloric Acid for 2 min, rinsed in dH20, dehydrated, cleared in toluene and mounted.

Immunohistochemistry and Fluorescence

All staining was done on paraffin sections of formalin-fixed lungs or tracheas. Immunofluorescent staining was performed with the
following primary antibodies: mouse anti—B-tubulin (1:500; 3F3-G2; Seven Hills Bioreagents), goat anti-Scgb1a1 (1:200; clone
T-18; sc-9772; Santa Cruz Biotechnology Inc.), rabbit anti-Scgb1ail (1:500; WRAB-CCSP; Seven Hills Bioreagents), rabbit anti-
beta-galactosidase (1:500; 100-4136; Rockland Immunochemicals Inc), rabbit anti-Fgfr2 (Bek) (1:500; clone C-17; sc-122; Santa
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Cruz Biotechnology Inc.), mouse anti-a-Actin (1:500; clone 1A4; sc-32251; Santa Cruz Biotechnology Inc.), chicken anti-GFP (1:250;
GFP-1020; Aves Labs Inc.), rabbit anti-Keratin 5 (1:200; clone EP1601Y; MA5-14473, Thermo Fisher Scientific), rabbit anti-FGF10
(1:1000; AP14882PU-N; Acris) (1:1000, ABN44, Millipore), rabbit anti-p63 (AN) (1:500; clone poly6190, 619002; BioLegend), rabbit
anti-ILK (1:50; 3862S; Cell Signaling Technology Inc.), mouse anti-p63 (1:200; clone 4A4; CM163B; Biocare Medical), rabbit anti-
phospho-Mst1/2 (1:250; 3681S; Cell Signaling), goat anti-p-SMAD2/3 (Ser423/425) (1:100; sc-11769; Santa Cruz Biotechnology
Inc.), rabbit anti-RFP (1:200; 600-401-379; Rockland Immunochemicals Inc), rabbit anti-Sftpc (1:200; WRAB-9337; Seven hills
bioreagents), rabbit anti-YAP (1:50; 4912S; Cell Signaling Technology Inc.), mouse anti-Yap (1:100; clone 63.7; sc-101199; Santa
Cruz Biotechnology Inc.), rabbit anti-DKK1 (1:200; clone H-120; sc-25516; Santa Cruz Biotechnology Inc.), mouse anti-E-Cadherin
(1:200; 610181; BD Transduction Laboratories), goat anti-Wnt7b (1:25; AF3460; R&D systems), rabbit anti-Merlin (Nf2) (1:250; clone
A-19; sc-331; Santa Cruz Biotechnology Inc.), rabbit anti-Mst1/2 (1:200; ab87322; Abcam), mouse anti-PCNA (PCNA staining kit;
93-1143; Zymed Laboratories Inc.). After deparaffinization, slides were rehydrated through a series of decreasing ethanol concen-
trations, antigen unmasked by either microwaving in citrate-based antigen unmasking solution (Vector Labs, H-3000) or by incu-
bating sections with proteinase K (7.5ug/ml) (Invitrogen, 25530-049) for 7 min at 37°C. Tissue sections were then washed in TBS
with 0.1% Tween-20 and blocked with 3% Bovine Serum Albumin (BSA), 0.4% Triton in TBS for 30 min at room temperature followed
by overnight incubation of primary antibodies diluted in 3% BSA, 0.1% Triton in TBS. The next day, slides were washed in TBS with
0.1% Tween-20 and incubated with secondary antibodies diluted in 3% BSA, 0.1% Triton in TBS for 3h at room temperature. All
fluorescent staining was performed with appropriate secondary antibodies from Jackson Immunoresearch, except for goat anti-
chicken FITC (1:200; F-1005; Aves Labs, Inc.). Slides were mounted using Vectashield with (Vector Labs, H-1200) or without
DAPI (Vector Labs, H-1000) depending on immunostaining.

In Situ Cell Death Detection (TUNEL Staining)

After deparaffinization, slides were rehydrated through a series of decreasing ethanol concentrations and permeabilized using 0.5%
Triton X-100 in TBS for 8 minutes. TUNEL staining was performed according to the manufacturer’s instructions (In Situ Cell Death
Detection Kit, Fluorescein; 11 684 795 910; Roche). After completion of TUNEL staining, slides were subjected to immunofluores-
cence staining using goat anti-Scgb1al (1:100; clone T-18; sc-9772; Santa Cruz Biotechnology Inc.). Slides were mounted using
Vectashield with DAPI (Vector Labs, H-1200).

Proliferation

Mice were given intraperitoneal injections of 10 il BrdU (GE Healthcare; RPN201) per gram body weight 4 hours before sacrifice.
Lungs were fixed in 4% paraformaldehyde, dehydrated, and paraffin embedded. Sections were treated with monoclonal mouse
anti-BrdU (clone BU-1; RPN202; GE Healthcare) according to the manufacturer’s instructions. FITC-labeled anti-mouse secondary
antibodies were used (Jackson Immunoresearch). All slides were mounted using Vectashield with DAPI.

Western Blot

Left lobes of lung tissue were lysed in NP40 lysis buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 1% NP40, 10% Glycerol, supplemented
with protease and phosphatase inhibitors) and lysates were separated on a 4%-12% acrylimide gel and transferred to PVDF mem-
branes (Bio-Rad). Antibodies used for immunoblotting were: rabbit anti-GAPDH (1:3000; ab9485; Abcam), rabbit anti-FGF10 (1:1000;
AP14882PU-N; Acris) (1:1000, ABN44, Millipore), rabbit anti-FGFR2 (1:500; sc-122; Santa Cruz Biotechnology Inc.), rabbit anti-YAP
(1:500; Cell Signaling Technology Inc.), goat anti-WNT7B (1:500; AF3460; R&D systems), rabbit anti-p-MST1/MST2 (1:500; 3681s;
Cell Signaling Technology Inc.), and HRP-conjugated secondary antibodies (Jackson ImmunoResearch).

In Situ Hybridization

The whole-mount in situ hybridization protocol used was based on a previously described method (Winnier et al., 1995). Tracheas
were dissected and fixed in 4% formalin in PBS overnight. The next day, tracheas were rinsed in PBS and dehydrated to 100%
ethanol. Tracheas were then bleached in 4 parts ethanol, 1 part 30% hydrogen peroxide for 1h at room temperature. Tracheas
were sequentially washed in PBS containing 0.1% Tween-20 (PBST), treated with 1ml of 7.5ug/ml proteinase K (Invitrogen,
25530-049) in PBST for 5 min at room temperature, washed in PBST containing 2mg/ml glycine, washed in PBST, fixed in 4% form-
aldehyde/0.2% glutaraldehyde in PBS for 20 min at room temperature and washed in PBST. Tracheas were then placed in hybrid-
ization solution (prewarmed to 70°C) (50% deionized formamide, 5x SSC buffer, 0.05mg/mltRNA, 1% SDS and 0.05 mg/ml Heparin),
replaced with fresh hybridization solution and prehybridized at 70°C for 1h with gentle agitation. Tracheas were then hybridized in
probe/hybridization solution overnight at 70°C with gentle agitation. The next day, tracheas were washed in Solution | (50% deionized
formamide, 5x SSC buffer, 1% SDS) for 2x 30 min at 70°C. After solution | washes, tracheas were washed in 1:1 Solution I: Solution Il
(0.5M NaCl, 10mM Tris pH7.5, 0.1% Tween-20) for 10 min at 70°C, washed in Solution Il for 3x 5min at room temperature, 2x 30min in
100pg/ml RNAse A (Roche, 109169) in Solution Il at 37°C, 2x 30min in Solution 1l (50% formamide, 2X SSC) for 30min at 65°C and
washed with TBST/0.5mg/ml Levamisole. Tracheas were then blocked in blocking solution containing 2% Blocking Reagent
(11096176001, Sigma-Aldrich), 10% Heat inactivated Fetal Bovine Serum (HI-FBS) in TBST/0.5mg/ml Levamisole for 1h at room tem-
perature and then incubated with sheep Anti-Digoxigenin-AP, (1:2000, 11093274910, Sigma-Aldrich) in 1% Blocking Reagent, 1%
HI-FBS in TBST/0.5mg/ml Levamisole at 4°C overnight. Blocking Reagent was prepared by dissolving in Malic acid buffer (100mM
Maleic acid, 150mM NaCl, pH7.5). The next day, samples were washed 5-6 times with TBST/0.5mg/ml Levamisole and washed in the
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same solution overnight at 4°C. The following day, tracheas were washed with NTMT /Alkaline Phosphatase buffer (100mM NaCl,
100mM Tris pH9.5, 50mM MgCI, 0.1% Tween-20 and 0.5mg/ml Levamisole) 2x for 20min at room temperature. Tracheas were
then incubated in BM purple solution (11442074001, Sigma-Aldrich) at 37° degrees in the dark until the signal appears. Finally,
tracheas were washed in PBS, post-fixed in 4% formalin in PBS at room temperature. A 584-bp fragment of mouse Fgf10 cDNA
was used as template for the synthesis of digoxigenin (DIG)-labeled riboprobe (Bellusci et al., 1997) using DIG RNA labeling mix
(Roche, 11277073910).

Microscopy and Imaging

Tissue was imaged using a micrometer slide calibrated Zeiss Axioimager microscope using axiovision software, a Leica MZ16FA
stereomicroscope, a Zeiss LSM700 confocal microscope using ZEN imaging software as well as a Nikon A1R confocal with NIS-
elements software. Subepithelial collagen thickness was quantified on Picro-sirius red stained sections. Structural changes to the
airway were morphometrically analyzed as follows: the thickness of the bronchial epithelial layer, subepithelial fibrosis, smooth mus-
cle layer, and total wall was measured on H&E and picro-sirius red stained sections. A minimum of 5 bronchi, measuring 150-350 um
in luminal diameter, were analyzed per mouse (n>6). BSCs in trachea were quantified covering the entire length of the trachea from
cartilage ring 1 to 10 of each mouse using 10-20X magnification fields and was performed on the basis of nuclear staining with DAPI
(nuclei) and immunostaining for the BSC specific markers K5/p63 and expressed as the mean number of BSCs per 100 um of base-
ment membrane or per section. In the lung, cells were counted using at least 5-10 non-overlapping 10-20X magnification fields from
> 6 different lungs. Images were processed and analyzed using ImagedJ/Fiji (NIH) and Adobe Photoshop Creative Suite 3 (Adobe)
software. Immunostaining intensity was quantified after thresholding of pixel intensities.

Quantitative Real-Time PCR

Total RNA was extracted from lung accessory lobes using RNALater (Invitrogen, AM7021) and Total RNA Kit | (Omega Biotek, R6834-
02) according to the manufacturer’s instructions. RNA concentration was determined by spectrophotometry. cDNA was generated
using Maxima™ First Strand cDNA Synthesis (Fisher Scientific, FERK1642) according to the manufacturer’s instructions. Gene
expression was analyzed by quantitative RT-PCR using Tagman Gene Expression Assays (Applied Biosystems, 4369016) directed
against the mouse targets g-glucuronidase (Mm00446953_m1), Scgb1a1 (Mm00442046_m1), FoxJ1 (Mm00807215_m1), keratin 5
(K5) (Mm01305291_g1), p63 (Trp63) (MM00495788_m1), Mucb5a/c (Mm01276718_m1), Collal (MmO00801666_g1), Col3al
(MmO01254476_m1), Wnt7b (Mm00437358_m1), Dkk1 (MmO00438422_m1). Quantitative real-time PCR was performed using a
StepOne Plus system (Applied Biosystems). Data were presented as expression relative to the housekeeping gene
B-glucuronidase + standard error of mean (SEM). Each experiment was repeated with samples obtained from at least 3 different lungs
preparations.

QUANTIFICATION AND STATISTICAL ANALYSIS
All results are expressed as mean values + SEM. The ‘n’ represents biological replicates and can be found in the figure legends. The

significance of differences between 2 sample means was determined by unpaired two-tailed student’s t-test. P values less than 0.05
were considered statistically significant.
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Figure S1
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Figure S1. Related to Figure 1. Epithelial Hippo signaling controls Fgf10 expression in the stromal
tracheal niche.
(A) Immunostaining for GFP (green) and Keratin 5 (K5) (red) or Scgb1a1 (red) on tracheas from control and
Krt5-CreERT2;Fgfr2b™ mice.
(B) Immunostaining for B-tubulin (green), K5 (red) and Scgb1a1 (white) on tracheas from control and Sox2-
:Fgfr2b™ mice.
(C) TUNEL (red) together with Scgb1al (green) immunostaining on control and Sox2-Mst1/2"-Fgfr2b”
tracheas.
(D) Immunostaining for K5 (red) and Scgb1a1 (green) on control and Scgb1a1ER-Fgfr2b™ tracheas.
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(E) Immunostaining for B—galactosidase (f—gal) (red) and Scgb1a1 (green) on Fgf10-LacZ trachea showing
localization of Fgf10-expressing cells in the stromal niche (i.e. in between cartilage rings).

(F) Immunostaining for Fgf10 (red) and Scgb1a1 (green) on control, Scgb1a1-Mst1/2” Sox2-Mst1/2", Sox2-
Yap” and Sox2-Wnt7b" tracheas.

(G) Immunostaining for K5 (red) and Scgb1a1 (green) on Sox2-Yap” and Sox2-Yap-rtta”-Tet-Fgf10 tracheas.
(H) Whole-mount in situ hybridization for Fgf10 on control and Sox2-Yap™ tracheas.

(I)  Immunostaining for Wnt7b (red) on Sox2-Mst1/2", Scgb1a1-Mst1/2” control and Sox2-Yap” mice.

(J) Immunostaining for K5 (red) and Scgb1al (green) on control, Sox2-Wnt7b” and Scgb1a1-Wnt7b"
tracheas.

Krt5-CreERT2;Fgfr2b™ tracheas were collected 6 weeks after tamoxifen induction. Sox2-Mst1/2”, Sox2-
Wnt7b"™  Sox2-Mst1/2"-Fgfr2b”, Scgb1a1ER-Fgfr2b” tracheas were collected 8 weeks after tamoxifen
induction. Sox2-Fgfr2b” tracheas were collected 2 weeks after tamoxifen induction. Sox2-Yap” and Sox2-Yap-
rtta”-Tet-Fgf10 tracheas were collected 12 weeks after tamoxifen induction, after being placed on dox for 3
weeks starting 9 weeks after tamoxifen induction. Scale bars, 50 ym (A,B,D,G,I); 100um (C,E,F,J).



Figure S2
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Figure S2. Related to Figure 2. Verification of recombination efficiency of floxed alleles in Scgb7a1-
Mst1/2”, Sox2-Mst1/2"”, and Sox2-Mst1/2"-Fgfr2b” compound mutant non-cartilaginous airways.

(A,B) Immunostaining for Scgb1a1 (green) and Fgfr2b (red) or Scgb1a1 (green) and Mst1/2 (red) or Scgb1a1
(green) and Yap (red) on Scgbla1-Mst1/2" Sox2-Mst1/2" and Sox2-Mst1/2"-Fgfr2b” non-cartilaginous
airways showing efficient deletion of Fgfr2b and Mst1/2 as well as nuclear localization Yap after Mst1/2
ablation. Sox2-Mst1/2" and Sox2-Mst1/2"-Fgfr2b”™ lungs were harvested 2 months after tamoxifen
administration. Nuclei were stained with DAPI (blue). Scale bars, 100 um (A); 50 um (B).
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Figure S3. Related to Figures 2, 4 and 5. Fgf10 expression in the stromal niche is increased upon
inactivation of llk or Mst1/2 in non-cartilaginous airway epithelium.

(A) Immunostaining for SMA (green) and B-galactosidase (B—gal) (red) on Fgf10~*“*, Scgb1a1-lIk"-Fgf10°°,
Scgb1a1-Mst1/2"-Fgf10-°°* and Sox2-Mst1/2"-Fgf10-°*“ non-cartilaginous airways 2 months after tamoxifen
induction.

(B) Immunostaining for Fgf10 (red) and Scgb1al (green) on control, Scgb1a1-llk” Scgb1a1-Mst1/2" and
Scgb1a1-lk"-Wnt7b" non-cartilaginous airways.

(C) Immunostaining for Fgf10 (red) and Scgb1a1 (green) on control, Sox2-/lk”, Sox2-1lk”-Fgfr2b™ and Sox2-
lIK"-Yap™ non-cartilaginous airways 2 months after tamoxifen induction.

(D) Western blot analysis showing Fgf10 protein expression in control, Scgba1-Mst1/2" (Mst1/2 KO),
Scgb1at-llk” (Ilk KO) and Scgb1a1-llk"-Wnt7b™ (Ilk Wnt7b KO) lungs. Note the increased Fgf10 levels in Ilk
KO compared to Mst1/2 KO non-cartilaginous airways.

Scale bars, 100 um (A,B,C)



Figure S4
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Figure S4. Related to Figures 2-5. Whole lobe view showing airway remodeling in the different mouse
strains.

Picro-sirius red (collagen)/fast green staining and immunostaining on control, Scgb7a1-Mst1/2”, Sox2-Mst1/2",
Sox2-Mst1/2"-Fgfr2b”, Scgbiat-llk”, Scgblail-lik", Fgfr2b” Scgblail-lik":rtTa-Dkk1, Scgblal-rtTa”-Fgf10,
Sox2-1IK”, Sox2-1Ik"-Fgfr2b™ and Sox2-Ilk"-Yap” lungs.




Figure S5
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Figure S5. Related to Figure 3. Overexpression of Fgf10 in ASMCs recruits basal cells to the non-
cartilaginous conducting airways.

(A) Immunostaining for K5 (red) and Scgb1a1 (green) on non-cartilaginous airways of control and Acta2-rtTa"-
Tet-fgf10 mice which were put on tamoxifen food for a period of 3 weeks, followed by 10 weeks of doxycycline
induction.

(B) Immunostaining for Scgb1a1 (green) and p-SMAD2/3 (red) on control and Scgb1a-llk” non-cartilaginous
airways showing increased TGF-f3 signaling in the fibrotic tissue surrounding the airways.

Scale bars, 100 um (A,B)



Figure S6

LBLQ%OS

oW [ W-9ZEeso
VIIRSEE Ok

‘
7

—E CTRL
©
F _chb 1a1-llk"-Fgf10-c? Sggb 13 17I/kfff-Fgf1_0Laczfr}‘Ta-Dkk1
: ::'y.- : o Sl A .
Ui ~<: - ¢ Per ;
g - < f:“" : e > .
- < 5 “ o N £
S “
LE) . ; ll»’;f'
1\,- >
35 TN

Figure S6. Related to Figures 2, 3 and 5. Basal cell accumulation in non-cartilaginous airways after
secretory cell-specific Ilk ablation does not occur through secretory cell dedifferentation.

(A) Immunostaining on a Scgb7a1ER-Ilk"-Rosa26-mTmG non-cartilaginous airway for Keratin 5 (K5) and GFP
(green) or RFP (red), GFP (green) and p63 (blue) 2 months after tamoxifen induction. White arrowheads
indicate RFP* GFP" BSCs and are therefore not derived from secretory cells.

(B) Immunostaining on a Scgb1a1ER-IIk"-Rosa26-mTmG non-cartilaginous airway for RFP (red), GFP (green)
and p63 (blue) 2 months after tamoxifen induction.

(C) Immunostaining on a Sox2-CreERT2-Rosa26-mTmG non-cartilaginous airway for RFP (red), GFP (green)
and E-Cadherin (white) 2 months after tamoxifen induction.

(D) Immunostaining on a Scgb1a-llk"-Rosa26-mTmG non-cartilaginous airway for GFP (green) and RFP
(red) showing that subepithelial fibrotic myofibroblasts are not derived from secretory cells.
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(E) Immunostaining for the proliferation marker BrdU (green) together with Scgb1a1 (red) or K5 (red) on BrdU
labeled control and Scgb7a1-llk” non-cartilaginous airways.

(F) B-gal (arrowheads) and eosin staining of Scgbta?-llk"-Fgf10-** and Scgb1a1-llk"-Fgf10-*“*-rtTa-Dkk1
non-cartilaginous airways showing that Dkk7 overexpression inhibits Fgf10 expression in ASMCs upon
deletion of Ik in secretory cells.

Nuclei were stained with DAPI (blue) in (A, C, D, E). Scale bars, 50 um (A), 10 um (B), 100 um (C,D,E,F).



Figure S7

Figure S7. Related to Figures 2-5. Verification of recombination efficiency of floxed alleles in Ilk-
deficient non-cartilaginous airway epithelium and the different rescue models.

(A) Immunostaining for Scgb1a1 (green) together with ILK or Yap or Fgfr2b (red) on non-cartilaginous airways
of control, Scgbtal-llk”, Scgb1al-llk"-Fgfr2b”™ and Scgb1a1-lIk”:rtTa-Dkk1 mice (upper panels) and control,
Sox2-1IK" Sox2-IIk"-Fgfr2b™ and Sox2-1lk”-Yap”™ mice harvested 2 months after tamoxifen induction (lower
panels).

(B) Immunostaining for Scgb1a1 (green) together with ILK or Yap or Wnt7b (red) on control, Scgb1a1-llk” and
Scgb1a1-lIk"-Wnt7b™ non-cartilaginous airways.

Nuclei were stained with DAPI (blue). Scale bar 100 ym.
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Table S1. Related to Figure 6. COPD sample information. All COPD samples were obtained from lung
transplant patients. Py, pack year: Number of pack-years = (packs smoked per day) x (years as a smoker).

Patient info Therapy

Patient 1 Smoker, stopped 2009 Spiriva  1x1, Seretide DA 50/500 2x1,

Berodual, Berdualos Inhalation 3x/day,
Gold stage IV COPD Theospirex 300mg; Furosemid, Spiron,
Normodipine 2,5mg, Medrol 4mg

O2-Therapy

Patient 2 Smoker, 32py Symbicort forte 2 x 1 Hb, Respicur ret. 300mg
in the evening, Berodual bis 3x2 puffs,
Gold stage IV COPD Nomexor 5mg %2 Tabl, Spiriva 18ug.

O2-Therapy
Patient 3 Smoker, 30py Spiriva 18ug, Foster DA, Berodual bis max 8
Gold stage IV COPD puffs, Respicur 400mg.

O2-Therapy

Patient 4 Never smoked (inhalative gas- | Spiriva 18ug, Seretide Diskurs Forte 50/500 1-
exposition in a shoe-factory for about 20 | 0-1, Berotec DA 4x2 Hb; in case of shortness

years) of breath: Unifyl 1x1 and Aprednisolon 25mg.
Gold stage IV COPD 0O2-Therapy
Patient 5 Smoker, 50py Spiriva Respimat 2-0-0, Seretide standard DA

+ Volumatik 2-0-2, Berodual DA if needed,
Daxas 500mg.

O2- Therapy

Gold stage IV COPD

Patient 6 Smoker Spiriva Capsule. + Inhalation. 1-0-0, Seretide

standard Discus with Volumatik 1-0-1,
Gold stage IV COPD Combivent DA + Spacer if needed,
Aprednisolon 5mg Yz or Va.

O2- Therapy
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SUMMARY

Idiopathic pulmonary fibrosis is a common form of interstitial lung disease resulting in alveolar remodeling and progressive loss of
pulmonary function because of chronic alveolar injury and failure to regenerate the respiratory epithelium. Histologically, fibrotic lesions
and honeycomb structures expressing atypical proximal airway epithelial markers replace alveolar structures, the latter normally lined by
alveolar type 1 (AT1) and AT2 cells. Bronchial epithelial stem cells (BESCs) can give rise to AT2 and AT1 cells or honeycomb cysts following
bleomycin-mediated lung injury. However, little is known about what controls this binary decision or whether this decision can be
reversed. Here we report that inactivation of Fgfr2b in BESCs impairs their contribution to both alveolar epithelial regeneration and
honeycomb cysts after bleomycin injury. By contrast overexpression of Fgf10 in BESCs enhances fibrosis resolution by favoring the
more desirable outcome of alveolar epithelial regeneration over the development of pathologic honeycomb cysts.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a common form of
interstitial lung disease resulting in alveolar remodeling
and progressive loss of pulmonary function, respiratory
failure, and death, often within 5 years of diagnosis (King
et al., 2011; Steele and Schwartz, 2013). IPF pathogenesis
encompasses fibrotic remodeling, inflammation, and loss
of lung architecture (Barkauskas and Noble, 2014).
Although the underlying causes of IPF remain elusive,
genetic, and experimental evidence support the concept
that chronic alveolar injury and failure to properly repair
the respiratory epithelium represent key pathogenic mech-
anisms (Camelo et al., 2014; Thannickal et al., 2004; Yang
et al., 2013). Histologically, respiratory epithelial cells of
the lung parenchyma express atypical proximal airway
epithelial and indeterminate cell-type markers (Plantier
etal., 2011; Seibold et al., 2013), including goblet and basal
cell (BC) characteristics that are normally restricted to
conducting airways. Fibrotic lesions and bronchiolized or
honeycomb structures replace alveolar structures, the latter
normally lined by alveolar type 1 (AT1) and AT2 cells.
Genome-wide transcriptome analyses of lung tissue and
isolated epithelial cells from IPF patients demonstrate dra-
matic changes in ciliated, basal, and goblet cell-associated

Stem Cell Reports | Vol. 12 | 1041-1055 | May 14,2019 | © 2019 The Authors.
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gene expression and loss of normal alveolar epithelial cells,
reflecting profound changes in epithelial cell differentia-
tion and function in IPF (Kropski et al., 2015; Seibold
et al., 2013; Xu et al., 2016).

It is now generally accepted that insults to the alveolar
epithelium, resulting in a loss of AT2 stem cells or mutations
in alveolar epithelial cells that either impair their self-
renewal and/or impair their differentiation into AT1 cells,
can serve as a trigger of pulmonary fibrosis (Barkauskas and
Noble, 2014). However, functional abnormalities in bron-
chiolar epithelial cells (and not just alveolar epithelial cells)
can predispose patients to development of IPE. A gain-of-
function mutation in mucin 5B (MUCS5B), which is specif-
ically expressed by club, mucous, and goblet cells (Evans
et al., 2004; Ostedgaard et al., 2017; Roy et al., 2011, 2014),
and which results in a 30-fold increase in MUC5B expression,
is associated with increased risk of both familial and sporadic
IPF (Seibold et al., 2011; Zhang et al., 2011). Overexpression
of Muc5b also causes mucociliary dysfunction and enhances
lung fibrosis in mice (Hancock et al., 2018). The precise
mechanism by which this genetic variant leads to fibrosis
is unknown, but one possibility is that trapped harmful
agents cause damage to this stem cell population and there-
fore affect bronchial epithelial-mediated alveolar epithelial
regeneration (Li et al., 2012; Roy et al., 2014).
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Several studies have shown that subsets of SCGB1A1*
bronchial epithelial club cells can give rise to AT1 and
AT2 cells following bleomycin-mediated lung injury, yet
these findings remain somewhat controversial in the field
largely because of the reliance on single CreER(T2) lines
(Barkauskas et al., 2013; Guha et al.,, 2017; Kim et al.,
2005; Kumar et al.,, 2011; Lee et al., 2014; McQualter
et al., 2010; Rock et al., 2011; Zheng et al., 2012, 2013).
In the mouse bleomycin model, ~50% of new AT2 cells
which appear after bleomycin injury are thought to be
derived from subsets of bronchial epithelial cells, whereas
~40% are thought to be derived from pre-existing AT2 cells
(Barkauskas et al., 2013). However, the contribution of each
stem cell population largely depends on the severity of the
injury. p63*/Scgb1al*/Sox2* bronchial epithelial stem cell
(BESCs) have been shown to invade the lung parenchyma
after severe influenza-mediated lung injury and give rise
to neo-BCs in response to HIF1a-mediated Notch signaling,
or AT2 cells in response to increased B-catenin signaling
(Kumar et al., 2011; Ray et al.,, 2016; Vaughan et al.,
2015; Xi et al., 2017; Yang et al., 2018; Zuo et al., 2015).
Whether these cells respond in a similar fashion to other
types of injury such as bleomycin injury has not yet been
investigated. BESCs are thought to be a reserve stem cell
population that helps in regeneration of the alveolar
epithelium when most AT2 stem cells have been ex-
hausted. However, in IPF it appears that this backup repair
mechanism is severely impaired, resulting instead in the
development of bronchiolized regions in the lung paren-
chyma lined with BCs that are referred to as “honeycomb
cysts.”

We have previously shown that FGFR2B signaling is
required for tracheal BC maintenance and that Fgf10
overexpression can induce p63 (BC marker) and SFTPC
(AT2 cell marker) expression in club cells (Balasooriya
et al., 2017; Volckaert et al., 2013, 2017). Importantly,
FGF10 levels are reduced in lungs from aged mice before
and after injury as well as in IPF subjects with progressive
compared with stable disease (Chanda et al., 2016). In
addition, we previously demonstrated that Fgf10-ex-
pressing lipofibroblasts (LIFs), which form the AT2 stem
cell niche, differentiate into myofibroblasts upon bleo-
mycin injury (El Agha et al., 2017). In the present study,
we demonstrate that FGF10-FGFR2B signaling also
actively maintains AT2 stem cells. We now demonstrate,
using single-cell RNA sequencing (RNA-seq), that these
Fgf10-expressing fibroblasts downregulate Fgf10 expres-
sion upon injury. Furthermore, we show that loss of
FGF10-FGFR2B signaling in bronchial epithelial cells
impairs the generation of both neo-BCs and alveolar
epithelial (AT1 and AT2) cells after bleomycin injury.
By contrast, Fgf10 overexpression in bronchial epithelial
cells promotes their differentiation along the AT2 lineage
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rather than the BC lineage after injury. Taken together,
our findings suggest that reduced levels of Fgf10 compro-
mise alveolar epithelial regeneration by BESCs and we
demonstrate that exogenous FGF10 can promote the dif-
ferentiation of BESCs along more desirable reparative
alveolar epithelial lineages.

RESULTS

FGF10-FGFR2B Signaling Is Required for Maintaining
AT2 Cells

We have recently shown that FGF10-FGFR2B signaling
drives BC development and is also required for adult BC
maintenance (Volckaert et al., 2013, 2017). However,
BCs are not the only stem cell population that depends
on an Fgfl0-expressing niche in the adult lung. In the
adult lung, every AT2 cell sits adjacent to an Fgf10-
expressing LIF, which forms the AT2 stem cell niche (Fig-
ures 1A and 1B). However, these Fgf10-expressing AT2
niche cells differentiate into myofibroblasts upon bleo-
mycin injury (Figures 1C and 1D) (El Agha et al., 2017).
Interestingly, while lung FGF10 levels increase after bleo-
mycin injury, it is unclear whether this increase is caused
by an increase in the number of Fgfl10-expressing fibro-
blasts or whether individual fibroblasts express more
Fgf10. To investigate this question, we reanalyzed single-
cell RNA-seq data on isolated EPCAM ™ CD31 CD45" stro-
mal cells from uninjured or injured «SMA-GFP;Tbx4-
Cre;Rosa26-tdTomato lungs 3 weeks after bleomycin
treatment (Xie et al., 2018). We found that individual
Fgf10-expressing stromal cells expressed lower levels of
Fgf10 in injured compared with uninjured lungs (Fig-
ure 1E), but that the total number of Fgf10-expressing fi-
broblasts increased after injury. Interestingly, haploinsuf-
ficiency for FGF10 has been linked to the development of
emphysema in humans (Klar et al., 2011) suggesting that
tonic FGF10 signaling may not only be required for BCs
but also for AT2 cell maintenance. As each AT2 cell is
closely juxtaposed to an Fgf10-expressing LIF (Figures 1A
and 1B), we hypothesized that AT2 stem cells require
high local levels of FGF10 for their maintenance.

To investigate this we inactivated the FGF10 receptor,
Fgfi2b, in mature AT2 cells of adult Sftpc“"“™8"2;Fgfr2b/;
mTmG mice and found that this resulted in a nearly com-
plete loss of AT2 cells (Figure 1F) and have a reduced
capacity to regenerate alveolar epithelium after bleomycin
injury (Figure 1G) (note that Cre activity before and
after tamoxifen treatment of all the different mouse lines
used in this manuscript is documented in Figures S1 and
S2). In conclusion, our data demonstrate that FGFR2B
signaling is required to actively maintain AT2 and BCs
during adult life.
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FGF10-FGFR2B Signaling in Bronchial Epithelium
Generates Neo-Basal and Alveolar Epithelial Cells after
Bleomycin Injury

We recently reported that overexpression of Fgf10 is suffi-
cient to induce the expression of basal and AT2 cell markers
in club cells (Volckaert et al., 2017). The dependence of
both BCs and AT2 cells on FGF10-FGFR2B signaling raises
the question of whether different levels of FGF10-FGFR2B
signaling in bronchial epithelial cells may be required for
alveolar epithelial regeneration versus BC expansion that
leads to distal bronchiolization and generation of honey-
comb cysts after bleomycin injury. To investigate this, we
inactivated Fgfi2b in all bronchial epithelial cells using
Sox2¢TERTZ, e fi2b"l mice or in club cells specifically using
Scgb1a1“™ERT2; Fofi2b”f mice while simultaneously lineage
tracing them with an mTmG or Confetti reporter. Our
data suggest that both alveolar epithelial regeneration
and the generation of neo-BCs at sites of injury is impaired
in these mice (Figures 2A, 2C-2L, and S3A-S3E). This inca-
pacity of BESCs to invade the lung parenchyma after bleo-
mycin injury resulted in large holes near the BAD] of
injured mutant lungs (Figure S3E). Inactivation of Fgf10

Figure 1. Fgf10-Fgfr2b Signaling Is
Required for AT2 Stem Cell Maintenance
(A) B-Gal (blue) and oil red (LIF marker)
staining on frozen sections of 3-month-old
Fgf10"°“lungs shows that LIFs express Fgf10.
(B) PB-Gal (blue) and immunostaining
for SFTPC (brown) on paraffin sections of
3-month-old Fgf10"*? lungs shows LIFs
located adjacent to AT2 cells.

(C and D) B-Gal and eosin staining on
Fgf10" lungs 21 days after saline (C) and
bleomycin treatment (D). Insetin (D) shows
coimmunostaining for «-SMA (MYF marker)
and B-gal (FGF10), demonstrating that LIFs
transdifferentiate into MYFs after bleomycin
injury.

(E) Single-cell RNA-seq analysis on GFPY,
EPCAM™, (D45, TER119™ sorted fibroblasts
isolated from Thx4“*F2;mTmG mice show
fewer LIFs expressing higher levels of Fgf10
in noninjured lungs compared with lungs
3 weeks after bleomycin injury.

(F) Immunostaining for GFP and SFTPC
(AT2  cell) on Sftpc"™*ZmImG  and
Sftpc R, Fafrob” :mTmG lungs 4 weeks
after being placed on tamoxifen chow.

(G) Immunostaining for GFP (AT2 cell and
descendant) on  Sftpc“**F%mImG  and
Sftpc R, Fafrob” :mTmG lungs 6 weeks
after bleomycin treatment.

Scale bars, 10 um (A), 100 um (C), 50 um, and
(F) 500 pm (G).
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in the stromal niche, airway smooth muscle cells (ASMCs)
and myofibroblasts, using Acta2“"®*"2;Fgf10”" mice, also
blocks the generation of neo-BCs at the site of injury
(Figures 24, 2C, 2], and 2K). Furthermore, we find a signif-
icant reduction in lung compliance 5-6 weeks after
bleomycin injury in both Scgblal“"*R'%Fefi2b” and
Acta2“"**R12;pef10” mice compared with control litter-
mates (Figures 21, 2M, and S3E), indicating an impaired res-
olution of pulmonary fibrosis.

To verify that bronchial epithelial cells give rise to bona
fide BCs and alveolar epithelial cells we performed single-
cell transcriptome analysis on lineage-traced GFP*, Toma-
to, CD45", and TER119" isolated cells from uninjured
and bleomycin injured Sox2“"*}"ZmTmG lungs, which
were treated with tamoxifen food for 3 weeks followed by
a 2-month washout period. We identified GFP* tuftt, hill-
ock, ionocyte, club, goblet, neuroendocrine, UPK3a, and
ciliated cells in both uninjured and injured lungs, yet only
found basal, AT2 and AT1 cells in injured Sox2“ER"2, i TmG
lungs (Figure 3). A heatmap for gene expression levels of the
latter three cell types clearly shows segregation and enrich-
ment for classical basal, AT2, and AT1 cell markers in each
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population, indicating that bronchial epithelial cells give
rise to bona fide basal, AT2, and AT1 cells after bleomycin
injury. Intriguingly, we found that AT2 cells express higher
levels of Fgfr2 than BCs suggesting a stronger dependence
on FGF10 signaling. Unexpectedly, injured lungs also
featured a distinct de novo previously undescribed ciliated
cell population, which was Gfp*, Sox2*, Foxj1*, but Epcam™
and E-cadherin~ (Cdhl). Together, our data demonstrate
for the first time, to our knowledge, the crucial contribution
of BESC:s to alveolar epithelial regeneration and the resolu-
tion of pulmonary fibrosis after bleomycin injury, suggest-
ing that BESCs may not merely be considered as a reserve
stem cell population.

Overexpression of Fgf10 in Bronchial Epithelium
Promotes the Generation of AT2 Cells over BCs

As our data suggest that FGF10-FGFR2B signaling is
involved in BC generation and bronchiolization, as well
as in alveolar epithelial regeneration, we questioned if the
fate decision to either BCs or AT2 cells might depend on
FGF10-FGFR2B signal strength. To investigate whether
increased FGF10 signaling specifically in bronchial epithe-
lial cells but not AT2 cells, promotes alveolar epithelial
regeneration instead of bronchiolization, we generated
Sox2C"*ERTZ, Rosa26-LSL-rtTA; Tet-Fgf10 mice, in which we
can inducibly overexpress Fgf10 specifically in bronchial
epithelial cells and their descendants by placing mice on
doxycycline chow. We found that overexpressing Fgf10 in
BESCs for 3 weeks starting 2 weeks after bleomycin injury
pushed BESCs along the AT2 cell lineage (Figure 4A) result-

ing in a significant reduction in neo-BCs (Figure 4D). We
further hypothesized that these new AT2 cells would differ-
entiate into AT1 cells once Fgf10 induction is terminated.
To investigate this, we overexpressed Fgf10 in BESCs for
3 weeks starting 2 weeks after bleomycin injury and har-
vested the lungs 1 week after Fgf10 induction was stopped
(i.e., 6 weeks after bleomycin injury). Our findings indeed
showed that bronchial epithelial cells acquire an AT2 fate
as long as Fgf10 is overexpressed (Figure 4A). However,
once Fgf10 expression was stopped, some of the new AT2
cells spontaneously differentiated into AT1 cells (Figure 4B).
Thus, our data highlight the importance of a strict tempo-
rally regulated regimen of Fgf10 induction and suggest that
FGF10 could be exploited as a novel therapeutic approach
to promote alveolar epithelial regeneration in IPF patients
by quickly and transiently boosting their endogenous
stem cell population. Interestingly, our findings also sug-
gest that overexpression of Fgf10 results in a decrease in
collagen deposition as measured by hydroxyproline levels
(Figure 4C), and a significant reduction in neo-BCs (Fig-
ure 4D). These data are consistent with the idea that fibrosis
is a wound-healing response that occurs when epithelial
stem cells are exhausted.

Neo-BCs Exhibit Indeterminate States of
Differentiation

Our findings suggest that FGF10-FGFR2B signaling in distal
airway SCGB1A1" cells drives both alveolar epithelial
regeneration and bronchiolization following bleomycin
injury. These findings further suggest the possibility that

Figure 2. Distal Bronchial Epithelial Cells Reprogram into Neo-BCs and AT1/2 Cells upon Bleomycin Injury in Response to

Fgf10-Fgfr2b Signaling
(A) Experimental strategy of (C, J, and K).

(B) Western blotting for FGF10 on wild-type (wt) saline-treated lungs and wt lungs 3 and 6 weeks after bleomycin injury.
(C) Immunostaining on ctrl, Sox2-Fgfr2b”%, and Acta2-Fgf10”' lungs for SCGB1A1 (green) and keratin 5 (K5) (red) at 3 weeks after

bleomycin injury.

(D) Immunostaining on Sox2-mTmG and Sox2-Fgfr2b”"-mTmG lungs for SFTPC (white), RAGE (red), and GFP (green) at 6 weeks after

bleomycin injury.
(E) Experimental strategy of (D and F-H).

(F) Immunostaining on Scgb1a1ER-Confetti lung for K5 (red), SCGB1A1 (white), or K14 (red), p63 (white), and G/Y/CFP (green) at 6 weeks
after bleomycin injury. White arrowheads show K14, p63, and G/Y/CFP triple-positive cells, indicating the dedifferentiation of distal
airway club cells into neo-BCs.

(G) Immunostaining on ScgblalER-Fgfr2bf/f-Confetti lung for ScgblalER-Confetti lung for K5 (red), SCGB1A1 (white), and G/Y/CFP
(green), showing no basal cells near injury.

(H) Immunostaining on Scgb1alER-Confetti and Scgb1alER-Fgfr2bf/f-Confetti lungs for SFTPC (red), or RAGE (red) and RFP (white) and G/
Y/CFP (green) (RFP and G/Y/CFP label the four different confetti clone cells) at 6 weeks after bleomycin injury.

(I) Flexivent pulmonary function analysis (static compliance) on ctrl and Scgb1a1ER-Fgfr2b”* lungs 6 weeks after bleomycin injury.

(J) Relative mRNA levels of K5 and p63 in ctrl, Sox2-Fgfr2b”*, and Acta2-Fgf107f lungs 3 and 6 weeks after bleomycin injury.

(K) Quantification of BC numbers in ctrl, Sox2-Fgfr2b”*, and Acta2-Fgf10” lungs at 3 weeks after bleomycin injury.

(L) gPCR of relative mRNA levels of K5 and p63 in ctrl and Scgb1a1ER-Fgfr2b”* lungs 6 weeks after bleomycin injury.

(M) Flexivent pulmonary function analysis (static compliance) on ctrl and Acta2*tF"2-Fqfr107* lungs 5 weeks after bleomycin injury.
Nuclei were stained with DAPI (blue).

**p<0.01, *p<0.05; n > 14; error bars mean + SEM. Scale bars, 100 pm (C and H), 200 um (F, left and G), 20 um (F, right), 250 um (D).
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Figure 3. Single-Cell RNA-Seq Analysis of
Lineage-Traced Sox2“***"%;mTmG Cells 6
Weeks after Saline or Bleomycin Treatment
t-SNE plots show neuroendocrine cells, cili-
ated cells, hillock cells, tuft cells, ionocytes
(10), distal and proximal club cells, goblet
cells, UPK3A cells, AT2, AT1, and BCs. Heat-
maps show differential gene expression
between the different subpopulations and/or
AT1, AT2, and neo-BCs specifically high-
lighting cell-type signatures among both
injured and uninjured lungs.
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differentiation observed in IPF also
occur in mice after bleomycin injury
(Figures 4E—4H and S4C).

It could be argued that these neo-
BCs are derived from (broncho-alve-
olar stem cells [BASCs]) (Kim et al.,
2005), which are club cells that
co-express SCGB1A1* and SFTPC*.
To explore this possibility we line-
age-labeled AT2 cells and BASCs
using an Sftpc“™F*TZ,mTmG mouse
line. We found that labeling the
BASCs required high doses of tamox-
ifen, likely because Sftpc expression
is lower in these cells than in AT2
cells. With lower doses of tamoxifen
administration only AT2 cells were

some bronchial epithelial cells may initially, transiently
reprogram into neo-BCs before giving rise to alveolar
epithelial cells. Interestingly, recent single-cell transcrip-
tome analyses show that individual epithelial cells within
bronchiolized honeycomb regions of IPF lungs frequently
co-express AT1, AT2, basal, and other conducting airway
selective markers, and even mesenchymal or epithelial-
mesenchymal transition (EMT) markers, demonstrating
“indeterminate” states of differentiation not seen during
normal lung development or homeostasis (Gokey et al.,
2018; Xu et al., 2016). Our data also suggest that some of
the neo-BCs in bronchiolized regions in IPF or mouse lungs
after bleomycin injury co-express basal (p63), and AT2 cell
(SFTPC) markers or mesenchymal (alpha smooth muscle
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labeled (Figures S4A and S4B). Inter-
estingly, we found that, when only
AT2 cells were labeled before bleomy-
cin injury, none of the neo-BCs that
arose after injury were GFP* (Fig-
ure S4A). However, when BASCs
were labeled before injury neo-BCs were also lineage
labeled (Figures 4I and 4]). Note that the lineage-labeled
cells are SCGB1A1* and K5™.

Our data further suggest that some neo-BCs that appear
after bleomycin injury transiently express the mesen-
chymal marker a-SMA (Figure 4H) approximately 2 weeks
after injury. This is indicative of a partial EMT-like migra-
tory phenotype, and is remarkably similar to myoepithe-
lial cells, a stem cell population located in the submucosal
glands (Anderson et al., 2017; Lynch et al., 2016; Volck-
aert and De Langhe, 2014), which also co-express BC
(KS, p63) and mesenchymal markers (a-SMA) (Lynch
etal., 2018; Tata et al., 2018). Interestingly, we previously
reported how FGF10-FGFR2B signaling induces a partial
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Figure 4. Overexpression of Fgf10 in Bronchial Epithelial Cells after Bleomycin Injury Promotes AT2 Cell Differentiation

(A and B) Coimmunostaining for RAGE (AT1 cell) and/or SFTPC (AT2 cell) on Sox2“* %™, S1-rtTa; Tet-Fgf10 lungs that received intratracheal
bleomycin at 2 months of age and were placed on doxycycline-containing chow 2 weeks after bleomycin injury for 3 weeks and were
harvested either at 5 (A) or 6 (B) weeks after injury.

(C) Hydroxyproline measurements for collagen content in ctrl and Sox2CreERT2; LSL-rtTa;Tet-Fgf10 mice 6 weeks after bleomycin
injury (n > 15).

(D) Relative mRNA levels of K5, p63 in ctrl and Sox2“°R";1S1-rtTa;Tet-Fgf10 mice 6 weeks after bleomycin injury (n > 15).

(E-J) Coimmunostaining for SFTPC (green) and p63 (red) (E and F) or @-SMA (green) and K5 (red) and (G and H) on honeycomb
regions in lungs from IPF patients and mouse lungs 18 days after bleomycin injury. White arrowheads (E and F) show SFTPC and p63
double-positive cells. (I and J) Immunostaining on Sftpc*cF"2;mTmG lungs for SCGB1A1 (red) or K5 (red) and GFP (green) at 3 weeks
after bleomycin injury. Nuclei were stained with DAPI (blue). White arrowheads (H) show o-SMA (green) and K5 (red) double-

positive cells.

*p < 0.05; n > 14; error bars mean + SEM. Scale bars, 500 um (A and B), 100 pm (G and H), and 50 um (E, F, I, and J).

EMT-like phenotype in a subset of club cells that drive
airway epithelial regeneration after naphthalene injury
(Volckaert et al., 2011). While single-cell transcriptomics
has identified a population of indeterminate epithelial
cells with mesenchymal traits in IPF lungs (Xu et al.,
2016), we have not yet been able to visualize K5*
a-SMA™* double-positive cells in IPF lungs (Figure 4G).
This suggests the possible transient nature of these
“elusive” cells, which may be more abundant during the
early stages of disease.

FGFR2B Signaling Is Required for Neo-BCs to
Differentiate into AT2 Cells during the Resolution of
Bleomycin IPF

To investigate the possibility that some neo-BCs might be
able to differentiate into alveolar epithelial cells during
the resolution of bleomycin-mediated injury in mice, we
lineage-traced neo-BCs after bleomycin injury using
Krt5€™ERT2,1 TmG mice (with tamoxifen treatment starting
at 17 days after bleomycin injury; because the first neo-BCs
only appear 14 days after injury). When we followed the
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Figure 5. Neo-BCs Require Fgfr2b Signaling for their Maintenance

(A) Experimental strategy of (B). Induction with tamoxifen was performed at days 17, 19, and 21 after bleomycin injury.

(B and C) Immunostaining on Krt5-mTmG lungs and Krt5-Fgfr2b”*-mTmG lungs to localize keratin 5 (K5) (red), SCGB1A1 (white), and GFP
(green) (left) at 4 (B) or 8 weeks (C) after bleomycin injury. White arrowheads (B and C) show K5 (red) positive and SCGB1A1 (white)
negative cells. Nuclei were stained with DAPI (blue). Scale bars, 100 um (B and C).

fate of these cells to 11 days or 4 weeks after bleomycin
injury, we found that ~65% of the GFP-labeled cells were
still positive for KRT5 and p63; however, ~35% of GFP-
labeled cells no longer expressed these BC markers. Inter-
estingly, we found that, at 4 weeks after bleomycin injury,
~13% of GFP* cells were positive for the AT1 cell marker
RAGE, whereas about ~4% stained positive for SFTPC, an
AT2 cell marker (Figures S5A, 5B, and 6A-6C). Intriguingly,
we also found that ~81% of GFP" cells were positive for
SCGBI1A1, a club cell marker (Figures SA, 5B, and 6A-6C),
again indicating that neo-BCs that appear after bleomycin
injury are derived from Sox2*/Scgbalal* bronchial epithe-
lial cells or that these BCs also give rise to club cells. As
fibrosis resolution is not complete by 4 weeks after bleomy-
cin injury, we lineage traced these cells until 8 weeks after
injury. At 8 weeks after bleomycin injury, only ~35% of
GFP* cells still expressed BC markers, whereas ~28% of
GFP* cells had differentiated into RAGE* AT1 cells, and
~9% had differentiated in SFTPC* AT2 cells (Figures 5A,
5C, 6A-6C, and S5). Interestingly, ~49% of GFP* cells
stained for SCGB1A1 at 8 weeks after bleomycin injury.

A time course of BC abundance after bleomycin injury
further indicated that neo-BCs first appeared in the paren-
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chyma around 2 weeks after injury (not shown) and peaked
at around 4-6 weeks after injury after which their numbers
slowly declined (Figure 6D). However, when total lung Gfp
expression levels were measured we observed a trend
toward increased Gfp levels (and GFP* cells) at 8 weeks after
bleomycin injury compared with 4 weeks after bleomycin
injury (Figure 6E) suggesting that the lineage-labeled neo-
BCs can differentiate and that their offspring persists,
contributing to alveolar epithelial regeneration.

We next hypothesized that FGF10-FGFR2B signaling
could also be required for the maintenance of these neo-
BCs after bleomycin injury as well as their subsequent dif-
ferentiation into AT1 and AT2 cells. To investigate this we
inactivated Fgfi2b in bleomycin injury-induced neo-BCs
using KrtS“" ™82 Fefi2b;Rosa26™™ mice. Interestingly,
these mice die around 30 days after bleomycin injury or
13 days after inactivation of FGFR2B. By 4 weeks after
injury we found a strong reduction in Krt5 and p63 expres-
sion, suggesting decreased BCs, but not in lineage-labeled
Gfp expression, suggesting that FGFR2B signaling is also
required for neo-BC maintenance (Figure 6E). Consistently,
we found that at 4 weeks after bleomycin injury, only
~39% of the GFP-labeled cells in Krt5-Fgfi2b”"-mTmG lungs
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remain positive for KRTS5, whereas ~21% of GFP* cells
differentiated into RAGE* AT1 cells, while none of the
GFP* cells had differentiated into AT2 cells (Figures 6A—
6C). The lack of AT2 cell differentiation is consistent with
a requirement for FGF10-FGFR2B signaling in AT2 cell
maintenance (Figure 1F). Interestingly, similar to control
mice, ~82% of GFP-labeled cells were positive for SCGB1A1
(Figures 5A, 5B, and 6A-6C). Furthermore, pulmonary
function testing indicated that Krt5“"*R72;Fefiob”;mTmG
mice, whereby we effectively inactivated Fgfi2b in neo-
BCs after bleomycin injury, showed a significant reduction
in static lung compliance compared with control mice
4 weeks after bleomycin injury, suggestive of impaired res-
olution of pulmonary fibrosis (Figure 6F). These data, there-
fore, suggest that neo-BCs play a regenerative role
following lung injury, by slowly giving rise to AT1 and
AT2 cells and that FGFR2B signaling is required for their
maintenance and proper differentiation.

In summary, our data suggest that FGF10-FGFR2B
signaling drives the reprogramming of p63*/Scghlal*/
Sox2" BESCs in the distal airway into neo-BCs after bleomy-
cin injury and their further differentiation into AT1 and
AT2 cells. When FGF10-FGFR2B signaling is inhibited
before injury, neo-BCs are not generated, leaving behind
large cystic structures arising as a result of impaired alveolar
epithelial regeneration by conducting airway epithelium
(Figure S3E). Our data also suggest that FGF10-FGFR2B
signaling is required for the maintenance of these injury-
induced neo-BCs, some of which differentiate back into
club cells or slowly give rise to AT1 but not AT2 cells
when FGF10-FGFR2B signaling is abrogated.

Translation Significance of FGF10 Signaling in Human
IPF Lung Slices in which FGF10 Promotes the
Differentiation of BCs in Honeycomb Cysts along the
AT2 Lineage

Based on our findings in mice we further validated a role for
FGF10 signaling in the reprogramming of BCs within hon-
eycomb cysts in IPF tissue along the AT2 cell lineage. To
assess the potential for FGF10 to reprogram the BCs in the
honeycomb cysts of IPF patients into AT2 cells we cultured

live precision cut IPF lung slices in the presence or absence
of FGF10. Treatment with FGF10 resulted in a ~1.6-fold in
CKS5™ HTII-280" AT2 cells and a 1.5-fold increase in CKS*
HTII-280" double-positive cells versus a 13% decrease in
CKS* HTII-280~ BCs after FGF10 treatment, supporting
the concept that FGF10 signaling can push BCs in IPF tissue
along the AT2 cell lineage (Figure 7A).

DISCUSSION

The major finding of our study is that upon acute bleomy-
cin-mediated lung injury, FGF10-FGFR2B signaling gener-
ates BCs and drives alveolar epithelial regeneration by
BESCs to promote the resolution of pulmonary fibrosis (Fig-
ures 7B and 7C). Upon airway epithelial injury, ASMCs,
which wrap the conducting airways, as well as myofibro-
blasts, are activated and release FGF10 to become an
injury-induced stem/progenitor cell niche. FGF10 from
the stromal niche drives the dedifferentiation of distal
airway club cells into neo-BCs and alveolar epithelial cells.
Interestingly our data suggest that FGF10/FGFR2B
signaling is necessary to maintain and amplify the pool
of neo-BCs and that it is critical to drive their differentia-
tion into AT2 cells, whereas in the absence of FGFR2B
signaling these neo-BCs primarily give rise to AT1 cells.
This is consistent with our findings that FGF10-FGFR2B
signaling is essential for AT2 stem cell maintenance.

Our lineage-tracing data argue that the induction of Fgf10
expression by the stromal niche allows for the dedifferenti-
ation of a subset of distal airway club cells. As such, we
found that basal stem/progenitor cells were lineage labeled
within each clonal expansion and dispersal of labeled club
daughter cells into the alveoli of Scgb1al“™ER; Confetti lungs.
In addition, when neo-BCs were lineage tagged after bleo-
mycin injury using Krt5-mTmG mice, ~80% were found
to co-express the club cell marker SCGB1A1. These findings
are consistent with recent reports (Yang et al., 2018).

Our finding that FGF10-FGFR2B signaling is critical for
club cell dedifferentiation and subsequent differentiation
into alveolar epithelial cells allowed us for the first time

Figure 6. BCs that Appear through Reprogramming of Scgb1al® Cells after Bleomycin Injury Require Fgfr2b Signaling for their

Maintenance and to Differentiate into Alveolar Epithelial Cells

(A) Experimental strategy of (B-F). Tamoxifen induction was performed on days 17, 19, and 21 after bleomycin injury.
B) Immunostaining on Krt5-mTmG lungs and Krt5-Fgfr2b”*-mTmG lungs for p63 (red), K5 (white), and GFP (green) or RAGE (red) and GFP
green) (middle) or SFTPC (red) and GFP (green) (right) at 4 and/or 8 weeks after bleomycin injury. White arrowheads show p63 (red), K5

white), and GFP (green) triple-positive cells.

D) Relative mRNA levels of K5 and p63 at 3, 4, 6, 8, and 12 weeks after bleomycin injury showing time course of BC abundance.
E) Relative mRNA levels of K5, p63, and Gfp in control and Krt5-Fgfr2b”f lungs at 4 weeks after bleomycin injury.

F) Flexivent pulmonary function analysis measured static compliance on control and Krt5-Fgfr2b”f lungs at 4 weeks after bleomycin injury.
Nuclei were stained with DAPI (blue). **p < 0.01, *p < 0.05; n > 14; error bars mean = SEM. Scale bars, 50 pm (B).
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(C) Quantification of the distribution of GFP* cells in (B).
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to investigate the importance of these distal airway club
cells or BASCs (Kim et al., 2005) in alveolar epithelial regen-
eration. Our data suggest for the first time that under
normal conditions BESCs do play an essential role in alve-
olar epithelial regeneration. This is particularly intriguing
because these cells are also the source of Muc5b, which
has been associated with the development of pulmonary
fibrosis (Nakano et al., 2016; Seibold et al., 2011).

With age, Fgf10 expression goes down and our data
strongly suggest that in young lungs FGF10-FGFR2B
signaling drives the reprogramming of bronchial epithelial
cellsinto alveolar epithelial cells, and that FGF10 treatment
can possibly help misguided BCs in honeycomb cysts in IPF
tissue along the right path. However, we believe that this
process does not take place in patients with IPF likely
because Fgf10 expression goes down with age. It is to be
hoped that these novel findings will result in new thera-
peutic options for the treatment of IPFE.

Finally, the bleomycin mouse model for modeling
human IPF has its pros and cons. For along time, the mouse
bleomycin model was not thought to generate honeycomb
cysts-like structures. However, bronchiolarization and the
appearance of BCs only occurs upon severe or repetitive
bleomycin injury and is not observed under conditions of
mild injury. The bleomycin mouse model in young mice
also resolves over time, which allows us to study the regen-
erative capacity of the different epithelial stem cells. While
human IPF is a fatal disease that does not resolve, it is also a
disease of aging and stem cell exhaustion. It is therefore
likely that the capacity to recover from injury also dimin-
ishes with time in humans.

EXPERIMENTAL PROCEDURES

Experimental Model and Subject Details

All mice were bred and maintained in a pathogen-free environ-
ment with free access to food and water. Both male and female
mice were used for all experiments. Fgfi2b” (De Moetlooze et al.,
2000), Sox2"ERTZ (JAX 017593), Tet-Fgf10 (Clark et al., 2001),
Rosa26-rtTa (Volckaert et al., 2011), Rosa26-rtTa”" (JAX 005670),
Rosa26 Rosa26R-Confetti (JAX 017492), Scgh1alER  (JAX
016225), Rosa26-mTmG (JAX 007676), Krt5¢“ERT2 (Van Keymeu-
len et al., 2011), Acta2°"®®"2 (Wendling et al., 2009), Fgf10""

(Urness et al., 2010), Sftch'“ERTZ (Chapman et al., 2011), and
Fgf10"% (Kelly et al., 2001) mice have been described.

For bleomycin injury, adult 8- to 12-week-old mice were intratra-
cheally instilled with 50 pL bleomycin (0.8-2 U/kg body weight
optimized for each strain, batch of bleomycin, and gender) as
described previously (Redente et al.,, 2014). Lung function was
analyzed using lung measurements of static compliance by Flexi-
vent (SQIREQ). Bleomycin injury was induced after a 21-day
washout period following tamoxifen induction. For tamoxifen in-
duction, mice were placed on tamoxifen-containing food (rodent
diet with 400 mg/kg tamoxifen citrate; Harlan Teklad TD.130860)
for 2 to 3 weeks. Scgb1al® PR Fgfi2b™;Rosa26R-Confetti and control
mice also received two additional intraperitoneal tamoxifen citrate
shots (0.20 mg/g body weight, Enzo Life Sciences) in the last week
of tamoxifen citrate feed. KrtSCreER;Fgferf/f}R05a26-meG and
control mice received intraperitoneal tamoxifen citrate shots
(0.125 mg/g body weight) on day 17, 19, and 21 after bleomycin
injury. For doxycycline induction: mice were placed on doxycy-
cline-containing food (rodent diet with 625 mg/kg dox; Harlan
Teklad TD.09761). All experiments were approved by the National
Jewish Health and University of Alabama at Birmingham Institu-
tional animal care and use committee.

Single-Cell RNA-Seq

Sox2“ERT2, TimG mice were placed on tamoxifen food for 3 weeks
starting at 2 months of age, followed by a 2-month washout period
before saline or bleomycin treatment. Whole lung tissues were
collected, from lineage-traced mice 6 weeks after saline or bleomy-
cin treatment. Single cells were processed through the GemCode
Single Cell Platform using the GemCode Gel Bead, Chip and
Library Kits (V1) or single-cell suspensions were loaded onto 3’
library chips for the Chromium Single Cell 3’ Library (V2, PN-
120267) according to the manufacturer’s recommendations (10X
Genomics). Libraries were sequenced on an Illumina NextSeq
500 at >190,000 reads per cell. Further details on single-cell RNA-
seq analysis and the fluorescence-activated cell sorting (FACS) pro-
tocol can be found in the Supplemental Experimental Procedures.

Immunofluorescence Microscopy and qRT-PCR

Details of all immunostaining protocols, antibodies employed,
and quantitation of gene expression by qRT-PCR are provided in
the Supplemental Experimental Procedures.

Microscopy and Imaging
Tissue was imaged using a micrometer slide calibrated Zeiss LSM800
Laser scanning confocal microscope using ZEN imaging software. In

Figure 7. BCs in Precision Cut IPF Lung Slices Treated with Fgf10 Differentiate into AT2 Cells

(A) Flow sorting for alveolar AT2 marker HTII-280 and CK5 on precision-cut lung slices cultured in the absence or presence of FGF10. Graph
displayed as the log of the fold change shows an increase in CK5~ HTII-280" and CK5* HTII-280" double-positive cells but a decrease in
CK5* HTII-280 cells after FGF10 treatment. **p < 0.01, *p < 0.05; n = 5; error bars mean + SEM.

(B and C) Model showing how FGF10-FGFR2B maintains and generates basal-like stem cells by activating the stromal niche during ho-
meostasis and epithelial regeneration. (B) During homeostasis, BCs are only found in the trachea, where they depend on FGF10 secreted by
the intercartilage stromal tissue. (C) The dedifferentiation of distal airway club cells after major lung epithelial injury critically depends on
FGF10-FGFR2B signaling. Note that, in addition to Fgf10-expressing ASMCs, activated myofibroblasts may further provide a strong
additional source of FGF10 to allow for BC mobilization to injured regions. At injured sites, neo-BCs give rise to AT cells.
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the lung, cells were counted using tiled stitched 20x images
covering the entire cross-section of the left lung lobe from >6
different lungs. Images were processed and analyzed using ZEN
blue (Zeiss) and Adobe Photoshop Creative Suite 3 (Adobe) software.
Differentiation of GFP* cells was determined by quantifying the to-
tal number of GFP™* cells that also showed a DAPI-stained nucleus,
and how many of those were RAGE, K5, p63, or SFTPC"*. Image quan-
tification and analysis were performed in a double-blinded fashion.

Precision Cut Lung Slices

Human lung tissues from non-IPF donors and IPF patients under-
going lung transplantation were obtained from the Giessen bio-
bank. The study protocol was approved by the ethics committee
of the University of Giessen that conforms to the principles out-
lined in the declaration of Helsinki.

Vibratome slices (400 pm) were made from low melting agarose
filled de-identified human IPF transplant lung tissue. Precision cut
lung slices were then cultured at the air-liquid interface in
RPMI +10% Human Serum (Seraclot), ITS, Pen/Strep, Amphoteri-
cin B in the presence or absence of 500 ng/mL FGF10 for 3 to
7 days. Subsequently, slices were analyzed via FACS for basal
(Abcam and AT2; Terrace Biotech, HT2-280, 1:150) cell markers.

Quantification and Statistical Analysis

All results are expressed as mean values + SEM. The “n” represents
biological replicates and can be found in the figure legends. The
significance of differences between two sample means was deter-
mined by unpaired Student’s t-test (assuming unequal or equal
variances as determined by the F test of equality of variances). All
datasets followed a normal distribution and p values < 0.05 were
considered statistically significant. The number of samples to be
used was based on the number of experimental paradigms multi-
plied by the number in each group that is necessary to yield statis-
tically significant results based on power analysis, to reject the null
hypothesis with 80% power (type I error = 0.05).
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miR-142-3p balances proliferation and differentiation of
mesenchymal cells during lung development
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ABSTRACT

The regulation of the balance between proliferation and differentiation
in the mesenchymal compartment of the lung is largely
uncharacterized, unlike its epithelial counterpart. In this study, we
determined that miR-142-3p contributes to the proper proliferation of
mesenchymal progenitors by controlling the level of WNT signaling.
miR-142-3p can physically bind to adenomatous polyposis coli
mRNA, functioning to regulate its expression level. In miR-142-3p
loss-of-function experiments, proliferation of parabronchial smooth
muscle cell progenitors is significantly impaired, leading to premature
differentiation. Activation of WNT signaling in the mesenchyme, or
Apc loss of function, can both rescue miR-142-3p knockdown. These
findings show that in the embryonic lung mesenchyme, the microRNA
machinery modulates the level of WNT signaling, adding an extra
layer of control in the feedback loop between FGFR2C and B-catenin-
mediated WNT signaling.

KEY WORDS: WNT signaling, Mesenchymal cell, miRNA

INTRODUCTION

During lung organogenesis, mesenchymal cells undergo active
proliferation to support the continuous growth of the organ.
Simultaneously, many cells are actively differentiating into the
specific cell types that will populate the adult lung — such as
parabronchial and vascular smooth muscle cells, pericytes, nerve
cells, lipofibroblasts and interstitial fibroblasts. A specific
balance between proliferation and differentiation must exist to
guarantee the formation of a functional lung. For example,
parabronchial smooth muscle cell (PBSMC) progenitors are kept
undifferentiated in the sub-mesothelial mesenchyme while starting
to differentiate more proximally (Mailleux et al., 2005). It is
crucial to understand this delicate balance in order to better
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characterize lung diseases involving altered mesenchymal
proliferation and differentiation.

WNT signaling plays a crucial role in proper proliferation of
mesenchymal cells during lung development (De Langhe et al.,
2008; Yin et al., 2008). In particular, through B-catenin (CTNNBI),
it promotes G1 phase progression by activation of downstream
target genes such as Myc and cyclin D1 (Cendl) (Niehrs and
Acebron, 2012). High WNT signaling and Myc activation are
associated with the hyper-proliferative state of cancer of many
organs, including the lung (He et al., 1998; van de Wetering et al.,
2002; Van Scoyk et al., 2008).

A main regulator of WNT signaling is adenomatous polyposis coli
(APC), which can directly bind to CTNNBI, antagonizing the
interaction with T-cell factor (TCF). In combination with AXIN and
GSK3B, APC induces ubiquitylation and degradation of CTNNB1
(Clevers and Nusse, 2012). Loss of Apc leads to accumulation of
CTNNBI in the nucleus and hyperactivation of WNT signaling. Apc
was first identified as a tumor suppressor gene that, upon mutation,
causes intestinal cancer (Groden et al., 1991). APC can also control
cytoskeleton structure and cell migration by binding microtubules
and actin filaments. For example, loss of Apc in the small intestine
reduces the migration of epithelial cells and promotes the formation
of polyps (Oshima et al., 1997).

Specific microRNAs (miRNAs) have been implicated in both
lung development and disease (Jiang et al., 2010; Ornitz and Yin,
2012). In the epithelium, mice with loss of function of members
of the miR-17 family show early lethality and hypoplastic lungs,
whereas overexpression results in hyperproliferation and inhibition
of differentiation of epithelial progenitors (Lu et al., 2007; Ventura
et al., 2008). The miR-302 family regulates epithelial progenitor
proliferation and differentiation, as well as apical-basal polarity
(Tian et al., 2011). Recently, miR-375 has been shown to target
WNT signaling and regulate the differentiation of alveolar
epithelial cells by controlling the expression of the frizzled 8 gene
(Wang et al., 2013). However, miRNAs regulating WNT signaling
in the lung mesenchyme have yet to be reported. miR-142-3p is a
miRNA first identified for its function in the development of the
lymphoid system (Neilson et al., 2007), and was subsequently
implicated in leukemia (Lv et al., 2012). In the lung, miR-142-3p
is involved in malignancy and has been reported to be an early
marker for aggressive and recurrent lung adenocarcinomas
(Kaduthanam et al., 2013).

Herein, we detail miR-142-3p as a specific regulator of Apc
expression in the mesenchyme. Using a loss-of-function approach,
we analyzed the role of the miR-142-3p-Apc axis in mesenchymal
cells. Using both pharmacological and genetic tools, we tested
whether WNT signaling upregulation is sufficient to rescue miR-
142-3p loss-of-function and whether Apc is a crucial target of this
miRNA.
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RESULTS

miR-142-3p regulates mesenchymal cell proliferation and
differentiation

In order to identify miRNAs with a specific function in the lung
mesenchyme, we performed a microarray analysis on embryonic
mouse lung tissue (Fig. 1A). We observed that 5 and 14 miRNAs
were highly expressed, respectively, in the embryonic lung
mesenchyme and the epithelium. Among those in the epithelium, we
found several members of the miR-200 family. These miRNAs are
involved in epithelial to mesenchymal transition (Brabletz and
Brabletz, 2010), and their high expression in the embryonic
epithelium suggests they may play a role in the plasticity of the
branching tips during lung morphogenesis.

— miRNA array 1

An in vitro loss of function (LOF) assay was optimized to
functionally characterize the newly identified miRNAs in the
mesenchyme. Embryonic day (E) 11.5 lung explants were grown in
the presence of vivo-morpholino against either a scrambled
sequence or a specific miRNA. We selected miR-126 as a positive
control for our LOF assay because it was previously described to
regulate vasculature formation. Using vivo-morpholino against miR-
126 (mol26), we were able to impair vasculature formation
(supplementary material Fig. S1A-LJ-M,R; n=3, P<0.05), thus
mimicking the phenotype observed in the miR-126 knockdown
zebrafish (Fish et al., 2008). As a negative control we selected miR-
144, because its inactivation does not lead to a specific lung
phenotype in mice (Rasmussen et al., 2010). In our LOF assay,
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Fig. 1. miR-142-3p regulates mesenchymal cells proliferation and differentiation. (A) MicroRNA microarray shows miRNAs differentially expressed in
E12.5 lung epithelium (blue) versus mesenchyme (red). miR-142-3p (arrowhead) is specifically upregulated in the embryonic lung mesenchyme.

(B) Expression of miR-142-3p in the epithelium and mesenchyme of E12.5 lungs analyzed by gPCR. (C-J) miR-142-3p LOF assay on E11.5 lung explants
treated with scramble vivo-morpholino (scra; C-F) and miR-142-3p vivo-morpholino (mo142; G-J). (K) Expression of miR-142-3p detected by gPCR 48 hours
after treatment with mo142. (L-N) Morphometric analysis 48 hours after miR-142-3p LOF assay on E11.5 lung explants. (O-R) Immunostaining for KI67
showing cell proliferation in scra- (O,P) and mo142 (Q,R)-treated E11.5 lung explants, and quantification of proliferation in the epithelium and mesenchyme (S).
(T-W) Immunostaining for ACTA2 showing smooth muscle cells at the tips of scra- (T,U) and mo142 (V,W)-treated E11.5 lung explants. Dashed boxes in O, Q,
T and V indicate the magnified areas in P, R, U and W, respectively. White arrowheads indicate ectopic ACTA2 expression. (X) Quantification of ACTA2
expression at the tip of the lung explants from the previous experiment. Scale bars: 250 ym (C,E,G,l); 50 ym (D,F,H,J); 100 um (O,Q,T,V); 25 pm (P,R,U,W).

Data are means * s.d. See also supplementary material Fig. S1 and Movie 1.
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mol44 did not produce any branching defect or alteration of
proliferation (supplementary material Fig. SIA-ILN-Q,S; n>3,
P<0.05). These results indicate that our LOF assay is an effective
tool for the identification of functionally important miRNAs.
Using this assay we tested whether miR-142-3p plays a functional
role in the lung mesenchyme. We first confirmed that miR-142-3p
is highly expressed in the embryonic lung mesenchyme by qPCR
(Fig. 1B; n=3, P<0.05). Then the LOF assay for miR-142-3p was
conducted. qPCR showed reduced miR-142-3p levels (Fig. 1K; n=3,
P<0.05) associated with impaired branching (Fig. 1C-J). The
number of branching points was decreased (Fig. 1L; n=10, P<0.05)
and the lung tips had the tendency to elongate instead of bifurcate,
thus resulting in a decreased number of terminal buds (Fig. 1M;
n=10, P<0.05; supplementary material Movie 1). Reduction of lung
growth, illustrated by a diminished total lung area (Fig. IN; n=10,
P<0.05), was observed. Immunostaining for KI67 at 24 hours post-
treatment showed a striking reduction of proliferation that,
interestingly, was evident in the mesenchyme but not in the
epithelium (Fig. 10-S; n=4, P<0.05). Furthermore, inhibition of
miR-142-3p led to ectopic expression of the SMC marker alpha-
SMA (ACTA?2) in the distal mesenchyme (Fig. 1T-X; n=3, P<0.05).
Together, these results suggest a function for miR-142-3p in the
control of proliferation and differentiation of the lung mesenchyme.

miR-142-3p regulates WNT signaling by directly controlling
Apc expression

To determine whether specific signaling pathways are involved in
miR-142-3p regulation of mesenchymal cell proliferation, we
utilized the prediction software miRTar and grouped the candidate
genes by pathway. Interestingly, WNT signaling was the first hit
(Table 1). To verify that WNT signaling was regulated by miR-142-
3p in the mesenchyme, we performed a LOF assay on E11.5 lung
explants obtained from a WNT reporter mouse line carrying f3-
galactosidase (B-Gal) expression under the endogenous control of
the Axin2 promoter (Axin2'“? mice). Staining of p-Gal after 24
hours showed a specific inhibition of WNT signaling in the distal
mesenchyme (Fig. 2A-E; n=3, P<0.05). Because miRNAs are
negative regulators of gene expression, we aimed to identify WNT
genes upregulated upon miR-142-3p knockdown. A gPCR screening
for members of the WNT signaling pathway expressed in the lung
was carried out at 12 hours and at 24 hours during our LOF assay.
At 12 hours, we observed that Apc — a gene encoding a negative
regulator of WNT signaling — was highly expressed. At 24 hours,
Apc was still upregulated while other members were downregulated
(Fig. 2F,G). Analysis of LEF1 expression by immunofluorescence
confirmed a strong reduction of mesenchymal WNT signaling 24
hours after LOF assay (Fig. 2H-K). We reasoned that since the effect
on proliferation, branching and WNT signaling were visible starting
at 24 hours, the upregulation of Apc at 12 hours is an early event that
could contribute to the observed phenotype. Immunofluorescence

Table 1. miR-142-3p targets pathway enrichment

analysis for APC at 12 hours (data not shown) and at 24 hours after
our LOF assay confirmed an increase of mesenchymal APC at
protein level (Fig. 2L-O). At 12 hours epithelial APC was
unchanged (data not shown), but at 24 hours there was a reduction
in APC. Considering the timing of this reduction and the fact that
miR-142-3p is expressed in the mesenchyme, we assume this effect
was secondary to the mesenchymal phenotype. Interestingly, Apc
was among the five most highly ranked WNT signaling genes (4pc,
Tbix1, Rock2, Racl, Senp?2) that were predicted as targets of miR-
142-3p (Table 1). As ThixI, Rock2 and Racl were not included in
our first screening, we analyzed their expression 12 hours after the
LOF assay. Although the expression of Apc and Senp2 was
enhanced, expression of 7hixI, Rock? and Racl showed no
significant change (Fig. 2P; n=3, P<0.05). The expression of Senp2
was reduced at 24 hours (Fig. 2G), suggesting that the modulation
of its expression by miR-142-3p may not be as specific as for Apc.

We then wanted to determine whether miR-142-3p was able to
physically bind the mRNA of its predicted target genes. For this
purpose, we performed a pull-down experiment using a biotinylated
miR-142-3p followed by qPCR to detect specific binding. The
biotinylated miR-142-3p was able to cause overexpression of WNT
signaling target genes such as Myc and Fgfir2 (supplementary
material Fig. S2A,B), suggesting that biotinylation was not altering
the property of miR-142-3p. In this assay, performed on a lung
mesenchymal cell line (MLg cells), Apc was enriched more than six
times compared with the control (Fig. 2M; n=3, P<0.05). The same
assay was reproduced in MFLM4 and HEK293 cells, suggesting
that indeed miR-142-3p directly interact with Apc to regulate its
expression (supplementary material Fig. S2C; n=3, P<0.05). We
further wanted to determine if miR-142-3p was binding Apc by
specifically interacting with the predicted binding sites located at the
3'-UTR of Apc mRNA. For this purpose, we cloned Apc seed sites
into two luciferase (Luc) reporter plasmids containing either a
mutated binding site or a wild-type locus. We observed that the
ability of miR-142-3p to target Apc was compromised in the
presence of the mutated 3'UTR (Fig. 2N; n=3, P<0.05).

miR-142-3p downregulation leads to parabronchial smooth
muscle cell progenitor differentiation

APC is a negative regulator of WNT signaling and, as a direct target
of miR-142-3p, its increase can explain the drop in WNT signaling
following miR-142-3p knockdown. In the embryonic lung
mesenchyme, WNT, in combination with FGF signaling, creates a
positive feedback loop. In fact, lack of contribution from either FGF
(specifically FGF9-FGFR2c) or WNT disrupts this delicate
equilibrium (Yin et al., 2011). When this system is operational,
WNT signaling maintains Fgfi-2c expression in the mesenchyme
allowing mesenchymal growth through the regulation of G1 to S
phase transition (De Langhe et al., 2008; Yin et al., 2008).
Therefore, we decided to test whether the inhibition of WNT

Number of Number of

Target genes Pathway P value matched genes genes in pathway
APC, TBL1X, SENP2, ROCK2, RAC1 Whnt signaling 4.50E-08 5 182

APC, ROCK2, RAC1 Regulation of actin cytoskeleton 9.19E-04 3 246

APC, RAC1 Colorectal cancer 1.82E-03 2 73

ROCK2, RAC1 Axon guidance 9.25E-03 2 167

ROCK2, RAC1 Leukocyte transendothelial migration 1.15E-02 2 187

ROCK2, RAC1 Chemokine signaling 1.20E-02 2 191

ROCK2, RAC1 Focal adhesion 1.32E-02 2 201

APC, RAC1 Pathways in cancer 5.21E-02 2 415
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explants (A,C) and vibratome sections (B,D) are shown 24 hours after miR-142-3p LOF assay. Mesenchymal B-gal is quantified in E. (F,G) Members of the
WNT signaling pathway were quantified by gPCR 12 and 24 hours after the miR-142-3p LOF assay. (H-K) LEF1 expression 24 hours after the miR-142-3p
LOF assay. (L-O) APC expression after the miR-142-3p LOF assay. Immunofluorescence for APC 24 hours after scra (L,M) and mo142 (N,O) treatment.
Dashed boxes indicate the magnified area shown in the panels to the right. Dashed lines in M and O demarcate the epithelium-mesenchyme boundary.

(P) Quantification by qPCR of miR-142-3p predicted targets 12 hours after miR-142-3p LOF assay. (Q) Quantification by qPCR of miR-142-3p predicted targets
after biotin mMRNA-miRNA pull down assay. (R) Luciferase assay for Apc seed sequences on MLg cells. Scale bars: 150 ym (A,C); 100 ym (B,D); 75 ym
(H,J,L,N); 25 pm (1,K,M,0). Data are means * s.d. See also supplementary material Fig. S2.

signaling observed in our miR-142-3p LOF assay was associated
with perturbation of the FGF-WNT sustained regulation. Indeed,
qPCR on E11.5 lung explants showed decreased Fgfi-2c expression
beginning 24 hours into the assay (Fig. 3D-F; n=3, P<0.05). At 48
h, Fgfi-2c reduction was associated with a specific decrease in the
mesenchyme of phosphorylated ERK (pERK; Fig. 3M-Q; n=4,
P<0.05) and phosphorylated MEK (pMEK; Fig. 3R-V; n=3,
P<0.05). One of the functions of FGF9-FGFR2c signaling in the
lung is to keep mesenchymal PBSMC progenitors undifferentiated
and proliferating (Yi et al., 2009). Furthermore, we have previously
shown that FGF10 is expressed in, and identifies PBSMC
progenitors (Mailleux et al., 2005). Analysis by qPCR after the miR-
142-3p LOF assay showed that Fgfi2b expression remained stable,

suggesting that epithelial FGF signaling was unaffected (Fig. 3J-L;
n=3, P<0.05). However, Fgf10 started decreasing at 24 hours and
was significantly reduced at 48 hours (Fig. 3G-I; n=3, P<0.05). This
result suggests that Fgfl0-positive PBSMC progenitors were
specifically affected by the imbalance of FGF-WNT regulation. We
therefore decided to analyze the effect of our miR-142-3p LOF assay
on SMC differentiation. To directly analyze PBSMC progenitors
during miR-142-3p downregulation, conditional red fluorescent
protein (RFP) reporter mice (RFP”) were crossed with mice
carrying Fgfl0“*ERT?_ We will refer to these mice with genotype
Fgf10“*ERTY REPY as RFPFY0,

Live imaging of RFP™®"’ E11.5 lung explants treated with miR-
142-3p vivo-morpholino (mo142; supplementary material Movie 2)
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showed that labeled PBSMC progenitors formed ring-like structures,
reminiscent of smooth muscle cell phenotype, at the tip of the
epithelial buds (Fig. 4A-D). These data are in agreement with the
ectopic alpha-SMA (ACTA2) expression at the tip of the epithelial
buds during mo142 treatment (Fig. 1 T-W). Additionally, in mo142-
treated explants, labeled cells displayed reduced motility and
proliferation, but in scrambled-treated explants, they were highly
motile and proliferative (supplementary material Movie 2; Fig. 4E-
G; n=3, P<0.05). Our results suggest that PBSMC progenitors
prematurely differentiate upon mol42 treatment. To further
demonstrate that this was due to loss of FGF9-FGFR2c signaling,
primary embryonic lung mesenchymal cells were cultured in vitro
in different experimental conditions. Scrambled-treated primary
mesenchymal cells grown in the presence of FGF9 were prevented
from differentiating into SMCs (Fig. 4H,I). After miR-142-3p
knockdown, FGF9 was no longer effective and thus differentiation
into SMCs occurred (Fig. 4J-L). The role of miR-142-3p in SMC
differentiation was further evaluated using a gain of function
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approach. We used mesenchymal cells from a mouse lung
mesenchymal cell line (MLg cells). Under normal in vitro culture
conditions, MLg cells differentiate into ACTA2-positive cells.
Overexpression of miR-142-3p by a synthetic form of miR-142-3p
that mimics its function (mil42) led to reduced ACTA2 expression
and diminished elongation (Fig. 4M-0O). Because 4pc is a specific
target for miR-142-3p (Fig. 2H-N), we wanted to determine if Apc
overexpression is sufficient to mimic miR-142-3p knockdown.
Primary mesenchymal cells isolated from RFP™®"" lungs were
electroporated with either control plasmids (pGFP) or experimental
plasmids overexpressing APC (pAPC). Apc overexpression was
sufficient to mimic loss of miR-142-3p, producing reduced
proliferation and motility of PBSMC progenitors (Fig. 4P-V; n=3,
P<0.05; supplementary material Movie 3).

Constitutive WNT signaling rescues miR-142-3p knockdown
The inhibition of WNT signaling in the miR-142-3p LOF assay
prompted us to attempt a rescue experiment in which WNT
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(P-S) RFP™9 primary mesenchymal cells were electroporated with a plasmid expressing GFP (pGFP) or APC (pAPC) and analyzed between 0 and 45 hours.
(T-V) Quantification of the cell motility (T,U) and proliferation (V) for pGFP- and pAPC-treated cells. Dashed boxes indicate the magnified areas shown in the
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50 ym (M,N); 75 pm (P-S). Data are means * s.d. See also supplementary material Movies 2 and 3.

signaling was stimulated at different levels of the pathway. We
began with WNT3a, a commercially available WNT ligand. Lungs
treated with WNT3a display expansion of the epithelium and
mesenchyme compared with BSA-treated lungs (data not shown and

supplementary material Fig. S3C,D). Upon miR-142-3p attenuation,
WNT3a was unable to affect mesenchymal growth (supplementary
material Fig. S3A,B,D; n=3, P<0.05). Similar results were obtained
by using FGF9 (Fig. 5A-D; n=3, P<0.05) and FGF9 in combination
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(2,BB,DD,FF); 25 um (AA,CC,EE,GG). Data are means + s.d. See also supplementary material Fig. S3.

with WNT3a (supplementary material Fig. S3E-H; n=3, P<0.05).
Under these conditions FGF9 still caused expansion of the
epithelium. This result further confirms that when miR-142-3p
expression is inhibited the positive feedback loop between FGF and
WNT signaling in the mesenchyme is impaired. To intervene
downstream of WNT signaling, we used mice harboring a floxed
allele in the Ctnnb1 gene (Ctnnb1©) to generate a stable form of
Ctnnbl. Crossing this line with Thx4LME“"“ER? mice, we were able
to obtain inducible constitutive activation of Ctnnbl, specifically
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in the mesenchyme. We will refer to the genotype
Tbx4LME“* R Cinnb 13 as Ctnnb 17", Ctnnb1”* ™ and
Ctnnb 1’/ Tungs from the same mating represented WNT-activated
and control lungs, respectively, and were used in the LOF assay
(Fig. SE). Lungs from Thx4LMEC*ERT™"* mice injected with
tamoxifen intraperitoneally were also used as controls in the LOF
assay, showing similar results to the Ctnnbl”/ lungs (data not
shown). Forty-eight hours after the miR-142-3p LOF assay, the
activation of CTNNBI signaling in Ctnnb”* ™ lungs, compared
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to Ctnnb 1/ lungs (supplementary material Fig. S3M-P), led to the
disappearance of mo142-induced MYH11 (supplementary material
Fig. S3I-L) and ACTA2 ectopic expression (Fig. SF-I,N; n=3,
P<0.05) at the tip of the epithelial buds. We also observed increased
PMEK expression in mo142-treated Ctnnb 1”77 compared with
Ctnnb "/ Tungs, suggesting recovery of FGF signaling in the
mesenchyme (Fig. 5J-M,0; n=3, P<0.05).

Reduction of Apc expression rescues miR-142-3p
knockdown

Having identified 4pc as a direct target of miR-142-3p, we decided
to test whether reduction of Apc by ablation of one of the two copies
of the gene was able to rescue the effect of miR-142-3p inhibition.
For this purpose we used Apc” mice crossed with Thx4LMEC¢*RT2
mice. We will refer to the genotype Thx4LMEERT>* - gpc/ as
Apc” T Apc”’ Tungs were used as controls. Thx4LMECTERT/*
were also used as controls with similar results to Apc” lungs in the
LOF assay (data not shown). Forty-eight hours after the miR-142-
3p LOF assay, the reduction of APC expression in Apc”" 70"
compared with Apc” lung explants was confirmed by qPCR (data
not shown) and immunohistochemistry (Fig. SDD-GG). This
reduction led to the disappearance of mol42-induced ectopic
expression of ACTA2 at the tip of the epithelial buds (Fig. 5Z-
CC,HH; n=3, P<0.05), as well as increased KI67 expression in the
mesenchyme (Fig. SDD-GG,IT; n=3, P<0.05). In addition, Apc”* """
lungs were able to recover growth and branching (Fig. 5P-Y; n=3,
P<0.05). These results suggest that the inhibition of Apc alone is
sufficient to counteract miR-142-3p knockdown.

DISCUSSION

In this study we describe a new function of the microRNA
machinery in the lung embryonic mesenchyme. We determined that
miR-142-3p is a crucial regulator of WNT signaling in this
compartment. By directly controlling Apc expression, miR-142-3p
can fine-tune its inhibition of WNT signaling. Furthermore, miR-
142-3p controls proliferation and differentiation of mesenchymal
progenitor in the embryonic lung (Fig. 6A,B).

A fine balance between FGF and WNT signaling helps maintain
the pool of mesenchymal progenitor cells in the lung embryonic
mesenchyme. For example, evidence suggests that FGF9 from the
mesothelium can signal to Fgfl0-positive cells located in the
submesothelial mesenchyme to prevent differentiation (Colvin et al.,
2001). In this system, WNT signaling helps maintain proper levels
of FGF signaling, because reduced WNT signaling creates
disequilibrium in the feedback loop that maintains mesenchymal
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FGF-WNT signaling (De Langhe et al., 2008; Yin et al., 2011).
Here, we found that miR-142-3p is implicated in the modulation of
the WNT and FGF balance, adding an extra layer of control that
increases the robustness of this system.

We show that miR-142-3p fulfills this function by directly
controlling Apc expression, therefore acting as a negative regulator
of an inhibitor of WNT signaling. Deregulation of miR-142-3p
expression uncouples WNT and FGF signaling in the mesenchyme,
affecting mesenchymal progenitor cells differentiation. Specifically,
the Fgf10-positive lineage which contributes to the formation of
parabronchial smooth muscle cells is affected by the deregulation of
miR-142-3p expression, resulting in premature differentiation and
proximalization of the mesenchyme.

Recently, miR-142-3p was found to control hemangioblast
specification and vasculogenesis in Xenopus (Nimmo et al., 2013).
In our LOF assay we observed impaired angiogenesis of the lung
explants, which was associated with enrichment of markers for
undifferentiated hemangioblasts such as CD31 (data not shown).
This suggests that a similar regulation could also contribute to the
vasculogenesis in the lung. It will be interesting to determine if miR-
142-3p controls similar pathways — for instance WNT signaling — or
if the two systems are completely independent.

Although our screening identified Apc as a main target of miR-
142-3p, other genes are likely to be affected. In particular, other
members of WNT signaling were found to bind to biotinylated miR-
142-3p to a lower degree than Apc. Nonetheless, rescue experiments
with Apc™* mice showed that the inhibition of Apc in the
mesenchyme is sufficient to rescue the lung from miR-142-3p
downregulation, suggesting that Apc is a crucial molecule regulated
by miR-142-3p in the lung mesenchyme. We also found that in the
parenchyma of the adult lungs, miR-142-3p and APC are mutually
exclusive (data not shown). This suggests that the regulation here
described may not be limited to the embryonic lung. In addition, our
finding is consistent with the observation that inactivation of 4pc in
the lung mesenchyme using a Tbx4-rtTA driver mouse line leads to
reduced and disorganized smooth muscle cell differentiation in the
lung (personal communication from Wei Shi). This suggests that
APC per se, has a critical role in the regulation of proliferation,
survival, and differentiation of smooth muscle progenitor cells.

In summary, our work shows that miR-142-3p is intimately linked
to mesenchymal activated WNT signaling by specific regulation of
Apc. It will be of interest to determine if the miR-142-3p—Apc—f-
catenin axis plays a role in lung diseases such as idiopathic
pulmonary fibrosis, in which cellular proliferation and
differentiation of mesenchymal cells is unbalanced.

Fig. 6. Schematic of miR-142-3p regulation of
WNT signaling by direct control of Apc
expression. (A) A fine balance of mesenchymal
FGF and WNT signaling (a) is necessary to
maintain proper mesenchymal proliferation. In this
context, APC (b) contributes to control the level of
B-catenin (CTNNB1), and miR-142-3p (c) controls
: the inhibitory effect of APC. Changes in miR-142-
mmg"?" 3p expression can therefore modulate the balance
between proliferation (A) and differentiation (B) of
mesenchymal progenitors. Blue, mesenchymal
progenitors; red, differentiated smooth muscle cells.
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MATERIALS AND METHODS

Mouse strains

C57BL/6 wild-type, Apc™* | Tomato™*/"°* and Axin2'“* mice were obtained
from Jackson Laboratories. Fgfl0“*¥R"* mice were generated in our
laboratory as previously described (El Agha et al., 2012). Ctnnb1©3/ mice
were generated in the Taketo laboratory (Harada et al, 1999).
Thx4LMECERT?* mice were generated in the Krasnow laboratory (M.E.K.,
Patrick E. Bogard, F. Hernan Espinoza, Douglas B. Menke, David M.
Kingsley and Mark A. Krasnow, unpublished data). For rescue experiments,
tamoxifen was administrated by intraperitoneal injection (0.1 mg/g of body
weight) 24 hours before the LOF assay. Animals were housed at room
temperature with a 12 hour/12 hour light/dark cycle and free access to food
and water. The Federal Authorities for Animal Research of the
Regierungspraesidium Giessen (Hessen, Germany) approved the study
protocol (miR-142-3p protocol 52/2012).

MicroRNA array and qPCR

Epithelium from E12.5 lung buds was isolated as previously described
(Carraro et al., 2009); mesenchyme from E12.5 lung buds was physically
isolated using 0.12 mm tungsten needles (Fine Science Tools). Total RNA was
extracted using a miRNeasy Mini Kit (Qiagen). The quality of the total RNA
was verified using an Agilent 2100 Bioanalyzer profile. Total RNA (1000 ng)
was labeled with fluorescent Hy3 and Hy5 using the miRCURY LNA Array
power labeling kit (Exiqon) following the procedure described by the
manufacturer. The labeled RNAs were mixed pair-wise and hybridized to the
miRCURY LNA Array version 5th Generation (Exiqon). The hybridization
was performed according to the miRCURY LNA array manual using an
HS4800 hybridization station (Tecan). The slides were scanned using the
Agilent G2565BA Microarray Scanner System (Agilent Technologies) and the
image analysis was carried out using ImaGene 8.0 software (BioDiscovery).
The quantified signals were background corrected (Normexp with offset value
10) (Ritchie et al., 2007), and normalized using the global Lowess (LOcally
WEighted Scatterplot Smoothing) regression algorithm. miRNAs that were
more than fourfold differentially expressed were considered for validation by
qPCR. Statistical analyses were performed using Student’s #-tests. RT-PCR for
mRNA was carried out using SuperScript II reverse transcriptase (Invitrogen)
with random primers, and in RT-PCR for miRNA the TagMan MicroRNA
Reverse Transcription Kit (Applied Biosystems) was used. In both cases,
reactions were assembled following the manufacturer’s recommendations.
qPCR was performed on a LightCycler 480 system (Roche). The universal
probe library (Roche) was used for the analysis of mRNA expression. The
Tagman microRNA assay (Applied Biosystems) was used for screening the
differential expression of miRNAs. qPCR reactions and data analysis were
performed as previously described (Carraro et al., 2009). Results are presented
as relative expression compared with control. Results were collected from at
least three lungs or pools of lungs from independent experiments.

Culture of embryonic lung explants

Timed-pregnant wild-type or transgenic mice were sacrificed on post-coitum
(embryonic) day 11.5 (E11.5), and the embryos were harvested. Lung
primordia were placed on 8 pm Nucleopore Track-Etch membranes
(Whatman) and cultured in DMEM:F12 medium (Gibco) and 0.5% fetal
bovine serum (FBS). Vivo-morpholinos (Gene Tools) were added at 1-4 uM
to the lung explants. Recombinant FGF9 and WNT3a (R&D) were added at
200 ng/ml and 250 ng/ml, respectively. The data are representative of at least
three lungs from different timed pregnant mice.

Computational targets prediction

The miR-142-3p targets were selected on the basis of the on-line available
prediction database miRTar (mirtar.mbc.nctu.edu.tw). The 5'-UTR and the 3'-
UTR of target genes were included in the screening. A minimum free energy
(MFE) <11 Kcal/mol and Score >140 were used. A Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis for pathway enrichment was performed.

p-galactosidase staining

Axin2'“? lung explants were fixed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) at 4°C for 5 minutes with rocking, washed
twice for 5 minutes in PBS at 4°C, then transferred into freshly prepared X-
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gal solution and stained at 37°C until a clear precipitate formed; the method
was modified from that of Hogan et al. (Hogan et al., 1994). After rinsing
with PBS, epithelial explants were post-fixed in 4% PFA in PBS. For
vibratome sections, samples were embedded in a mixture of 300 mg/ml
albumin, 5 mg/ml gelatin and 0.6% glutaraldehyde, and sectioned. The data
are representative of three lungs from independent experiments.

Immunofluorescence

Tissues were fixed in 4% PFA, gradually dehydrated in ethanol, impregnated
with toluene, embedded in paraffin, and sectioned into 5 um slices on poly-
L-lysine-coated slides. Antigen retrieval was performed by boiling the
sample for 10 minutes in sodium citrate buffer (10 mM, pH 6.0; Vector).
The following antibodies (Abs) were used: APC Ab (Abcam), KI67 Ab
(Novabios), phospho-ERK (pERK) Ab (Cell Signaling), phospho-MEK Ab
(Cell Signaling), LEF1 Ab (Cell Signaling), phospho-Ser552-CTNNB1 Ab
(Cell Signaling), ACTA2 Ab (Sigma), MYHI11 Ab (Sigma). All antibodies
were used at a 1:200 dilution. The data are representative of at least three
lungs from independent experiments.

Image analysis

Photomicrographs of immunofluorescence staining were taken using a Leica
DMRA fluorescence microscope with a Leica digital camera. Live-cell and
lung explant time-lapse experiments were performed with a Leica AF6000
fluorescence imaging system. Digital analysis of staining intensity and
distribution, and of live-imaging experiments was performed with MetaMorph
(Molecular Devices) or ImageJ software. At least three different samples for
each condition were analyzed. Phase-contrast images of the samples were
recorded using a digital camera (Diagnostic Instruments) connected to a
reversed phase-contrast microscope (Leica). The public domain software
ImagelJ was broadened by routines specifically developed by us and used to
process and analyze the images (Guidolin et al., 2004). The number of
branches, percentage of tissue area involved in branching, and branching
complexity (i.e. the number of branching points of the binary skeleton and the
distribution of branching orders) were the morphometric parameters estimated
from each sample. Data were processed by using statistical analysis software
(GraphPad Prism 3.03, GraphPad Software). The data are representative of at
least three lungs from independent experiments.

miRNA pull-down assay

MLg, MFLM4 or HEK293 cells were cultured in six-well plates and
transfected in triplicate with 3’-biotinylated miR-142-3p (Bio-miR-142) or 3'-
biotinylated scramble (Bio-scramble; Dharmacon), at a final concentration of
30 nM using Lipofectamine RNAimax (Invitrogen) following the
manufacturer’s protocol. After 48 hours, the cells were pelleted at 1000 rpm
for 5 minutes. After washing twice, cell pellets were resuspended in 0.5 ml
lysis buffer [SO mM Tris-HCL, 2 mM EDTA, 0.1% NP40, 10% glycerol, 2
mM EGTA, diethylpyrocarbonate (DEPC)-treated water, 50 U RNasin
(Promega) and complete mini-protease inhibitor cocktail (Roche Applied
Science)], and incubated at 4°C for 10 minutes. The cytoplasmic extract was
isolated by centrifugation at 10,000 rpm for 10 minutes. Streptavidin-coated
magnetic beads (Invitrogen) were blocked for 1 hour at 4°C in blocking buffer
(10 mM Tris-HCI pH 6.5, 1 mM EDTA, 1 mg/ml yeast tRNA and 1 mg/ml
BSA) and washed twice with 1 ml washing buffer (10 mM Tris-HCI pH 6.5,
1 mM EDTA 0.5 M NaCl). Beads were resuspended in 0.5 ml washing buffer.
Cytoplasmic extract was then added to the beads and incubated for 1 hour at
4°C with slow rotation. The beads were then washed five times with 1 ml
washing buffer. RNA bound to the beads (pull-down RNA) or from 10% of
the extract (input RNA), was isolated using Trizol reagent LS (Invitrogen).
The level of mRNA in the Bio-miR-142-3p or Bio-scramble control pull-down
was quantified by gPCR. mRNA levels were normalized to a housekeeping
gene (Gapdh, H4). The enrichment ratio of the control-normalized pull-down
RNA to the control-normalized input levels was then calculated. The data for
each cell line are representative of three independent experiments.

Luciferase reporter assay
The predicted binding sequence on the 3" UTR of Apc was synthetically
produced by PCR and transferred into a luciferase reporter vector. To
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determine the specificity of the interaction, a reporter vector containing a
‘seed’” mutated sequence was generated using specific primers. The vector
backbone was a pmiRGLO luciferase reporter (Promega) carrying a
synthetic firefly luciferase (luc2) and a Renilla luciferase. Our constructs
were inserted downstream of the luciferase gene into a unique Xbal
restriction site. The Renilla luciferase was used as a control to normalize
luminescence levels. Experiments were carried out using a dual-luciferase
reporter assay system (Promega) and analyzed with a Victor’ Luminometer
(PerkinElmer). The data are representative of three independent experiments.

Cell culture

For the preparation of primary mesenchymal cells, whole lungs were
dissected at E14.5 and subjected to trypsin digestion to give rise to single
cells. Mesenchymal cells were separated from epithelial cells by differential
adhesion as previously described (Lebeche et al., 1999). Fifty minutes after
plating, 200 ng/ml FGF9 was added to the mesenchymal cells. The cells
were cultured in DMEM/F12 medium containing penicillin, streptomycin
and 0.5% FBS in the presence or absence of FGF9. MFLM4 (Seven Hills),
MLg (ATCC) and HEK293 (ATCC) cells were grown in DMEM with 10%
FBS. Plasmids expressing GFP (pGFP) and APC (pAPC) were introduced
into the cells by electroporation (Lonza). MLg cells were electroporated with
30 nM scramble (scra) or miR-142-3p mimic (mil42) molecules
(Dharmacon). The data are representative of three independent experiments.

Statistical analysis
All data are reported as means + s.d. Statistical analyses were performed
using Student’s #-tests, with P<0.05 considered significant.
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Figure S1. Validation of the vivo-morpholino LOF assay. (A-H) Morphometric changes on E11.5 lung explants administrated with
scramble (scra; A,E), mo126 (B,F), mol144 (C,G), mo142 (D,H), and its relative quantification of branching (I). (J-M) Immunostaining
for PECAM1 showing vasculature formation in E11.5 lung explants treated with scra (J,L) and mo126 (K,M). (R) Quantification of the
vasculature ramification calculated as numbers of intercepts across terminal buds. (N-Q) Immunostaining for KI67 showing cell pro-
liferation in mo144 (N,P) and mo142 (O,Q) treated lungs. White boxes indicate the magnified areas in the lower panels. Dashed lines
demarcate the epithelium-mesenchyme boundary. (S) Quantification of proliferation in the mesenchyme of mo144 and mo142 treated
lungs. Scale bars: 1.2 mm (A-D); 250 pm (E-H,J,K); 35 pm (L,M); 100 pm (N,O); 50 pum (P,Q); Data are means + s.d.
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Figure S2. Pull-down assay for miR-142-3p on HEK293 and MFLM4 cells. (A,B) WNT signaling related gene expression is shown
by qPCR after transfection of HEK293 cells (A) and MFLM4 cells (B) with biotinylated miR-142-3p. Data are normalized against bioti-

nylated scramble. (C,D) Apc enrichment after pull-down assay on HEK293 cells and MFLM4 cells is shown by qPCR. Data are means
+s.d.
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Figure S3. Rescue experiments for miR-142-3p LOF assay. (A-H) Analysis of the effect of FGF9 and WNT3a during miR-142-3p
LOF assay. Bright field images of E11.5 lung explants (A,B,E,F) and morphometric analysis (C,D,G,H) are shown after treatment with
WNT3a or a combination of FGF9 and WNT3a. Immunofluorescence for MYH11 (I-L) and CTNNB 1 phosphorylated at serine-552 (M-
P) are shown after miR-142-3p LOF assay performed on E11.5 lung explants harboring activated CTNNB1. Dashed lines demarcate the
epithelium-mesenchyme boundary. Scale bars: 250 pm (A,B,E,F); 75 um (I,LK,M,0); 25 pm (J,L,N,P). Data are means + s.d.



Movie 1. Bright field time-lapse microscopy of the branching lung is shown in control (scramble) and after miR-142-3p knockdown
(mo142). Scramble and mo142 treated lungs were analyzed for 45 hours.

Movie 2. Fluorescence time-lapse microscopy of Fgfl0%"” lungs explants after miR-142-3p LOF assay is shown. Control (scramble) and
treated (mo142) lungs were analyzed for 20 hours (top row). Scramble and mo142 treated lungs are shown in high magnification for
an additional 20 hours (bottom row).

Movie 3. Bright field and fluorescence time-lapse microscopy of primary culture of mesenchymal cells isolated from Fgfl0*™* lungs
electroporated with Apc (pAPC) or control Gfp (pGFP) plasmids.
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Abstract

microRNA-142 (miR-142) is an important regulator of many biological processes and asso-
ciated signaling pathways during embryonic development, homeostasis and disease. The
miR-142 hairpin gives rise to the “guide strand” miR-142-3p and the sister "passenger"
strand miR-142-5p. miR-142-3p has been shown to play critical, non-redundant functions
in the development of the hematopoietic lineage. We have recently reported that miR-142-
3p is critical for the control of Wnt signaling in the mesenchyme of the developing lung. miR-
142-5p has been proposed to control adaptive growth in cardiomyocytes postnatally and its
increase is associated with extensive apoptosis and cardiac dysfunction in a murine heart
failure model. Using homologous recombination, we now report the generation and valida-
tion of miR-142-null mice. miR-142-null mice show a significant decrease in th expression
levels of both the 3p and 5p isoforms. The expression of Bzrap1, a gene immediately flank-
ing miR-142 is not altered while the expression of a long non-coding RNA embedded within
the miR-142 gene is decreased. miR-142-null newborn pups appear normal and are nor-
mally represented indicating absence of embryonic lethality. At embryonic day 18.5, miR-
142-null lungs display increased Wnt signaling associated with the up-regulation of Apc and
p300, two previously reported targets of miR-142-3p and -5p, respectively. Adult miR-142-
null animals display impaired hematopoietic lineage formation identical to previously
reported miR-142 gene trap knockdown mice. We report, for the first time, the homologous
recombination-based miR-142-null mice that will be useful for the scientific community
working on the diverse biological functions of miR-142.

PLOS ONE | DOI:10.1371/journal.pone.0136913 September 1, 2015
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Introduction

microRNAs (miRNAs) are 22 to 25 nucleotide-long, single stranded RNAs that are processed
from hairpin transcripts. The maturation of the hairpin transcript gives rise to the 3p guide
strand and 5p sister passenger strand, both of which allow the silencing of specific sets of genes
through base pairing to a minimal recognition sequence [1,2]. We previously described that
miR-142-3p is among a few miRs expressed at high level in the lung mesenchyme during early
embryonic development [3]. Such restricted expression pattern suggested that miR-142-3p
could play critical functions in controlling cell lineage formation in the mesenchyme. Using in-
vitro approaches with embryonic lungs cultured in presence of morpholinos for miR-142-3p,
we showed that knockdown of miR-142-3p leads to arrested proliferation and premature differ-
entiation of smooth muscle progenitor cells. We established that miR-142-3p positively regu-
lates Ctnnb1 (f3-catenin) signaling during lung development by targeting Adenomatous
polyposis coli (Apc) mRNA for degradation. Apc negatively regulates Ctnnbl1 via direct binding
to Ctnnbl thereby antagonizing the interaction of Ctnnb1 with the transcription factor Tcf. In
combination with Axin and Gsk3b, Apc induces ubiquitination and degradation of Ctnnb1 [4].
Using genetic tools, we showed that up-regulation of Ctnnb1 signaling specifically in the mes-
enchyme via the induced expression of a stable form of Ctnnb1 or the deletion of a copy of Apc
is sufficient to rescue miR-142-3p morpholino-mediated loss-of-function and that Apc is a criti-
cal target of this miRNA.

Beyond its proposed function in lung development, miR-142-3p is one of the highest
expressed miRs in various hematopoietic lineages [5,6]. miR-142-3p controls neutrophil devel-
opment in zebrafish [7], orchestrates a network of actin cytoskeleton regulator during mega-
karyopoiesis [8] and regulates the specification of definitive hemagioblasts during
organogenesis [9]. Increased levels of miR-142-3p in the serum are associated with recurrence
of adenocarcinoma in humans [10]. miR-142-3p is a target of Interleukin 6 (IL6) in glioblas-
toma and it has been proposed that miR-142-3p blocks the expression of IL6, Hmga2 and Sox2
thereby suppressing the stem like properties of glioblastomas [11]. Supporting our in-vitro
results obtained with miR-142-3p during lung development [3], it was reported that miR-142-
3p, which is up-regulated in human breast cancer stem cells, activates the canonical WNT sig-
naling pathway in a APC-suppression dependent manner [12], resulting in enhanced tumori-
genicity. miR-142-3p regulates IL6 production upon lipopolysaccharide stimulation in
dendritic cells [13]. RNA viruses can also bind miR-142-3p to suppress innate immunity pro-
moting neurological disease manifestations [14]. While a significant amount of information is
available for miR142-3p, our knowledge of miR-142-5p is still scarce. In the postnatal heart,
miR-142-5p targets p300, a gene encoding a positive regulator of Wnt signaling and increased
expression of miR-142-5p is associated with extensive apoptosis and cardiac dysfunction in
murine heart failure model [15].

In order to unveil the role of miR-142 in organogenesis, homeostasis and disease in-vivo, we
generated and validated the miR-142-null mouse. Our validation studies confirm that both
miR-142-3p and miR-142-5p are no longer expressed in these mice. We also show that miR-
142-null embryonic lungs display increased Wnt signaling confirming the functional role of
miR-142 during lung development. miR-142-null adult mice display various hematological
abnormalities such as decreased platelet and white blood cell count and increased mean platelet
volume indicating that these mice suffer from thrombocytopenia. Similar results were obtained
with the miR-142 knockdown mice developed by Chapnik et al., using exogenous gene trap
technology [8]. In this paper, we report the generation and validation of a miR-142-null mouse
line that will be useful for the scientific community working on miR-142.
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Materials and Methods
miR-142-null mouse line establishment

The miR-142-null mutant mouse line was established at the MCI/ICS (Institut Clinique de la
Souris, iCS, Infrastructure Nationale PHENOMIN, 1 rue Laurent Fries, 67404 IIIkrich, France).
A MCI proprietary vector containing a floxed neomycin resistance cassette and Protamine-Cre
cassette was used (Fig A and B in S1 Fig). The use of Protamine-Cre cassette in the construction
vector offers an efficient solution for the auto-excision of the floxed region in the male germ
line of mice. In parallel, a 3.3kb fragment (corresponding to the 5> homology arm) and 2.6kb
fragment (corresponding to the 3> homology arms) were amplified by PCR and sub-cloned
into MCI proprietary vector to generate the final targeting construct. The linearized construct
was electroporated in C57BL/6N mouse embryonic stem (ES) cells. After selection, targeted
clones were identified by PCR using external primers and further confirmed by Southern blot-
ting with 3’ external probe. Two positive recombinant ES clones were injected into BALB/CN
blastocysts, and resulting male chimeras were crossed with wild type females. The genotype of
mice with germ-line transmission was confirmed using the primers described below. Generated
mice were transferred to Mfd Diagnostics (Wendelsheim/Rheinland-Pfalz, Germany), and
housed in a SPF environment. Harvesting organs and tissues from wild type and mutant mice
following euthanasia using CO, was approved at Justus Liebig University Giessen by the federal
authorities for animal research of the Regierungspraesidium Giessen, Hessen, Germany
(Approved Protocol No. 452_M).

PCR Genotyping

miR-142 heterozygous and null mutant mice were identified by performing PCR on tail geno-
mic DNA using four primers (P1-4). The P2/P3 primers allow detecting the miR-142 wild type
allele (174 bp). The P1/P4 primers allow detecting the presence of the LoxP cassette (105 bp)
and the P1/P3 primers allow detecting the deletion of the endogenous miR-142 gene (294 bp).

(P1) forward: GAA GAA CGA GAT CAG CAG CCT CTG TTC C; (P2) forward: ACG
CTA GCA CAG TGT GTG CCC A; (P3) reverse: ACC CAT ATG ATA CAC CAG CCA CGT
C; (P4) reverse: GAA GTT ATA CTA GAG CGG CCG TTC AC.

The PCR program consists of a denaturation step at 95°C for 4 min, followed by 34 cycles of
denaturation (94°C for 30 s), annealing (62°C for 30 s) and extension steps (72°C for 60 s). The
program ends with a completion step at 72°C for 420 s. Each PCR tube contains 2.6 U of Taq
polymerase in 5uL of reaction buffer (Qiagen Master Mix), 15 pmol of each primer, 0.5 mM
dNTPs and 10 ng of genomic DNA in final volume of 10 pL.

Murine Peripheral Blood Counts

In the Mfd diagnostics facility, about 250 pL of whole blood was retro-orbitally drawn from 8
weeks-old sex-matched miR-142-null and wild type littermates into glass capillary tubes con-
taining 5 uL of 0.5 M EDTA, to prevent coagulation. ADVIVA2120 Hematology System (Sie-
mens Healthcare, Germany) was used to perform complete blood count measurements. Blood
count measurement was performed at Justus-Liebig Universitat Klinik fur Kleintiere (Central
laboratory for small animals), Giessen Germany.

miRNA computational analysis

The target prediction and pathway intersection for miR-142-3p and miR-142-5p were per-
formed using the software mirPath. [16]
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Quantitative Real-time PCR and Statistical Analysis

Freshly isolated embryonic lungs were lysed and total RNA was extracted using miRNeasy
Mini or Micro kit (Qiagen, Hilden Germany). 1 pug of RNA was used for cDNA synthesis and
RT-PCR for mRNA was carried out using Quantitative Reverse Transcription kit (Qiagen).
RT-PCR for miRNA was carried out using Taqgman MicroRNA Reverse Transcription kit
(Applied Biosystem). In both cases, reactions were assembled following the manufacturer’s rec-
ommendations. qPCR was performed using the Light Cycler 480 system (Roche Applied Sci-
ence). The TagMan microRNA assay (Applied Biosystem) was used for screening the
differential expression of miRNAs whereas SYBR Green (Platinum SYBR Green qPCR Super-
Mix-UDG Invitrogen) was used for the analysis of mRNA expression. U6 and Hprt (Hypoxan-
thine phosphporibosyl transferasel) were used as reference genes for normalization of miRNA
and mRNA abundance espectively. Results were collected from at least three lung samples and
each reaction was run in triplicate. Data were assembled using Graph Pad Prism Software
(Graph Pad software, USA) and statistical analyses were performed using Student’s t-test. Data
were significant if p<0.05. Primers for miR142-3p, miR142-5p and U6 were obtained from
Applied Biosystems. Primers for Bzrapl: Fwd: 5' AGA GAG CCC TGG GTA CAG C 3/, Rev: 5'
CCC GAA GCCTAT GTT GAA CT 3'. Primers for LncRNA, Fwd: 5' CTT CCT GAC CCC
TGA TACTTG 3', Rev: 5' CCC ATA TCC TCA CGG ACG 3'. Primers for Apc, Fwd: 5' - CAT
GGA CCA GGA CAA GGA CAA AAA CC-3,Rev: 5'- GAA CAC ACA CAG CAG GAC
AGA - 3'. Primers for p300, Fwd: 5'-ACA TGA TGC CTC GGA TGA CT -3/, Rev: 5'- TAG
GGG GCT GTG GCA TAT T -3'. Primers for beta-catenin/Ctnnb1, Fwd: 5'-GCA GCA GCA
GTT TGT GGA -3, Rev: 5-TGT GGA GAG CTC CAG TAC ACC-3.

Immunofluorescence and In-situ hybridization

Tissues were fixed in 4% PFA, gradually dehydrated in ethanol, impregnated with xylene,
embedded in paraffin and sectioned into 5 pm slices on poly-L-Lysine-coated slides. Antigen
retrieval was performed by treating the sample with Proteinase K for 3 min at 37°C. Slides were
blocked twice for 5 min with Dako (DAB Emission +Dual Linksystem HRP, Life Technologies)
and then incubated with digoxygenin labeled LNA probes (Exiqon, miRCURY LNA Detection
probe, Vedback, Denmark) specific for miR142-3p and miR142-5p. For immunofluorescence
staining the slides were de-paraffinized, blocked with 3% bovine serum albumin (BSA) and
0.4% Triton X-100 (in Tris-buffered saline (TBS) at room temperature (RT) for 1 hour and
then incubated with primary antibodies against Apc (#Ab15270, Abcam; 1:200), p-S>**B-cate-
nin (#9566, Cell Signaling; 1:200) and p300 (# sc-585, Santa Cruz; 1:200) at 4°C overnight.
After incubation with primary antibodies, slides were washed three times in TBST (Tris buffer
saline + 0.1% Tween 20) for 5 minutes, incubated with secondary antibodies at RT and washed
three times with TBST before being mounted with Prolong Gold Anti-fade Reagent with DAPI
(4,6-diamidino-2-phenylindole;Invitrogen). Photomicrographs of immunofluorescence stain-
ing were taken using a Leica DMRA fluorescence microscope with a Leica DFC360 FX camera
(Leica, Wetzlar, Germany). Figures were assembled using Adobe Illustrator. The data are rep-
resentative of at least three lungs from independent experiments.

Results
Generation of miR-142-null mice

In mice, the miR-142 gene (ENSMUSG00000065420) is located in chromosome 11 adjacent to
the second exon of a long non-coding RNA (A430104N18Rik ENSMUSG00000084796) (Fig
1). The function is still LncRNA is still unknown. Benzodiazepine receptor (peripheral)
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Fig 1. Schematic Representation of the miR-142 locus in the mouse genome. miR-142 gene is located
in the vicinity of an exon belonging to a LncRNA (A430104N18Rik ENSMUSG00000084796) on
chromosome 11. Deletion of miR-142 led to the deletion of the LncRNA exon as well as part of the 5° UTR of
Bzrap1. LncRNA: Long non-coding RNA. Bzrap1: Benzodiazepine receptor (peripheral) associated protein 1.

doi:10.1371/journal.pone.0136913.9001

associated protein 1 (Bzrapl, ENSMUSG00000034156) is also another gene found downstream
of miR-142. The miR-142 locus also contains many GC-rich repeat regions, which render PCR
amplification and screening difficult. The constitutive and complete deletion of the miR-142
gene was therefore carried out and miR-142 heterozygous mice were generated. Fig 2B shows
the genotyping results of E18.5 embryos arising from crossing miR-142 heterozygous mice. Fig
2C shows the validation of our primer sets to amplify either the wild type miR-142 allele (P2/
P3), the presence of the LoxP site (P1/P4) or the miR-142-null allele (P1/P3).
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Fig 2. Genotyping Strategy for miR-142 KO allele. A) Schematic diagram showing the WT, targeted and
KO alleles for the miR-142 locus. P1, P2, P3 and P4 represent the primers used to genotype wild type and
KO alleles. B-C) PCR analysis of the genomic DNA obtained from the embryos at E18.5 from miR-142*"
male and female intercrossing. 254 bp band size for KO allele (Primers used: P1 and P3) and 174 bp band
size for WT allele (Primers used: P2 and P3) was determined. A 105 bp band was observed using LoxP
specific primers (P1 and P4).

doi:10.1371/journal.pone.0136913.g002
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Table 1. Number of embryos obtained at different stages of embryonic development.

Embryonic stages mir142+/* miR142*~ miR142" Total embryos
E12.5 3 (17%) 8 (44%) 7 (39%) 18
E185 3 (20%) 6 (40%) 6 (40%) 15
Post natal 34 (43%) 29 (36%) # 16 (20%) * 79

# 3 animals died at the age of 2-3 months
* 1 animal died at the age of 4 months

doi:10.1371/journal.pone.0136913.t001

miR-142-null pups are born alive and do not display obvious
abnormalities

Litters from miR-142 heterozygous crosses were genotyped at E12.5, E18.5 and postnatally.
Although the expected Mendelian ratio for generating knockout (KO) pups from crossing two
hemizygous mice is 25%, this ratio appeared higher when embryos were harvested at E12.5
(39%) and E18.5 (40%) (Table 1). The likely explanation for this observation is the low number
of harvested embryos (eighteen and fifteen respectively). Another important conclusion from
these data is that miR-142-null embryos are not dying in utero. In addition, individual moni-
toring and genotyping of all the neonates born from different litters up to 4 months of age indi-
cate a normal representation of miR-142-null mice (20% of the overall postnatal mice
(n=79)). In the miR-142-null group, only one 4 month-old mouse died while three animals
died in the miR-142 heterozygous group between the ages of 3 and 4 months. None of the mice
died in the control wild type group. Overall, our data indicate very low death rate in the miR-
142-null group postnatally.

miR-142 deletion abolishes the expression of both miR-142-3p and miR-
142-5p

Our experimental approach was designed to carry out the complete deletion of miR-142. In the
process of deleting miR-142, one exon for the LncRNA, close to miR-142, was also deleted. In
addition, part of the 5’ region of Bzrap1l, a gene encoding a regulator of synaptic transmission,
was also deleted. To confirm the successful deletion of miR-142, RNA from E18.5 miR-142""",
miR-142"" and miR-142"" lungs from littermate embryos (n = 3 for each genotype) were
extracted. QPCR analysis showed that the expression of both miRNAs, miR-142-3p and miR-
142-5p, was reduced in miR-142 heterozygous lungs compared to wild type lungs. In addition,
the expression of both isoforms was completely abolished in miR-142-null lungs (Fig 3A and
3B). The expression levels of Bzrapl, a gene positioned 3.5kb downstream of miR142, were
unchanged in miR-142 heterozygous or null lungs compared to wild type littermates (Fig 3C),
indicating that the promoter region of Bzrapl was not impaired for the expression in the lung.
Interestingly, we observed a statistically significant decrease in Bzrapl expression in the liver
(n =3 hets vs. 3 ko, p = 0.015) but not in the spleen. In the future, it will therefore be important
to validate the changes in Bzrapl expression in tissues of interest. As expected, exon 2 of the
LncRNA, which is located within the deleted region of miR142, was not detected in both miR-
142 heterozygous and null embryos (Fig 3D). It still remains to be demonstrated whether the
deletion of this exon leads to the complete loss of function the LncRNA.

Using specific digoxygenin-labeled probes for these two microRNAs, in-situ hybridization
showed that miR-142-3p and miR-142-5p are expressed in both the mesenchyme and the epi-
thelium of the E18.5 lung (Fig 4A, 4B, 4E and 4F). The level of expression of both microRNAs
was significantly decreased in miR142-null samples compared to WT samples (Fig 4C, 4D, 4G,
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4H vs. 4A, 4B, 4E and 4F). Blinded quantification of the expression of the respective isoforms
of miR-142 confirms the very low level of expression of both miR-142 isoforms (Fig 41 and 4]).

Embryonic miR-142-null lungs display increased Wnt signaling
associated with up-regulation of Apc and p300

We previously reported that attenuation of miR-142-3p in lung explants grown in vitro leads to
impaired Wnt signaling in the mesenchyme via the up-regulation of Apc [3]. We therefore
used immunofluoresence to examine the status of Wnt signaling and Apc in miR-142-null ver-
sus wild type lungs at E18.5. Surprisingly, our results indicate increased expression of the acti-
vated form of Ctnnb1/3-catenin (p-S552) in the nuclei of miR-142-null (Fig 5C and 5D) versus
control (Fig 5A and 5B) lungs, suggesting increased Wnt signaling upon loss of miR-142. How-
ever, and in agreement with our previous report [3], miR-142-null lungs display increased
expression of Apc (Fig 5G and 5H vs. 5E and 5F). Next, we investigated the expression of p300,
a previously validated target of miR-142-5p [15]. p300 is a positive regulator of Ctnnb1 that
synergistically activates Ctnnb1/TCF transcription [17]. Our results indicate increased expres-
sion of p300 in miR-142-null versus wild type lungs (Fig 5K and 5L vs. 5I and 5]). The
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Fig 3. Deletion of miR-142 successfully abrogates miR-142-3p and miR-142-5p expression. A-B) gPCR analysis on cDNA obtained from E18.5
embryonic lung sample showing that both miR-142-3p and miR-142-5p are down-regulated in miR-742*" lungs and completely absent in miR-142-null lungs
as compared to WT samples. C) The levels of Bzrap1 gene, positioned 3.5kb downstream of the miR-142 gene, remain unchanged as compared to that of
wild type littermates shown. D) Expression of the LncRNA was completely abolished in miR-742-null lungs.

doi:10.1371/journal.pone.0136913.g003
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Fig 4. In situ hybridization on E18.5 miR-142"- embryonic lung sections. In situ hybridization for miR-
142-3p (A-D) and miR-142-5p (E-H) showing significant reduction of the corresponding expression levels in
miR-142"" compared to WT E18.5 embryonic lung sections. (I-J). Quantification of the in situ hybridization
signals indicating a strong reduction of both isoforms. Scale bar: (A,C,E,G): 20 pm and (B,D,F,H): 4 ym.

doi:10.1371/journal.pone.0136913.g004

respective increase in Apc and p300 in miR-142-null lungs was also validated at the mRNA
level (Fig 5N and 50). Ctnnbl mRNA expression is not changed between miR-142-null and
control lungs (Fig 5M).

miR-142-null mice display a wide range of hematological disorder

miR-142 is highly expressed in hematopoietic cells belonging to both the myeloid and lym-
phoid lineages. Using an exogenous gene trap technology, Chapnik and colleagues recently
reported the phenotypic analysis of miR-142 knockdown mice. Their mutant mice displayed
an array of hematological defects [8]. In order to validate our mouse model, we performed total
blood count on 8 week-old miR-142""* and miR-142"" mice (n = 3 for each genotype). Our
results indicate a significant decrease in the number of white blood cells, lymphocytes, eosino-
phils, monocytes and platelets in miR-142-null vs. wild type animals (Fig 6B-6E and 6G). A
significant increase in mean platelet volume was also observed (Fig 6D and 6F).
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Fig 5. Increased expression of Apc and p300 is associated with increased Wnt signaling in E18.5 miR-142-null lungs. (A-L) Immunoflorescence for
activated beta-catenin (A-D), Adenomatous polyposis coli (Apc) (E-H) and p300 (I-L) in wild type (A,B, E,F,l,J) and miR-142 ko (C,D,G,H,K,L) lungs showing
increased Wnt signaling, Apc and p300 expression. (M-N) gPCR analysis of beta catenin (Ctnnb1), Apc and p300 expression in E18.5 wild type and miR-
142-null lungs. Scale bar: (A,C,E,G,|,K): 44 ym and (B,D,F,H,J,L): 9 pm.

doi:10.1371/journal.pone.0136913.9005

Discussion

We are the first group to report the generation and validation of classical miR-142-null mice.
We show that both isoforms of miR-142, the 3p and 5p, are no longer expressed in miR-142-
null mice. The expression of Bzrapl, a gene immediately flanking miR-142, is not altered while
the expression of a LncRNA embedded within the miR-142 gene is abolished. E18.5 miR-142-
null lungs display increased Wnt signaling associated with the up-regulation of Apc and p300,
two previously reported targets of miR-142-3p and -5p, respectively. miR-142-null pups are
born alive and are normally represented indicating absence of embryonic lethality. Adult miR-
142-null animals are viable and display impaired hematopoietic lineage formation. This novel,
homologous recombination-based, miR-142-null mouse line will be useful for the scientific
community.

A miR-142 gene-trap allele was recently created by insertion of an exogenous gene trap
sequence 50 bp upstream of the murine pre-miR-142 [8]. In these mice, the expression of both
3p and 5p was reduced to very low levels but not completely abolished. The authors describe
that at E14.5, embryos homozygous for the mutant allele display a normal Mendelian distribu-
tion. However, one third of the postnatal homozygous mutant mice died within 3 weeks. Our
results support these observations with the exception of the lack of perinatal death. Even
though this remains to be shown, perinatal death may be associated with heart failure due to
the absence of adaptive growth of the cardiomyocytes [15]. Similarly to the homozygous miR-
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Fig 6. miR-142 KO mice display hematological abnormalities. (A) Schematic representation of hematopoietic stem cells differentiated into different blood
cell types. Peripheral blood cell count in 8 week old miR-142"" mice (n = 3) showing a significant decrease in circulating white blood cells (B), lymphocytes
(C), platelets (D), eosinophils (E) and monocytes (G) in addition to an increase in mean platelet volume (F).

doi:10.1371/journal.pone.0136913.g006
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142 gene-trap mice, our miR-142-null mice also display decreased white blood cells, decreased
platelets and increased mean platelet volume. However, we did not observe the decrease in red
blood cell numbers as well as the increased level of basophils and reticulocytes (data not
shown) initially reported in the homozygous miR-142 gene-trap mice. The basis for such differ-
ences is not known so far and could be linked to the genetic background.

In order to predict the potential defects observed in miR-142-null animals, the predicted tar-
gets for miR-142-3p and 5p were characterized using Diana-MicroT and Targetscan (Fig 7A).
Among the processes and pathways potentially affected, we identified endocytosis, regulation
of actin cytoskeleton, pathways in cancer, TGFf signaling and Wnt signaling,

As the miR-142 conventional KO leads to the deletion of both miR-142-3p and miR-142-5p,
it might be challenging to tease out the activity of each isoform. Others and we have previously
reported that Apc is a direct target of miR-142-3p [3,12]. Fig 7B describes the common targets
(in orange) for miR-142-3p and 5p as well as unique targets (yellow) for each isoform in regard
to the Wnt pathway. Reduction in Apc leads to the activation of canonical Wnt signaling by
preventing the recruitment of Ctnnb1 to the degradation complex. Increased Apc expression
upon miR-142-3p silencing causes down-regulation of Wnt signaling [3]. On the other hand
Sharma et al. found that p300 is a target of miR-142-5p. Interestingly, this target was not identi-
fied as a main putative target through in-silico analysis and demonstrates the importance of
identifying and confirming interacting partners through pull-down assays followed by gene
arrays [3] or next generation sequencing. A mutual inhibitory loop between p300 and miR-
142-5p has also been described and under mechanical stress, p300 is accumulated in the cardiac
cells, which results in the down-regulation of miR-142-5p. The loss of miR-142-5p expression
activates genes required for myocyte survival and function [15]. p300 is a positive regulator of
Ctnnb1, which synergistically activates Ctnnb1/TCF transcription [17]. It is therefore not sur-
prising to find that the loss of miR-142 leads to increased expression of both Apc and p300 (Fig
5). As Apc is a negative regulator and p300 is a positive regulator of Wnt signaling, we expect
that upon deletion of miR-142, the balance between Apc and p300 will lead to either no change
in Wnt signaling, an increase or a decrease in Wnt signaling. In the E18.5 lung, our results indi-
cate that the Apc/p300 balance favors Wnt signaling. The regulation of the relative expression
of both isoforms in specific tissues over time is still unknown. In the embryonic lung at E18.5,
both the -5p and -3p isoforms are normally co-expressed in the epithelium and mesenchyme
while -3p appears to be more abundantly expressed in the mesenchyme at E12.5 [3]. In the
hematopoietic system, -3p is the predominant isoform expressed. In the heart, it appears that
-5p is the major isoform. Our mouse model will allow determining the overall contribution of
-3p and -5p to Wnt signaling in different tissues and at different developmental stages.

Another aspect related to the reported miR-142-null mouse is the deletion of the LncRNA
together with the miR-142 gene. LncRNAs contribute also to gene regulation [18] and in the
future, the generation of new mouse models allowing the tissue-specific rescue of miR142-3p/
5p expression in the context of the miR-142 KO animals will allow determining the role of this
LncRNA. Interestingly, the expression of this LncRNA has not been investigated in the miR-142
gene-trap line. More recently, a conditional KO for miR-142 was generated by deleting 900 bp
of the genomic sequence that encompasses the miR-142 precursor in the germ line [19]. The
authors reported that miR-142-null mice are born at the expected Mendelian ratio and appear
healthy and fertile with no apparent internal organ defects, similarly to the findings described
in this report. They also described a highly penetrant splenomegaly that is also observed in our
miRI142-null mice (data not shown).

In conclusion, we report the generation and validation of a novel homologous recombina-
tion-based miR-142 KO mouse model. Interestingly, these mice display differences as com-
pared to the previously described gene-trap model, which will need to be analyzed further to
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Fig 7. Predicted targets of miR-142-3p and miR-142-5p using Diana-MicroT and Target Scan software prediction tools. (A) Pathway intersection
doi:10.1371/journal.pone.0136913.g007

between miR-142-3p and miR-142-5p. (B) Predicted targets of miR-142-3p and miR-142-5p in the Wnt signaling pathway. Orange boxes: common

PLOS ONE | DOI:10.1371/journal.pone.0136913 September 1, 2015



@PLOS | ONE

MiR-142 Knock Out Mice

validate the proposed function of miR-142 in hematopoiesis. Together with the recently
reported conditional miR-142 KO, our mouse model will be the first generation of tools
designed to decipher the role of miR-142 in development and disease.

Supporting Information

S1 Fig. Schematic representation of mir-142 targeting vector. (A) Map of miR-142 targeting
vector plasmid.(B) Deletion of miR-142 locus in the genome.
(TIF)

Acknowledgments

We thank Matt Jones for the genotyping of the animals, Jana Rostkovius for the immunofluo-
rescence experiments and Kerstin Goth for the management of the mouse colony.

Author Contributions

Conceived and designed the experiments: AS GC EEA RM AR GB SB. Performed the experi-
ments: AS RM CMC. Analyzed the data: AS GC CMC RM AR GB SB. Wrote the paper: AS
EEA SB.

References

1. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell 2009; 136: 215-233. doi: 10.
1016/j.cell.2009.01.002 PMID: 19167326

2. Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA translation and stability by microRNAs.
Annu Rev Biochem 2010; 79: 351-379. doi: 10.1146/annurev-biochem-060308-103103 PMID:
20533884

3. Carraro G, Shrestha A, Rostkovius J, Contreras A, Chao CM, El Agha E, et al. miR-142-3p balances
proliferation and differentiation of mesenchymal cells during lung development. Development 2014;
141:1272-1281. doi: 10.1242/dev.105908 PMID: 24553287

4. Clevers H, Nusse R. Wnt/beta-catenin signaling and disease. Cell 2012; 149: 1192-1205. doi: 10.
1016/j.cell.2012.05.012 PMID: 22682243

5. ChenCzZ,LiL, Lodish HF, Bartel DP. MicroRNAs modulate hematopoietic lineage differentiation. Sci-
ence 2004; 303: 83-86. PMID: 14657504

6. Merkerova M, Belickova M, Bruchova H. Differential expression of microRNAs in hematopoietic cell lin-
eages. Eur J Haematol 2008; 81: 304—-310. doi: 10.1111/j.1600-0609.2008.01111.x PMID: 18573170

7. FanHB, LiuYJ, WangL, DuTT, Dong M, Gao L, et al. miR-142-3p acts as an essential modulator of
neutrophil development in zebrafish. Blood 2014; 124: 1320-1330. doi: 10.1182/blood-2013-12-
545012 PMID: 24990885

8. Chapnik E, Rivkin N, Mildner A, Beck G, Pasvolsky R, Metzl-Raz E, et al. miR-142 orchestrates a net-
work of actin cytoskeleton regulators during megakaryopoiesis. Elife 2014; 3: e01964. doi: 10.7554/
elife.01964 PMID: 24859754

9. Nimmo R, Ciau-Uitz A, Ruiz-Herguido C, Soneji S, Bigas A, Patient R, et al. MiR-142-3p controls the
specification of definitive hemangioblasts during ontogeny. Dev Cell 2013; 26: 237-249. doi: 10.1016/j.
devcel.2013.06.023 PMID: 23911199

10. Kaduthanam S, Gade S, Meister M, Brase JC, Johannes M, Dienemann H, et al. Serum miR-142-3p is
associated with early relapse in operable lung adenocarcinoma patients. Lung Cancer 2013; 80: 223—
227.doi: 10.1016/j.lungcan.2013.01.013 PMID: 23410826

11.  Chiou GY, Chien CS, Wang ML, Chen MT, Yang YP, Yu YL, et al. Epigenetic regulation of the miR142-
3p/interleukin-6 circuit in glioblastoma. Mol Cell 2013; 52: 693-706. doi: 10.1016/j.molcel.2013.11.009
PMID: 24332177

12. Isobe T, Hisamori S, Hogan DJ, Zabala M, Hendrickson DG, Dalerba P, et al. miR-142 regulates the
tumorigenicity of human breast cancer stem cells through the canonical WNT signaling pathway. Elife
2014; 3:01977

PLOS ONE | DOI:10.1371/journal.pone.0136913 September 1, 2015 13/14



@PLOS | ONE

MiR-142 Knock Out Mice

13.

14.

15.

16.

17.

18.

19.

Sun'Y, Varambally S, Maher CA, Cao Q, Chockley P, Toubai T, et al. Targeting of microRNA-142-3p in
dendritic cells regulates endotoxin-induced mortality. Blood 2011; 117: 6172—-6183. doi: 10.1182/
blood-2010-12-325647 PMID: 21474672

Trobaugh DW, Gardner CL, Sun C, Haddow AD, Wang E, Chapnik E, et al. RNA viruses can hijack ver-
tebrate microRNAs to suppress innate immunity. Nature 2014; 506: 245-248. doi: 10.1038/
nature12869 PMID: 24352241

Sharma S, Liu J, Wei J, Yuan H, Zhang T, Bishopric N. Repression of miR-142 by p300 and MAPK is
required for survival signalling via gp130 during adaptive hypertrophy. EMBO Mol Med 2012; 4: 617—
632. doi: 10.1002/emmm.201200234 PMID: 22367739

Vlachos IS, Kostoulas N, Vergoulis T, Georgakilas G, Reczko M, Maragkakis M, et al. DIANA miRPath
v.2.0: investigating the combinatorial effect of microRNAs in pathways. Nucleic Acids Res 2012; 40:
W498-504. doi: 10.1093/nar/gks494 PMID: 22649059

Sun'Y, Kolligs FT, Hottiger MO, Mosavin R, Fearon ER, Nabel G. Regulation of beta-catenin transfor-
mation by the p300 transcriptional coactivator. Proc Natl Acad Sci U S A 2000; 97: 12613-12618.
PMID: 11050151

Herriges MJ, Swarr DT, Morley MP, Rathi KS, Peng T, Stewart KM, et al. Long noncoding RNAs are
spatially correlated with transcription factors and regulate lung development. Genes Dev 2014; 28:
1363-1379. doi: 10.1101/gad.238782.114 PMID: 24939938

Kramer NJ, Wang WL, Reyes EY, Kumar B, Chen CC, Ramakrishna C, et al. Altered lymphopoiesis
and immunodeficiency in miR-142 null mice. Blood 2015; 125:3420-2730.

PLOS ONE | DOI:10.1371/journal.pone.0136913 September 1, 2015 14/14



Cellular and Molecular Life Sciences (2019) 76:2817-2832

https://doi.org/10.1007/500018-019-03067-8 Cellular and Molecular Life Sciences
ORIGINAL ARTICLE q
Check for
updates

A critical role for miR-142 in alveolar epithelial lineage formation
in mouse lung development

Amit Shrestha'2 - Gianni Carraro® - Nicolas Nottet** - Ana Ivonne Vazquez-Armendariz? - Susanne Herold? -
Julio Cordero® - Indrabahadur Singh® - Jochen Wilhelm? - Guillermo Barreto®” - Rory Morty?® - Elie El Agha'-2 -
Bernard Mari** - Chengshui Chen' - Jin-San Zhang'® - Cho-Ming Chao'*'° . Saverio Bellusci'-2

Received: 10 January 2019 / Revised: 5 March 2019 / Accepted: 12 March 2019 / Published online: 18 March 2019
© Springer Nature Switzerland AG 2019

Abstract

The respiratory epithelium arises from alveolar epithelial progenitors which differentiate into alveolar epithelial type 1
(ATT1) and type 2 (AT2) cells. AT2 cells are stem cells in the lung critical for the repair process after injury. Mechanisms
regulating AT1 and AT2 cell maturation are poorly defined. We report that the activation of the glucocorticoid pathway in
an in vitro alveolar epithelial lineage differentiation assay led to increased AT2 marker Sftpc and decreased miR-142 expres-
sion. Using miR-142 KO mice, we demonstrate an increase in the AT2/AT1 cell number ratio. Overexpression of miR-142
in alveolar progenitor cells in vivo led to the opposite effect. Examination of the KO lungs at E18.5 revealed enhanced
expression of miR-142 targets Apc, Ep300 and Kras associated with increased p-catenin and p-Erk signaling. Silencing of
miR-142 expression in lung explants grown in vitro triggers enhanced Sftpc expression as well as increased AT2/AT1 cell
number ratio. Pharmacological inhibition of Ep300-p-catenin but not Erk in vitro prevented the increase in Sftpc expression
triggered by loss of miR-142. These results suggest that the glucocorticoid-miR-142-Ep300-p-catenin signaling axis controls
pneumocyte maturation.
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Introduction

The formation of the alveolar epithelial lineage dur-
ing lung development is coordinated with the process of
branching morphogenesis [1]. Lung development starts at
E9.5 with the formation of the laryngotracheal grove on
the ventral side of the foregut endoderm. As the trachea
separates from the underlying esophagus, the primary lung
rudiments appear at the most distal part of the trachea.
During the pseudoglandular stage (E9.5-E16.5), the lung
epithelium undergoes a coordinated process of branch-
ing morphogenesis and differentiation [2]. This allows
the formation of a tree-like structure comprised of main
branches proximally (the future bronchi) as well as buds.
Sox9/1d2-positive cells located at the tip of the epithelial
buds during the pseudoglandular stage are considered to
be multipotent epithelial progenitor cells [3, 4]. Lineage
tracing experiments at E11.5 using Id2¢"*R"? showed
that Id2*"¢ epithelial cells at the distal tip can give rise
to both bronchiolar and alveolar progenitors [3]. Single
cell transcriptomic studies of the developing epithelium
at E14.5, E16.5 and E18.5 demonstrated the existence of
cells expressing both the alveolar epithelial cell type 1
(AT1) marker Pdpn and the type 2 (AT2) marker Sftpc
at E18.5. These cells are called bipotent (BP) progeni-
tor cells [5]. Based on the expression of several AT1 and
AT2 markers, it has been suggested that early bipotent
progenitors are already present at E16.5 and can give rise
progressively to either AT1 or AT2 during the subsequent
phases of lung development. AT1 and AT2 cells lining
the alveolar sacs are regarded among the most important
pulmonary cells allowing the lungs to function properly by
mediating gaseous exchange as well as through surfactant
production. Supporting BP cells as common progenitors
for AT1 and AT2, it was recently reported that alveolar
progenitor cells co-expressing Pdpn and Sftpc at the lung
tip are migrating out of the lumen at E16.5-E17.5 and will
be destined to become AT2 as they escape the stretching-
induced differentiation effect due to the internal pressure.
The authors proposed that the cells remaining in the lumen
will then differentiate into AT1 cells [6]. It is important to
note that the BP model as progenitor for AT1 and AT2 still
needs to be validated using lineage tracing approaches. An
alternative and non-mutually exclusive model for AT?2 for-
mation is that some of the alveolar progenitor cells never
transit through a bipotent intermediate but rather give
rise to mature AT2 cells through progressive and direct
differentiation.

MicroRNAs (miRs) are small regulatory RNA in
mammals that account approximately 1% of the genome.
They are 22- to 25-nucleotide-long single-stranded
RNAs processed from hairpin transcripts, that regulates

@ Springer

post-transcriptional gene regulation in eukaryotes by bind-
ing at the 3’-UTR regions of the target mRNA thus leading
to mRNA cleavage, degradation or translational repres-
sion. The maturation of hairpin transcript give rise to a
3p guide strand and 5p sister passenger strand. In general,
only one species remains while the complementary spe-
cies is degraded but in some cases, both strands can be
produced allowing the silencing of specific sets of genes
through base pairing to a minimal recognition sequence
[7]. In this study, we describe a novel function for miR-
142 in the control of alveolar epithelial lineage formation.

miR-142 is a major regulator of cell fate decision during
organogenesis [8]. We previously reported that morpholino-
based in vitro knockdown of miR-142-3p in the embryonic
E11.5 lung led to decreased proliferation and premature dif-
ferentiation of smooth muscle cell progenitors. Functionally,
miR-142-3p positively regulates p-catenin signaling via tar-
geting Adenomatous polyposis coli (Apc), a gene encoding
an essential component of the B-catenin (Ctnnbl) degrada-
tion complex. Deletion of Apc or the ectopic expression of a
stable form of f-catenin in the mesenchyme, which led to a
rescue of the proliferation and differentiation defects previ-
ously observed upon silencing of miR142-3p, further validates
Apc as a functional target downstream of miR-142-3p [9].
Interestingly, miR-142-5p has been reported to target Ep300,
a positive regulator of f-catenin signaling [10, 11]. We previ-
ously reported the simultaneous upregulation of the negative
[-catenin regulator Apc and the positive B-catenin regulator
Ep300 in miR-142 KO E18.5 lungs. This was associated with
increased p-catenin signaling in both the epithelium and mes-
enchyme [12]. Therefore, one reasonable possibility is that, in
the context of the miR-142 KO, Ep300 is overriding the effect
of Apc on f-catenin signaling.

We have deployed both in vivo gain and loss of function
approaches for miR-142 to study its role in alveolar epithe-
lial lineage formation. Using FACS-isolated AT2 cells from
mutant and control lungs, we carried out gene arrays to deter-
mine the corresponding transcriptional changes. An in vitro
lung explant culture model allowing alveolar epithelial dif-
ferentiation was used to monitor the status of miR-142 expres-
sion. In this model, the effect of morpholino-based knockdown
of miR-142 on alveolar lineage formation was also character-
ized. Pharmacological blockade of Ep300/B-catenin interac-
tion with IQ-1 and Kras/Erk signaling with SCH772984 was
carried out. Our results suggest that a glucocorticoid-miR-142-
Ep300-B-catenin signaling axis is in place to control pneumo-
cyte maturation.
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Results

Enhancement of alveolar epithelial lineage
formation via the activation of the glucocorticoid
pathway leads to decreased miR-142 expression

We previously reported that miR-142-3p and -5p are
expressed in both the epithelium and the mesenchyme
at E18.5 [12] suggesting that in addition to its reported
role in the mesenchyme [9], miR-142 could also play a
function in the epithelium. We hypothesized that miR-
142 could control alveolar epithelial lineage formation
during lung development. First, we took advantage of a
previously reported in vitro model where activation of
the glucocorticoid receptor pathway with dexamethasone
increases alveolar epithelial lineage formation [13]. Treat-
ment of E14.5 embryonic lungs grown in vitro for 4 days
with dexamethasone (Fig. 1a) led to an increase in the
expression of both AT1 (Agp5, Pdpn) and AT2 markers
(Sftpc) (Fig. 1c). The impact of Dex treatment on Sftpc
at the protein level was confirmed by IF and western blot
(Fig. le, f). Next, we investigated the impact of dexameth-
asone treatment on the expression of the specific miR-142
isoforms. We observed a strong decrease in miR-142-3p
and -5p expression upon Dex treatment (Fig. 1b) associ-
ated with a significant increase in miR-142 targets Apc,
Ep300, 1165t but not Kras (Fig. 1d) suggesting that some of
the effects of dexamethasone on alveolar epithelial lineage
formation could be due to decrease in miR-142 expression.
Downregulation of miR-142 was already observed as early
as after 12 h of culture (data not shown). The expression
of the associated IncRNA, which is located in the miR-142
locus [12], was not affected by dexamethasone.

miR-142-3p and miR-142-5p are expressed
in both the AT1 and AT2 lineages during lung
development

To investigate whether both miR-142-3p and miR-142-5p
are expressed specifically in the AT1 and AT2 cells, we
performed fluorescence in situ hybridization specific to
miR-142-3p and -5p, co-stained together with either Sftpc
(AT2 marker) or Pdpn (AT1 marker) antibodies at three
different time points (E16.5, E17.5, and E18.5) during
alveolar lineage formation (Fig. 2a).

In our experimental conditions, Pdpn expression was
not detectable by IF at E16.5 in contrast with the robust
Sftpc expression at that stage. At E17.5 and E18.5, both
Sftpc and Pdpn were detected. miR-142-3p and 5p were
expressed in Sftpc-positive cells at E16.5 (the alveolar
progenitors) as well as in progressively differentiated AT2

cells at E17.5-E18.5. Interestingly, miR-142 expression is
mostly detected in the nuclear compartment rather than in
the cytoplasm. This result was confirmed by qPCR for the
two miR-142 isoforms from the enriched cytoplasmic or
nuclear fractions using adult mouse lungs (Fig. S1A, B).
Finally, at E17.5 and E18.5, we clearly observed Pdpn-
positive AT1 cells co-expressing miR-142-3p or 5p. We
further confirmed this observation using antibodies against
Hopx, a well-defined AT1 marker (Fig. S1C). In addition,
we noticed cells negative for miR-142-3p or miR-142-5p
but positive for Sftpc or Pdpn and vice versa. This result
supports previous observations made concerning the heter-
ogeneity of the alveolar epithelial lineage in the adult lung
[5, 14]. These results indicate that both miRs are expressed
in the alveolar epithelium during development. Using
FACS-based approach, with a combination of antibodies
against Cd45 and Cd31 to exclude the hematopoietic and
endothelial cells as well as Epcam antibodies for capturing
epithelial (Epcam*"®) or mesenchymal (Epcam™"°) cells,
we isolated resident epithelial and mesenchymal lung cells
at E14.5, E16.5 and E18.5 and examined miR expression
by qPCR (Fig. 2b). The validation of this approach was
carried out for known epithelial (Cdhl, Epcam, Fgfr2b)
or mesenchymal (Fgfl0, Acta2, Vimentin) markers (Fig.
S1D, E). The expression of miR-142-3p is higher in the
mesenchyme than in the epithelium at E16.5 and E18.5
but not at E14.5. Interestingly, between E14.5 and E18.5,
miR-142-3p expression in the epithelium progressively
decreases while the expression of its bona fide targets Apc,
Ep300, 1l6st, and Kras was increased (Fig. 2e). Consistent
with our previous observations, miR-142-5p was expressed
at much lower level than miR-142-3p [9].

We also investigated the expression of these two micro-
RNAs in E16.5, E17.5 and E18.5 FACS-isolated AT1 and
AT?2 cells (Fig. 2c). Alveolar epithelial cells were identi-
fied as CD457Y¢/CD31~¥¢/CD49f"°"/Epcam™ and AT2 cells
were identified as CD457"¢/CD317¥¢/CD49f!°"/Epcam™
and Pdpn~® while AT1 cells were identified as CD457"¢/
CD317"%/CD49f"*"/Epcam'™ and Pdpn™*°.

AtE16.5, the captured cells for the AT1 lineage (Pdpn*"®)
are likely to contain, provided these cells have a biological
significance, the putative bipotent progenitors [5, 15]. In
addition, the captured cells for the AT2 lineage (Pdpn~"%)
are mostly made of alveolar progenitors. For the AT1 lin-
eage, miR-142-3p was expressed at similar level between
E16.5 and E18.5. On the contrary, the expression of miR-
142-5p increased as the formation of the AT1 lineage pro-
gressed. Similar expression patterns for miR-142-3p and 5p
were observed in the formation of the AT2 lineage. Inter-
estingly, we noted the higher enrichment of miR-142-5p in
AT1 compared to AT2 cells at E18.5. Furthermore, data
mining analysis on the expression of miR-142 targets using
the single cell AT1 and AT?2 transcriptomic data at E18.5

@ Springer
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«Fig. 1 Effect of dexamethasone on E14.5 embryonic lung cultured
in vitro for 4 days. a Experimental design (n=4 for each + dexameth-
asone). b qPCR analysis showing the expression level of miR-142-3p
and miR-142-5p as well as the expression of (¢) Sftpc, Agp5, Pdpn
and Fgfr2b. d Apc, Ep300, 1l6st and Kras on E14.5 lung explants
grown for 4 days in presence of dexamethasone (100 nM), e IF stain-
ing for Sftpc on E14.5 lung explants cultured with and without dexa-
methasone (100 nM) for 4 days. f Representative western blot vali-
dating the increase in Sftpc expression in dexamethasone-treated lung
explants. Scale bar in (e) low magnification: 16 um, high magnifica-
tion: 4 ym

previously published [5] was carried out (Fig. 2d). We have
determined for each of the individual cells in the AT1 and
AT?2 pools, whether or not they express the different miR-
142 targets (Apc, Ep300). We have defined these cells as
positive or negative for the expression of the target genes.
For sake of simplification, we have not made a distinction
in the “positive” cells between cells expressing high or low
level of the target genes. We noticed that a higher number of
individual cells in the AT2 pool expressed Apc and Ep300
(7 out of 12 cells total analyzed and 5 out of 12 cells total
analyzed 12, for Apc and Ep300, respectively) compared to
AT1 (12 out of 41 cells total analyzed and 10 out of 41 cells
total analyzed, for Apc and Ep300, respectively) (Fig. 2d).
This supports our result that miR-142 expression is low in
AT2 compared to AT1 cells. Interestingly, a higher number
of cells in the AT1 compared to AT2 pools expressed Kras
(19/41 and 2/12, for AT1 and AT?2, respectively) suggesting
that Kras expression level is not regulated by miR-142 in
AT1 cells. 1l6st was expressed by a low number of cells in
the AT1 and AT2 pools (3/41 and 1/12, for AT1 and AT2,
respectively). Altogether, the increase in these miR-142 tar-
gets appears to occur more in AT2 than AT1, confirming the
observed differential expression of miR-142 in these cells.
Therefore, it is logic to expect that the formation of the AT1
cells will be disrupted upon loss of miR-142.

At the pseudoglandular stage of lung
development, miR-142 KO lungs display alteration
in the morphology of the epithelial cells located
at the tip but without major branching defects

To further explore the function of miR-142 during lung
development, we generated miR-142 KO mice (Fig. 3a) lead-
ing to the inactivation of the -3p and -5p isoforms simul-
taneously [12]. No obvious macroscopic abnormalities in
terms of branching were observed at E12.5 (Fig. 3b). This
result was quite surprising as we previously reported that
the knockdown of miR-142-3p using morpholino in E11.5
lungs grown in vitro led to impaired branching and loss of
[-catenin signaling in the mesenchyme. The latter was asso-
ciated with increased Adenomatous polyposis coli (Apc)
expression and arrested proliferation [9]. The lack of obvious

branching phenotype in miR-142 KO E12.5 lungs suggested
that miR-142-5p could also play a functional role. Apc and
Ep300, known targets for miR142-3p and miR-142-5p,
respectively, appeared to be upregulated at the protein level
in KO lungs (Fig. 3c, d) while no significant change at the
transcriptional level was observed (Fig. 3e). This could be
explained by the fact that microRNAs do not act only at the
level of the transcripts stability of the target genes but also
at the translational level. In addition, in spite of elevated
levels of f-catenin (Ctnnb1) mRNA (Fig. 3e), no significant
changes of activated p-catenin (p3>>*Ctnnb1) level in E12.5
miR-142 KO compared to wild-type littermate controls was
observed. Several possibilities for this discrepancy can be
proposed. For example -catenin protein degradation could
be drastically increased at that stage in miR-142 KO lungs.
In addition, a disconnect between the levels of Ctnnbl at
the transcriptional levels and at the protein level could also
explain this lack of impact on p-catenin signaling at this
early stage.

Further, in vitro knockdown experiments using mor-
pholinos against miR-142-3p (mo-3p), -5p (mo-5p) or
(3p+5p) (mo-(3p+5p)) indicated that simultaneous inacti-
vation of both isoforms leads to the rescue of the branching
defects reported upon miR-142-3p knockdown alone (Fig.
S2 and [9]).

Careful examination of E12.5 miR-142 KO lung epi-
thelium, by immunofluorescence for E-cadherin (Cdhl),
suggested a disruption in the epithelial cuboidal cell mor-
phology, and acquisition of a round shape with the overall
disorganization of the epithelial layer (Fig. 3b). Global tran-
scriptomic analysis using gene arrays with RNA originating
from the whole control and KO E12.5 lungs was also car-
ried out. The heat map (Fig. 3f) shows sets of up- or down-
regulated genes selected based on their p value in control
and KO lungs (n=3). KEGG gene set analysis indicated
perturbations in pathways involved in regulation of actin
cytoskeleton, focal adhesion and endocytosis as well as
ECM receptor interaction. All these pathways, which have
been shown to modulate epithelial integrity and maturation,
may be involved in the observed phenotype. Interestingly,
PI3K-Akt, Mapk, Ras, Hippo and Wnt signaling were also
perturbed (Fig. 3f).

The alveolar epithelial lineage is perturbed in E18.5
miR-142 KO lungs

Macroscopic analysis of the E18.5 KO lungs indicated no
obvious changes in terms of size or shape, when compared
to wild-type littermates. Analysis of the microscopic phe-
notype by H&E staining (n=23) also revealed no major
structural abnormalities (Fig. 4a). Transcriptomic analysis
between KO and control lungs at E18.5 indicated perturba-
tion in the extracellular matrix-receptor interaction, focal

@ Springer



2822

A. Shrestha et al.

miR-142-3p/Sftpc

miR-142-5p/Sftpc

— MiR-142-3p — — miR-142-5p—

A B —
o O o .
c > - Epith. - Epith.
3 D 209 882 +I\Xesench. 0.003 = Mesench.
el o - 1
= 25 oos) 0.002
L N ° g 0024 0.001
2% 001
[ Y = 0004 0.000 Lr—mreor—r—
n X —> I3 E14.5 E16.5 E185 E14.5 E16.5 E185
N U-l_u
-
w =
L c ;'_ 0.015 0.006 S
—_ A
<9 °
% [ 52 o0010f ° . 0.004 >
=\ ge °
o2 N §§ 0.005 _I_ . 0002 ﬂ_: 2
o - 2a o = A
N | O & 0.000! £ 0000l eove—nmma— 1 @
= = E16.5 E17.5 E185 E16.5 E17.5 E185 &
= . . — J
S miR-142-3p/Pdpn miR-142-5p/Pdpn — 2
2T N . 0015, 0.0006 - S
i = “ < g A ko]
S \n © o o010 ° 0.0004 4 3
T g = 3
s ulJ_ 3 ¢ 0.005] : 0.0002 PR
T Q
— A I .EE, = Ia)
r Y 8 o000l =z = 3" 0000 e o ®
P |:| EI = E16.5 E17.5 E185 E165 E175 E185 O
~ D —
] \ N € vw. Apc Ep300 gp130 Kras 5 Apc Ep300 gp130 Kras
=3 o
L < S8y Sd gl _ilg
§ 29 5. §.0F
wn Y n&: 4l v - L . L. 9 20 “" 4 2
. L R SRR S R R | )
o |:| .g O A AT2 ATIAT2 ATIAT2 ATIAT2 §' AT AT ATV AT2 S ATTAT2 AT AT2
a 12/ 5/ 10/ 7/ 3/ 19/ 2/
|_ I_ 41 12 41 12 41 12 41 12
E .
| miR-142 targets at E14.5 and E18.5

2.0 Apc 25

Epcam*

Ep300

0.0 T T 0.0

2.5 ll6st 8

. i Epcam* ,, Epcam® 6
15 15 :

: Epcam’ 10 Epcam 10 Epcam’ ,

05 / 05 05 2

[}

E14.5 E18.5

E145 E18.5

Fig.2 Gene expression analysis during lung development of miR-
142-3p vs. miR-142-5p. a In situ hybridization of miR-142-3p or 5p
and co-immunofluorescence staining for either Sftpc (AT2 marker)
or Pdpn (AT1 marker). High magnification insets for Sftpc/mir-142-
3p and -5p-positive and Pdpn/miR-142-3p and -5p-positive cells
in both WT embryos at 16.5, E17.5 and E18.5 are shown (n=3 for
each time point). b qPCR on FACS-isolated lung epithelium and
mesenchyme at E14.5, E16.5 and E18.5 (n=4 for each time point).

adhesion, hematopoietic cell lineage and Wnt signaling
(Fig. S3). Further validating our previous findings [12], we
observed a significant increase in the level of expression of
Apc, Ep300, and I16st in E18.5 KO lungs in mRNA level
by qPCR (Fig. 4b). We further confirmed at the protein
level by immunofluorescence staining the upregulation of
Apc (Fig. 4c) and Ep300 (Fig. 4d) with an increased level
of activated -catenin (p3>*>*Ctnnb1) compared to the con-
trol lungs, suggesting increased Wnt signaling (Fig. 4e).
However, the expression of Wnt components Lefl and
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¢ qPCR on FACS-isolated AT1 and AT2 cells at E16.5, E17.5 and
E18.5 (n=4 for each time point). d Mining of single cell transcrip-
tomic data for AT1 and AT2 cells at E18.5 (using data from [5]). e
Expression analysis of miR-142 targets Apc, Ep300, 1l6st and Kras in
the mesenchyme as well as in the epithelium (n=3). Hprt is used as
a house-keeping gene. Scale bar in a low magnification: 30 pm, high
magnification: 8 um. White arrows indicate cells with positive signals
whereas yellow arrowheads show background signals

Ctnnbl were not significantly affected (Fig. 4b). Finally,
we observed an increased p-Erk expression (Fig. 4f), cor-
relating with increased Kras mRNA levels (Fig. 4b). Gene
expression analysis by qPCR on the whole lung indicated
that the AT2 marker, Surfactant protein C (Sftpc) was
upregulated in KO vs. control lungs (p=0.0074, n=3) (Fig.
S4C). Both FACS and immunofluorescence confirmed an
increase in the expression level of Sftpc in the KO (Fig. 4g,
h). The expression of the AT1 marker Podoplanin (Pdpn)
(p=0.06, n=3), the Club cell marker Scgbhlal and the
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basal cell marker p63 were not significantly changed (Fig.
S4C). Flow cytometry analysis using Epcam, CD49f, Pdpn
antibodies showed an increase in the percentage of AT2
cells (84.9% +0.2% vs. 79.8% + 1.04% in KO vs. control,
respectively, p=0.002, n=3), and a decrease in the per-
centage of AT1 cells (9.05% +0.68% vs. 12.3% +0.66% in
KO vs. control, respectively, p=0.004, n=3) (Fig. 4g). The
increase in Sftpc-positive cells (AT2) and decrease in Hopx-
positive cells (AT1) in KO vs. WT lungs were confirmed
by IF (Fig. 4h, n=3). Analysis of Ki67 immunoreactivity,
in the alveolar epithelial layer of control and KO lungs at
E18.5, indicated no changes in epithelial proliferation (Fig.
S4D). Furthermore, by flow cytometry analysis no changes
in the percentage of Epcam-positive cells (Epcam™) were
observed (Fig. S4A), suggesting that the loss of miR-142 is
not affecting overall, epithelial proliferation. We also car-
ried out using gene arrays, the transcriptomic analysis of
isolated AT2 cells between KO and control lungs (Fig. 41).
Our KEGG analysis indicated that the metabolic pathways,
endocytosis, focal adhesion, actin cytoskeleton regulation,
peroxisome and Hippo signaling were affected.

Next, we explored the status of Fibroblast growth factor
10 (Fgf10) signaling, a key pathway reported to influence
alveolar epithelial lineage formation [16, 17]. We found that
the expression of Fgfl0 was not changed but a very sig-
nificant increase in the expression of its receptor, Fgfr2b,
in KO vs. control lungs (p =0.0018) was observed (Fig.
S5A). The protein expression levels were in line with the
gene expression levels (Fig. S5B). Analysis of Sprouty2 and
EtwS5, two previously reported Fgf10 downstream targets [18,
19], showed no significant difference between control and
KO lungs (Fig. S5A), suggesting that Fgf10 signaling per
se was not affected.

In conclusion, we demonstrate increased AT2/AT1 cell
number ratio in KO vs. control lung.

Impact of cell autonomous overexpression
of miR-142 in alveolar progenitors

The expression of miR-142 in the epithelium as well as the
epithelial alveolar lineage phenotype upon global loss of
function of miR-142 suggested that miR-142 could play a
cell autonomous role in the epithelium. To test this pos-
sibility, we generated a knock in of the LoxP-Stop-LoxP-
miR142 cassette in the Rosa26 locus (Rosa26R™R-142/miR-142y
We crossed the Rosa26R™R-142/miR-142 mice with Sftpc-
CreERT2/+ . Tomato*°% mice, to generate control Sftpc™*
Rosa26R™ B2/ - Tomato** and gain of function (GOF)
SftpcCreERT4: Rosa26R™R142/* - Tomato** embryos. This
Cre-based recombination, allows an irreversible activation
of miR-142 expression in the epithelium. The expression of
miR-142 was induced with tamoxifen IP injection at E14.5
and E15.5. The resulting lung phenotype was analyzed at

E18.5 (Fig. 5a). Experimental lungs were detected via the
expression of red fluorescent protein (RFP) in the epithe-
lium and confirmed by genotyping. Validating our approach,
we found increased miR-142-3p (p=0.0024) and -5p
(p=0.0004) expression in GOF vs. control lungs (Fig. 5b).
FACS analysis of CD49f°/Epcam™ alveolar epithelial cells
as well as AT1 (Pdpn**®) and AT2 (Pdpn~°) cells indicated
no change in the percentage of alveolar epithelial cells (over
total cell population). However, a significant decrease in the
percentage of AT2 cells (82.4% +1.24% vs. 86.6% +0.99%
in GOF vs. control, p=0.004, n=4) and an increase in the
percentage of AT1 cells (10.6+0.88% vs. 8.7+0.38 in
GOF vs. control, p=0.001, n=4) was observed (Fig. 5c).
Immunofluorescence staining for Sftpc and Hopx indicated
a decrease in AT2 and increase in AT1 cell number in E18.5
GOF embryos compared to control (Fig. 5d). The general
pattern and level of expression of Pdpn was also increased
in GOF vs. control lungs supporting the increase in AT1 cell
number in GOF lungs by FACS (data not shown). Quanti-
fication of the percentage of [Sftpct*®; Pdpn**°] cells over
total number of cells (Fig. 5d) also indicates a trend towards
an increase in GOF vs. control lungs (3.18% +0.74% vs.
1.16% +0.08%, p=0.06).

Next, we carried out gene arrays from E18.5 control
and GOF FACS-isolated AT2 cells (n=3, Fig. 5¢). KEGG
analysis indicates that G-coupled protein-mediated olfac-
tory transduction, metabolic pathways, and RNA degrada-
tion were affected.

In conclusion, gain of miR-142 expression in alveolar epi-
thelial cells led to a decreased AT2/AT1 cell ratio.

Loss of miR-142 expression in vitro starting at E14.5
is sufficient to increase the AT2/AT1 cell ratio

As the miR-142 KO lung phenotype (where both isoforms
are deleted) is different from the phenotype observed upon
silencing of miR-142-3p in vitro [9], it was important to vali-
date our morpholino approach against miR-142. We carried
out the simultaneous silencing of both isoforms (miR-142-3p
and miR-142-5p) at E12.5 in vitro. The silencing of miR-
142-3p was used as a positive control for our experiments.
Our data indicate that the silencing of both isoforms has
no impact on lung branching, a phenotype observed in vivo
in the miR-142 KO (Fig. S2A). Silencing only miR-142-
3p leads to the impaired branching phenotype as previously
reported [9]. qPCR data on the in vitro-cultured lungs indi-
cated that silencing both isoforms led to the loss of expres-
sion of both miR-142-3p and -5p. Silencing only miR142-3p
led to the loss of miR-142-3p but not -5p (Fig. S2B).

To evaluate the impact of miR-142 loss of function at
the time in which AT2 (Sftpc) and AT1 (Pdpn) cell mark-
ers arise, we performed in vitro treatment with morpholino
specific for miR-142-3p and -5p on E14.5 lung explants and
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«Fig. 3 Analysis of the miR-142 KO at E12.5. a Generation of the
miR-142 KO by homologous recombination. b Bright field picture
and Cdh1 staining of control (WT) littermate and miR-142 KO lungs
at E12.5 (minimum n=3). ¢, d Immunofluorescence staining for
Apc, Ep300 and activated -catenin (pS332Ctnnb1) (n=3) and e gene
expression analysis of miR-142 target genes by qPCR in E12.5 con-
trols and miR-142 KO lungs (n=3). f Heat map of the most differen-
tially expressed genes (according to their p values) between KO and
control lungs at E12.5 (n=3). g Corresponding KEGG pathway anal-
ysis. Scale bar for bright field: low mag: 400 um, high mag: 100 pm.
Scale bar for immunofluorescence: low mag: 40 um, high mag: 10 um

cultured them for 4 days (Fig. 6a). This approach allowed
analyzing the effect of miR-142 LOF at a time when early
alveolar progenitors have yet to differentiate into AT1 and
AT?2 cells [5]. We observed a significant decrease in the
expression of miR-142-3p and -5p, respectively (Fig. 6b).
Treatment with both morpholinos together (mo-(3p+5p)) led
to the simultaneous knockdown of both miR-142 isoforms
(Fig. 6b). The decrease in the expression of these miRNAs
was further confirmed by upregulation of their respective
target genes such as Apc, Ep300 and Kras (Fig. 6¢). Interest-
ingly, the attenuation of miR-142-3p and/or -5p led to the
increase in Sftpc expression while decreasing the expres-
sion of Pdpn (Fig. 6d). In accordance with our in vivo data,
FACS analysis of AT2 and AT1 cells in these lungs grown
in vitro demonstrated an increase in the percentage of AT2
(14.8% +1.33% vs. 7.9% +4.8% in mo-(3p+5p) vs. Scram-
ble, respectively, p=0.049, n=4) and a decrease in AT1
(0.86% +0.2% vs. 2.8% = 1.1% in mo-(3p+5p) vs. Scram-
ble, respectively, p=0.01, n=4) (Fig. S6). The phenotype
resulting from the knockdown of miR-142 in vitro using
morpholinos was validated in miR-142 KO and WT lungs
grown in vitro (Fig. S7). In particular, we found that miR-
142 KO lungs grown in vitro display increased Sftpc expres-
sion compared to the corresponding control. Therefore, our
results demonstrate that in vitro knockdown of miR-142
recapitulates the in vivo phenotype in terms of AT2/AT1
ratio. This result reinforces the concept that the observed
phenotype is due to a direct effect of perturbing miR-142
signaling, rather than to secondary effects due to prolonged
absence of miR-142.

Blockade of Ep300/B-catenin (Ctnnb1) in vitro
using the pharmacological inhibitor 1Q-1 prevents
miR-142-LOF-induced increase in Sftpc

To identify the molecular mechanism responsible for the
perturbation of alveolar lineage formation by silencing miR-
142, the activity of its downstream targets were modulated.
We employed the pharmacological inhibitor 1Q-1 (blocks
Ep300/p-catenin interaction) and SCH772984, a specific
inhibitor of Erk1/2 (inhibits Kras/Erk signaling). Treatment
with IQ-1 (10 um) and SCH772984 (10 um) on E14.5 lung

explants for 4 days showed that both inhibitors were efficient
in reducing Sftpc expression (Fig. 6e, h, j) but did not alter
the level of Pdpn expression (data not shown). It is not clear
whether this effect is miR-142 dependent or independent.
Given the fact that miR-142 silencing enhances Sftpc expres-
sion compared to scramble, we investigated the relevance
of the Erk and Ep300/B-catenin signaling downstream of
miR-142 using these inhibitors in our lung explant model
(Fig. 6f).

In presence of 1Q-1, silencing miR-142 in E14.5 lung
explants were not able to rescue the increased expression
of Sftpc phenotype being observed in miR-142 knockdown
alone (Fig. 6g, h). On the other hand, silencing miR-142 in
SCH772984 (Erk inhibitor) treated E14.5 lung explants led
to a moderate but significant increase in the expression of
Sftpc compared to the control scramble treated with Erk
inhibitor (Fig. 6i, j). These results suggest that Ep300/p-
catenin rather than Kras/Erk signaling is downstream of
miR-142 to control Sftpc expression.

Validating our in vitro approach using morpholinos, KO
lungs grown in vitro showed increased Sftpc expression
compared to the corresponding control wild-type lung (Fig.
S7A) confirming the results obtained in vivo. In addition,
KO lungs (n=3) grown in vitro in presence of Erk inhibitor
displayed increased Sftpc expression compared to the cor-
responding control wild-type lungs (also grown with Erk
inhibitor) (n=3) (Fig. S7B). Further supporting our in vitro
morpholino-based approach, KO lungs (n=4) grown in vitro
in presence of IQ1 displayed no change in Sftpc expression
compared to the corresponding control wild-type lungs (also
grown with IQ1) (n=3) (Fig. S7C).

Discussion

The mechanisms regulating alveolar epithelial cells prolif-
eration and differentiation as well as the advancement of
distinct lung progenitor cells towards given mature alveolar
cell types are poorly understood [20-22]. Recently, studies
based on the use of cell-specific markers as well as single
cell transcriptomic of the epithelium during lung develop-
ment suggested that AT1 and AT?2 cells derive from common
bipotent progenitor cells [5, 15]. The biological relevance of
the BP model as progenitor for AT1 and AT2 is still unclear.
Alternatively, Sftpc-positive alveolar progenitors could pro-
gressively differentiate into either AT1 or AT2. The differen-
tiation towards the AT1 lineage would require losing Sftpc
expression/AT2 markers and acquiring AT1 markers.
Interestingly, at E16.5, alveolar progenitors (Epcam*"®
Cd49f*"®) can be subdivided by FACS into two populations
based on the expression of Pdpn. We propose that Pdpn**®
cells are alveolar progenitor cells differentiating towards the
AT1 lineage and expressing, therefore, Pdpn; these cells can
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«Fig. 4 Analysis of the alveolar epithelial lineage phenotype of the
miR-142 control and KO lungs at E18.5. a Bright field pictures, H&E
staining of control and miR-142 KO lungs at E18.5 (n=3). b Gene
expression analysis of miR-142 target genes by qPCR in E18.5 con-
trols and miR-142 KO lungs (n=3). Immunofluorescence staining
for ¢ Apc, d Ep300, e activated p-catenin (p>>Ctnnb1) and f p-Erk/
Cdhl (n=3 each). g FACS of control and miR-142 KO lungs (n=3)
using Epcam, Cd49f and Pdpn antibodies. Quantification of AT1
(Cd49"¥; Epcam™, Pdpn™*®) and AT2 (Cd49'°%; Epcam™, Pdpn~"°)
cells. h Hopx/Sftpc/DAPI IF staining in control and KO E18.5 lungs
and the corresponding quantification of AT1 and AT2 cells (n=3).
i Heatmap of the most differentially expressed genes (according to
their p values) between AT2-isolated cell from KO and control lungs
at E18.5 (n=4) and corresponding KEGG pathway analysis. Scale
bar a low mag: 125 pm, high mag: 31 um; scale bar c—f: low mag:
25 pm, high mag: 6 pm. Scale bar h: low mag: 20 um, high mag:
5 um

either be BP cells (Sftpc™® and Pdpn™"®) or simply alveo-
lar progenitor cells which have acquired Pdpn and also lost
Sftpc. On the other hand, we expect the Pdpn™"° cells to be
the alveolar progenitor cells differentiating towards the AT2
lineage.

The fact that we can detect two populations (Pdpn**®
and Pdpn™°) at E16.5 indicates that the bipotent mode is
not widely applicable (otherwise we should only detect the
Pdpn™" cells). It is likely that only a small proportion of
the alveolar progenitors (Sftpc**®) acquire Pdpn expression
at E16.5 to become bipotent progenitor cells. The overall
majority of the alveolar progenitors express only Sftpc.
Again, in the future, lineage tracing experiments for the BP
should be carried out to elucidate their exact contribution to
the AT1 and AT?2 lineages.

Using a constitutive KO mouse model, we report that in
the absence of miR-142 (abolishing both the -3p and -5p
strands), there is an relative increase of AT2 and a decrease
in AT1 cell number (leading to an increase in the AT2/AT1
cell number ratio). Examination of the KO versus control
lungs at E18.5, revealed enhanced expression of the miR-142
targets Apc and Ep300, associated with increased p-catenin
and p-Erk signaling. Supporting a cell autonomous func-
tion for miR-142 in the epithelium, increased miR-142 from
E14.5 to E18.5 in alveolar progenitor cells led to the oppo-
site effect. Interestingly, no changes in the number of Epcam
or Ki-67-positive cells were observed suggesting a direct
impact of miR-142 in epithelial cell differentiation. Acti-
vation of the glucocorticoid pathway in an in vitro alveo-
lar epithelial lineage differentiation assay was sufficient to
achieve decreased miR-142 expression and enhanced Sftpc
expression. Morpholino-based knockdown of miR-142
was sufficient to induce Sftpc, decrease Pdpn expression
and increase AT2/AT]1 cell number ratio. In addition, Apc,
Ep300 and Kras expression were up-regulated. Pharmaco-
logical inhibition of Ep300/p-catenin but not the Kras/Erk
signaling completely prevented miR-142 morpholino-based
increase in Sftpc expression. These results suggest that a

glucocorticoid-miR-142-Ep300 signaling axis controls the
differentiation of alveolar progenitors and maintains the bal-
ance between AT1 and AT?2 cells.

Recently, we showed that Fgf10 might represent a crucial
molecule, controlling the differentiation of alveolar epithe-
lial progenitor cells towards the AT2 lineage [16]. Using
Fgf10 heterozygous (Fgfl0*™) lungs, we demonstrated a
decrease in the AT2/AT1 cell ratio as well as surfactant
production impairment in newborn pups. These changes
are associated with a fully penetrant lethal phenotype after
hyperoxia injury. Furthermore, a defect in epithelial differen-
tiation and proliferation was observed in Fgf10 hypomorphic
lungs showing impairment in AT?2 lineages [17]. While we
cannot exclude changes in components of Fgf10 signaling
in the miR-142 KO, Fgf10 as well as its downstream targets
Etv5 and Sprouty2 were unchanged in our model. Further-
more, the fact that pharmacological inhibition of Ep300/p-
catenin but not the Kras/Erk signaling completely prevented
miR-142 morpholino-based increase in Sftpc expression,
suggests a prominent role for Wnt signaling downstream
of miR-142.

Recently, a role for histone deacetylase 3 (Hdac3) in the
spreading of AT1 cells and lung sacculation was reported.
It was shown that Hdac3 expressed in alveolar progeni-
tors represses the expression of miR-17-92 [23]. miR-142
does not appear to impact the spreading of AT1 cells as no
such defects were detected at E18.5 or postnatally (data not
shown). In addition, the adult KO lungs are functional and
appear histologically normal ([12] data not shown). There
is no evidence so far of an organized cross-talk between
miR-142 and miR-17-92 during the late phase of lung devel-
opment. During early development miR-17-92 was shown
to modulate Fgf10-Fgfr2b signaling by specifically target-
ing Stat3 and Mapkli4, hence regulating Cdhl expression.
Cdhl expression level in turn fine-tunes Ctnnbl signaling
in the epithelium, which is critical for epithelial bud mor-
phogenesis triggered by Fgf10 [24]. Interestingly, mutant
lungs with specific deletion of Hdac3 in the mesenchyme
also display impairment of AT1 differentiation, correlating
with decreased Ctnnbl1 signaling in the epithelium. Rescue
of Ctnnbl1 signaling in the mutant lung partially rescues AT1
cell differentiation defects [25]. Again, as Ctnnbl signal-
ing is increased in the miR-142 KO epithelium, it is very
unlikely that this leads to the perturbation of AT1 differen-
tiation, conclusion that is supported by our analysis.

To identify the molecular mechanism involved in the
regulation of alveolar epithelial phenotype by miR-142, we
employed a well-established model to activate glucocorti-
coid signaling using dexamethasone to stimulate the matura-
tion of alveolar cells into functional AT1 and AT?2 cells [13,
26]. Interestingly, we noted a reduced expression of miR-
142-3p and miR-142-5p in lung explants treated with glu-
cocorticoid agonists, suggesting reduced level of miR-142
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Fig.5 Analysis of the alveolar epithelial lineage phenotype of the
miR-142 gain of function (GOF) and littermate control lungs at
E18.5. a LoxP-Stop-Loxp-miR-142 knock in mice (in the Rosa26
locus) are crossed with Sfipc*ERT2 mice. Cre activation in the alve-
olar epithelial progenitor cells following tamoxifen IP injection to
pregnant females at E14.5 and E15.5 leads to miR-142 overexpres-
sion in these cells. Lungs are then analyzed at E18.5. b Validation of
miR-142-3p and -5p overexpression in E18.5 GOF and control litter-

is required for the differential of alveolar epithelial cells.
Furthermore, we demonstrated two equally important path-
ways downstream of miR-142 playing an important role in
the formation of the alveolar lineage. Ep300/p-catenin inter-
action has been shown to be one of the pathways involved
in the differentiation of adult epithelial progenitors [27] as
well as differentiation of embryonic stem cells and regula-
tion of proximal—distal axis during lung development [28].
Apc and Ep300, two critical targets of miR-142, can control
the B-catenin pathway. Apc is part of the degradation com-
plex for B-catenin and is, therefore, a negative regulator of
Ctnnbl1 signaling. Conversely, Ep300 binds to p-catenin and
acts as a co-transcriptional activator. In vitro blockade of
Ep300/B-catenin interaction with the use of IQ-1 showed
complete downregulation of Sftpc expression, suggesting
impairment in the alveolar epithelial lineage, while silencing
miR-142 in 1Q-1-treated lung explants were unable to rescue
the expression of the AT2 marker (Fig. 6g, h). The other
pathway controlled by miR-142 is the Kras/Erk pathway. A
recent report indicated that miR-142 is highly expressed in
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mate lungs. ¢ FACS analysis of control and GOF E18.5 lungs (n=4)
for total Epcam, AT1 and AT?2 cells. d Hopx/Sftpc/DAPI IF staining
in E18.5 GOF and control littermate lungs and the corresponding
quantification. e Heatmap of the most differentially expressed genes
(according to their p values) between AT2-isolated cell from GOF
and control lungs at E18.5 (n=4) and corresponding KEGG pathway
analysis. Scale bar d: low mag: 16 pm, high mag: 4 um

undifferentiated mouse embryonic stem cells (mESCs) and
downregulated in differentiated cells. It was also reported
that overexpression of miR-142 interrupted mESC differ-
entiation. A double-negative feedback loop between Kras/
Erk and miR-142 levels has been suggested. Low level of
miR-142 triggers Kras and Erk phosphorylation, which in
turn induces mESC differentiation and vice versa [29]. How-
ever, evidence suggests that Kras represses the formation
of the alveolar lineage as forced activation of Kras in the
distal lung epithelium in vivo suppresses the alveolar differ-
entiation program [30]. In our in vitro model, lung explants
treated with Erk inhibitor alone showed reduced Sftpc
expression whereas Erk inhibitor treatment in combination
with morpholino specific to miR-142 showed a moderate
increase in the Sftpc expression indicating a mild rescue in
the alveolar lineage phenotype (Fig. 61, j).

In conclusion, we report for the first time, an important
role played by both isoforms of miR- 142 in alveolar epithelial
lineage formation. We show that miR-142 governs the for-
mation of AT1 progenitors thereby controlling the AT2/AT1



A critical role for miR-142 in alveolar epithelial lineage formation in mouse lung d... 2829

cell number ratio. We propose that a glucocorticoid-miR-142-
p300-p-catenin signaling axis controls alveolar epithelial line-
age formation (Fig. 6k).

Materials and methods
Mice

The miR-142 KO mice on a pure C57BL6 background were
previously generated [12]. miR-142 heterozygous males and
females were crossed to generate KO and WT littermate
embryos at different stages. We also generated a knock in of
miR-142 in the Rosa26R locus. Rosa26-LoxP-STOP-loxP-
miR-142 (also known as Rosa26R™R-142/miR-142y mice were
crossed with SftpcCERT* mice (kind gift from Dr. Chap-
man) to generate control (Sftpc™*; Rosa26™R1#/+) and
experimental (SftpcC R+, Rosa26R™R1#2T) embryos.
Pregnant females were injected with tamoxifen IP (0.1 mg/g
of mouse) at E14.5 and E15.5 and collected at E18.5. Ani-
mal experiments were approved by the Federal Authorities
of Animal Research of the Regierungsprisidium Giessen,
Hessen, Germany with approved protocol numbers 405_M,
423_M, G 47/2017 and G54/2017. Animal protocols for the
use of genetically modified animals were approved by Wen-
zhou University/Wenzhou Medical University animal care
and use committee.

Quantitative real-time PCR analysis

Briefly, total RNA from embryonic lungs were extracted and
used for cDNA synthesis. RT-PCR for mRNA was carried
out using Quantitative Reverse Transcription kit (205314;
Qiagen) and Tagman MicroRNA Reverse Transcription kit
(4366597; Applied Biosystem) was used in RT-PCR for
miRNA. In both cases, reactions were assembled following
the manufacturer’s recommendations. qPCR was performed
on a Light Cycler 480 system (Roche Applied Science). The
TagMan microRNA assay (Applied Biosystem) was used for
screening the differential expression of miRNAs whereas
SYBR Green (Platinum SYBR Green gPCR SuperMix-UDG
Invitrogen) was used for the analysis of mRNA expression.
U6 and Hprt (Hypoxanthine phosphoribosyl transferase 1)
were used as a reference for normalization of miRNA and
mRNA, respectively. Results were collected from at least
three lung samples and each reaction was run in triplicate.
Primers for miR142-3p, miR142-5p and U6 were obtained
from Applied Biosystems.

In situ hybridization and immunofluorescence
staining

Freshly isolated lungs were washed in PBS, then fixed in
4% PFA, gradually dehydrated in ethanol, impregnated with

xylene, embedded in paraffin and sectioned into 5 um slices
on poly-L-lysine-coated slides. Antigen retrieval was per-
formed by treating the sample with Proteinase K for 1 min
at 37 °C. The slides were blocked 2 times 5 min with Dako
(DAB Emission + Dual Linksystem HRP, Life Technolo-
gies) and then incubated with digoxigenin-labeled LNA
probes (Exigon, miRCURY LNA Detection probe, Ved-
back, Denmark) specific for miR142-3p and miR142-5p
and Anti-Digoxigenin-POD, Fab fragments (11207733910;
Roche Diagnostics) were used to detect the signal by in situ
hybridization.

For immunofluorescence staining, the slides were de-
paraffinized, blocked with 3% bovine serum albumin (BSA)
and 0.4% Triton X-100 in Tris-buffered saline (TBS) at room
temperature (RT) for 1 h and then incubated with primary
antibodies against Apc (ab15270, Abcam; 1:250), phospho-
S%32_B-catenin (9566, Cell Signaling; 1:250), Ep300 (sc-585,
Santa Cruz; 1:250) and p-Erk (4376, Cell Signaling; 1:250),
Sttpc (AB3786, Millipore; 1:500), Cdh1 (610181, BD Trans.
Lab; 1:250), Fgfr2-BEK (sc-122, Santa Cruz; 1:250), Pdpn
(8.1.1, DSHB; 1:250), Hopx (HPA030180, Atlas antibodies,
1:300) at 4 °C overnight. After incubation with primary anti-
bodies, slides were washed three times in TBST (Tris buffer
saline +0.1% Tween 20) for 5 min, incubated with secondary
antibodies at RT and washed three times with TBST before
being mounted with Prolong Diamond Anti-fade Mountant
with DAPI (4',6-diamidino-2-phenylindole; Invitrogen).
Photomicrographs of immunofluorescence staining were
taken using a Leica DMRA fluorescence microscope with
a Leica DFC360 FX camera (Leica, Wetzlar, Germany).
Figures were assembled using Adobe Illustrator. The data
are representative of at least three lungs from independent
experiments.

FACS analysis and cell sorting

Lungs from E18.5 embryonic mice were dissected and
processed for flow cytometry analysis using BD LSR
FORTESSA™ (BD Bioscience). Isolation of epithelium and
mesenchyme as well as isolation of AT?2 cells was performed
using the FACSAria™ III (BD Bioscience) cell sorter. Fol-
lowing antibodies were used for analysis of AT1 and AT2
cell number [102513, 488-CD31 (1:50), Biolegend; 103108,
FITC-CD45 (1:50); 118217, Apc Cy7 EpCam (1:50), or
47-5791-80, Apc—eFluor-780-EpCam (1:50), eBioscience;
AB3786, proSPC (1:500), Millipore; 127409, Apc-Podo-
planin (1:20), Biolegend; 402012, Apc Isotype Ctrl (1:20),
Biolegend]. Fc block (Gamunex10%—1:10) was used for
the blocking the non-specific binding and Saponin (558255,
Cabiochem) was used for the permeabilization step. For the
fluorescence-activated cell sorting of epithelium and mes-
enchyme, the cells were subsequently labeled with follow-
ing antibodies [488-CD31 (1:50); FITC-CD45 (1:50); Apc
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«Fig. 6 In vitro differentiation of the alveolar epithelial progenitors. a
Schematic showing the in vitro treatment of E14.5 WT lung explants
with morpholinos specific to miR-142-3p and miR-142-5p for 4 suc-
cessive days (n=4 for each condition). Impact of morpholino (mo-3p,
mo-5p, mo-(3p+5p)) treatment on b miR-142-3p and -5p expression.
¢ Apc, Ep300 and Kras expression d Sftpc, Pdpn expression, e IF
staining of Sftpc on E14.5 lung explants cultures treated with Scram-
ble or mo-5p for 4 days. f Schematic showing the in vitro culture
of E14.5 WT lung explants with Scramble or morpholinos against
miR-142-3p or -5p for 4 successive days in presence of either I1Q-1
(10 uM) or SCH772984 (10 uM) (a specific inhibitor of ERK1/2).
gqPCR analysis (g-i, n=>5) and IF staining (h—j) showing the level of
expression of Sftpc on E14.5 lung explants cultures in presence of
either 1Q-1 or SCH772984 treated with morpholino specific to miR-
142-5p. k Glucocorticoids (GC) are enhancing AT1 and AT2 forma-
tion. Inhibition of miR-142 is sufficient to increase the AT2 to AT1
cell number ratio but does not perturb the flattening of the AT1 cells.
It is still unclear whether miR-142 acts directly or indirectly on the
differentiation of the alveolar progenitors towards the AT1 lineage.
Blockade of Ep300/f-catenin with IQ1 suppresses the increase in
Sftpc expression triggered by the loss of miR-142. We propose that
miR-142 is a negative regulator of alveolar progenitor differentiation
towards AT2 cells. In addition, GC can act in a miR-142-independent
fashion to increase the differentiation of alveolar progenitors towards
ATT1 cells. Scale bar e, h, j: low mag: 16 um, high mag: 4 ym

Cy7 EpCam (1:50)] whereas [488-CD31 (1:50); FITC-CD45
(1:50); Apc Cy7 EpCam (1:50), Apc-Podoplanin (Pdpn)
(1:20); Apc Isotype Ctrl (1:20)] antibodies were used for
isolation of AT1 and AT?2 cells. Alveolar epithelial cells
were identified as CD45™"¢/CD31~**/CD49f"°"/Epcam™ and
AT2 cells were identified as CD45~¥¢/CD317"/CD49f"%/
Epcam™ and Pdpn~¢ while AT1 cells were identified as
CD457Y¢/CD317¥/CD49f°*/Epcam™ and Pdpn*®. Cells
were sorted through a flow chamber with a 100-pm nozzle
tip under 25 psi sheath fluid pressure. Isolated cells were
used for RNA isolation. As a main criterion for gating, we
used the settings allowing capturing 98% of the cells in the
isotype control and then we applied these gating conditions
to the stained cells.

Microarray experiment

RNA was isolated using the RNeasy Mini Kit (217004; Qia-
gen). Purified total RNA was amplified using the Ovation
PicoSL WTA System V2 kit (NuGEN). Per sample, 2 ug
amplified cDNA was Cy5-labeled using the SureTag DNA
labeling kit (Agilent). 2 pg of the labeled cDNA was hybrid-
ized on Agilent-074809 SurePrint G3 Mouse GE v2 8 x 60 K
Microarrays for 22 h at 65 °C in Agilent hybridization cham-
bers. The cDNA was not fragmented before hybridization.
Dried slides were scanned at 2 pm/pixel resolution using the
InnoScan is 900 (Innopsys). The analysis was performed
with R and the limma package. Gene set analyses were
done using the Wilcoxon tests of the t statistics. The data
are deposited in GEO and are available through the acces-
sion number GSE106411.

Embryonic lung explant cultures

Timed pregnant wild-type mice were killed on E14.5,
the embryonic lungs were harvested and placed on 8 pm
Nucleopore Track-Etch membranes (110414; Whatman).
Vivo-morpholinos specific for miR-142-3p and/or miR-142-
5p (Gene Tools LLC) were added at 5 pM to E14.5 lung
explants. Lungs were grown for 96 h at 37 °C with 5% CO,
prior to analysis. In a second set of experiments, 100 nM
dexamethasone (Dex, D1756; Sigma Aldrich), 10 uM 1Q-1
(Ep300/p-catenin (Ctnnb1) inhibitor, S8248; Selleckchem),
10 pM SCH772984 (Erk inhibitor, 19166; CayMan Chemi-
cal) either alone or in combination with morpholinos were
added to the E14.5 lung explants.

Western blotting

Immunoblotting was performed using antibodies against
pro-Sftpc (AB3786, Millipore; 1:1000), Lamin B1 (B-10)
(sc-374015 from SantaCruz; 1:200) and beta-actin (ab8227,
Abcam; 1:50000).

Statistical analysis

Data were assembled using Graph Pad Prism Software
(Graph Pad software, USA) and presented as average val-
ues + S.E.M. Statistical analyses were performed using Stu-
dent’s ¢ test. Data were considered significant if p <0.05.
Figures were assembled using Adobe Photoshop CS6 and
Adobe Illustrator CS6.
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Abstract

development of bronchopulmonary dysplasia (BPD).

Background: Early pulmonary oxygen exposure is one of the most important factors implicated in the

Methods: Here, we analyzed short- and long-term effects of neonatal hyperoxia on NOS3 and STAT3 expression
and corresponding epigenetic signatures using a hyperoxia-based mouse model of BPD.

Results: Early hyperoxia exposure led to a significant increase in NOS3 (median fold change x 2.37, IQR 1.54-3.68)
and STAT3 (median fold change x 2.83, IQR 2.21-3.88) mRNA levels in pulmonary endothelial cells with
corresponding changes in histone modification patterns such as H2aZac and H3K9ac hyperacetylation at the
respective gene loci. No complete restoration in histone signatures at these loci was observed, and responsivity to
later hyperoxia was altered in mouse lungs. In vitro, histone signatures in human aortic endothelial cells (HAEC)
remained altered for several weeks after an initial long-term exposure to trichostatin A. This was associated with a
substantial increase in baseline eNOS (median 27.2, IQR 22.3-35.6) and STAT3a (median 5.8, IQR 4.8-7.3) mRNA
levels with a subsequent significant reduction in eNOS expression upon exposure to hypoxia.

Conclusions: Early hyperoxia induced permanent changes in histones signatures at the NOS3 and STAT3 gene
locus might partly explain the altered vascular response patterns in children with BPD.

Background

Bronchopulmonary dysplasia (BPD) is a chronic lung
disease of prematurely born infants and remains a lead-
ing cause of morbidity and mortality. Currently, there is
no curative therapy available. Based on the severity-
based definition of BPD (inclusion of infants with mild
BPD), 68% of premature infants born with a gestational
age (GA) <28 weeks develop BPD [1-3]. The risk of de-
veloping BPD correlates inversely with the gestational
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age (GA) and birth weight (BW) [4]. Since premature in-
fants are born with a lung which is in the canalicular or
saccular stages of development, the lung structure is
therefore not adequate to provide sufficient ventilation
and gas exchange. Thus, mechanical ventilation and high
oxygen concentration are often necessary at birth.
Barotrauma induced by mechanical ventilation as well as
oxygen toxicity and inflammation are major contributing
factors responsible for the pulmonary damages in the im-
mature lung. In addition, some studies have suggested a
strong genetic component in BPD [5]. In fact, clinical
studies suggest that decisions during the first minutes of
life [6] or even events before the delivery might be crucial
for the later development of BPD. In line with these clin-
ical data are observations that hyperoxia in rat pups leads
to increased endothelilal nitric oxide synthase (eNOS)

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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levels, nitric oxide (NO) activity, hyperemia [7, 8], and
possibly eNOS uncoupling eventually leading to BPD.

Importantly, BPD does not only affect neonatal mor-
tality but also leads to long-term morbidity, e.g., in-
creased susceptibility to upper respiratory infections
during the first year of life [9] and pulmonary hyperten-
sion [10]. Again, neonatal oxygen seems to be an im-
portant pathological factor since it increases for example
the sensitivity to influenza A virus infection by suppress-
ing epithelial expression of Earl [11]. In fact, extremely
and moderately preterm infants face a 3.6 times in-
creased risk of being hospitalized due to respiratory in-
fection in the first year of life [12].

Whereas it seems clear from twin studies that genetic
susceptibility plays an important role for disease devel-
opment [13], the exact mechanism remains unclear but
epigenetic mechanisms seem to be part of it since sev-
eral recent publications have reported abnormalities of
histone acetylase activity and the chromatin remodeling
pathway in BPD patients [14, 15]. Thus, persistent
changes in epigenetic signatures might be also at least
partly responsible for the later development of pulmon-
ary hypertension and the increased susceptibility to re-
spiratory tract infections. Since we have recently shown
that epigenetic signatures at NOS3 encoding eNOS in
human umbilical artery endothelial cells are substantially
shaped by prenatal events such as placental insufficiency
and that there exists an interdependency between NOS3
and the gene activity of signal transducer and activator
of transcription 3 alpha (STAT3a) as well as Stat3-
transcription factor-binding in the NOS 3 promoter.
Moreover, in human, a 27-nt non-coding RNA becomes
co-expressed with NOS3 and post-transcriptionally regu-
lates STAT3 expression [16]. We thus aimed to utilize
the same gene loci to analyze the effect of early neonatal
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oxygen exposure on the pulmonary vascular endothelial
epigenetic landscape and the associated consequences
for oxygen exposure later in life.

Therefore, we analyzed NOS3 gene expression in re-
sponse to early neonatal hyperoxia at first and then stud-
ied the respective changes in epigenetic signatures as
consequences of this first early oxygen exposure on later
events of hyperoxia and hypoxia later in life.

Methods

Mice

Wildtype mice (males and females, CD1 background)
were crossed to generate time-pregnant females. All
mice received food and water ad libitum.

Hyperoxia injury (BPD mouse model)

Newborn pups were exposed to either normoxia (NOX)
or hyperoxia (HOX) within 24 h after birth (P0) (Fig. 1).
In experimental group 1, dams and pups were kept in
NOX from PO to P16. In experimental group 2, dams
and pups were kept in NOX from PO to P15. From P15
to P16, the dams and the pups were exposed to HOX
(85% O,). In experimental group 3, newborn pups were
subjected to HOX (85% O,) injury from PO to P8 in a
chamber (Proox Model 110, Biospherix). To minimize
oxygen toxicity and bias, nursing dams were rotated
every 24 h between NOX and HOX. Afterwards, nursing
dams and pups were exposed to NOX (21% O,) from P8
to P16. From P15 to P16, the dams and the pups were
re-exposed to HOX (85% O,). In experimental groups 1
and 3, lungs were harvested at P8. In all groups, lungs
were harvested at P16. All dams and pups received food
and water ad libitum.
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Normoxia 1

/ (n=5)
2+3)NOX — HYX
/

Hyperoxia 2} Normoxia

i

Experimental (n=10)
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Normoxia
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Fig. 1 Experimental setting. The experimental setting consists of six groups. Each group consists of five animals. The experiments were performed
in two steps. The first comprised a control group at P8 in normoxia (group 1), a group after neonatal hyperoxia from PO to P8 (group 2), and a
group exposed to neonatal hyperoxia from PO to P8 with eight additional days of normoxia until P16 (group 3). The second comprised a control
group in normoxia at P16 (group 4), a group after neonatal hyperoxia from PO to P8 (group 5), and a group exposed to neonatal hyperoxia (PO to P8)
followed by normoxia (P8 to P15), and a second exposure to hyperoxia for 1 day before analysis at P16 (group 6). P postnatal
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Lung perfusion, isolation, tissue processing, and histology
Mice were euthanized by intraperitoneal injection of a
solution made of ketamin, dormitor, heparin, and saline.
After sternotomy, the lung was perfused transcardially
(through the right ventricle) by using PBS (1x), then iso-
lated and incubated for 30 min at 4 °C in COLD
medium, stored at — 20 °C overnight, and finally stored
at — 80 °C till further tissue processing.

For histology, the lung was flushed from the right ven-
tricle to remove blood cells then perfused through the
trachea with a pressure of 20 cm H,O with 5 ml 4%
PFA. The trachea was tied off with a string, and the lung
was removed and placed in 4% PFA for max. 24 h at 4 °
C. Lungs were then progressively dehydrated (30, 50, 70,
and 99% ethanol, 3 h each), incubated in xylole, then in
paraffine overnight and finally embedded with a Leica
embedding machine (EG 1150C). Paraffin blocks were
kept cold, and 5 pm sections were cutted. Hematoxylin
and eosin staining was performed according to protocols
previously published.

Positive selection for vascular endothelial cells

Positive selection for vascular endothelial cells was per-
formed by magnetic separation with human CD146
Microbeads (Miltenyi®, Bergisch-Gladbach, Germany)
following manufacturers’ instructions with minor modi-
fications as described previously [17].

RNA isolation

Total RNA was isolated using Trizol (Sigma-Aldrich)
and isopropanol precipitation and further purification
on columns. Next, RNA integrity was assayed using the
Agilent Bioanalyzer 2000. Only samples with non-
fragmented RNA were included.

Gene expression analyses

Gene expression analyses were performed using quanti-
tative real-time PCR (qPCR) analyses on a Rotor-Gene
6000 (Qiagen). For PCR reactions, QuantiTect SYBR
Green qPCR Master Mix (Qiagen) containing Hot Start
Taq DNA polymerase and SYBR Green was used.
Primers were used as described earlier [18]. The expres-
sion of gene of interest was normalized using three
housekeeping genes (BACT, GAPDH, PECAM1). PCR
conditions were as follows: 95 °C for 15 min, 40x [95 °C
for 15 s, 60 °C for 30 s]. Melting of PCR product was
done using a gradient from 55 to 95 °C rising in 0.5 °C
increments.

Antibodies

Primary antibodies used in this study were (1) Rabbit
anti-H2A.Zac (Diagenode pAb-173-050), (2) Rabbit anti-
H3K9ac (Active Motif pAb#39137), and (3) Rabbit anti-
H3K4me3 (Diagenode pAbCSP-030-050).
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Chromatin purification and ChiIP assays

Chromation purification and ChIP assays were
performed as described previously [15]. Quantitative
PCR analyses were performed using a Rotorgene 6000
(Qiagen). The relative amounts of specifically immuno-
precipitated DNA were estimated as “percent of input”
and quantified using individual standard curves for each
amplicon. Primer pairs were used as described earlier

[18].

Pyrosequencing

DNA methylation signatures of promoter segments of
NANOG, NFE2L2, and STAT3 were analyzed using a
Qiagen Pyromark Q24 sequencer as previously described
(Plos One Jenke et al.). Briefly, after standard sodium bi-
sulfite conversion using the EZ DNA Methylation-Gold
Kit (Zymo Research, USA) pyrosequencing methylation
analysis was conducted using the PyroMark Q24
(Qiagen, Germany) according to the manufacturer’s
protocol. Therefore, we designed and made use of the
following oligonucleotides: 1. for NFE2L2—primer F1
(5'- gga gtt aga ggg gat agt ggt t-3'), 5'-biotinylated pri-
mer (5'-acc cca cca aat caa aac ttc ct-3'), and sequen-
cing primer S1 (5'-agg gta aag gag gat g-3'); 2. for
STAT3—primer F1 (5'-ggt gta ggg tgg ggt tat t-3°), 5'-
biotinylated primer (5'-acc cta tat atc tcc tec tat cct-37),
and sequencing primer S1 (5'-ggg tgg ggt tat ttt t-3°); 3.
for NANOG (DNA methylation positive control)—pri-
mer F1 (5'-gta gga tag gaa tgg ggg ttg-3'), 5'-biotinyl-
ated primer (5'-acc tta aat tta ccc caa att cta ¢-3’), and
sequencing primer S1 (5'-aat ggg ggt tgg gga-3'). No
reliable NOS3 DNA methylation assays meeting our
quality standards could be designed. The level of methy-
lation was analyzed using PyroMark Q24 2.0.6 Software
(Qiagen). Non-CpG cytosine residues and a standard
fully methylated DNA (Zymo Research, USA) were used
as controls to verify bisulfite conversion.

Small RNA-seq and analyses pipeline

Total RNA was purified as described above. For multi-
plexing, we made use of different multiplex sequencing
barcodes for sequencing in a single lane as described
[19]. Briefly, total RNA was separated by polyacrylamide
gel electrophoresis. Gel fragments corresponding to 15
to 35 nt RNA molecules were cut, and RNA was eluted.
These small RNAs were directly used for the construc-
tion of sequencing libraries in four steps: step 1: ligation
of DNA oligos to the 3'-end of the RNA; step 2: ligation
of RNA or, respectively, chimeric RNA/DNA oligos to
the 5'-end of RNAs; step 3: cDNA library synthesis by
reverse transcriptase; and step 4: amplification of the
cDNA library. Subsequently, after final quality checks by
microcapillary electrophoresis and qPCR, the libraries
were sequenced on an Illumina Hiseq 2000 platform
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(single end, 50 bp). This work has benefited from the fa-
cilities and expertise of the high-throughput sequencing
core facility of IMAGIF Gif-sur-Yvette (Centre de
Recherche de Gif—www.imagif.cnrs.fr). The initial data
analysis pipeline was as follows: CASAVA-1.8.2 was used
for demultiplexing, Fastqc 0.10.1 for read quality assess-
ment and Cutadapt-1.3 for adaptor trimming, resulting
in an average sequence number for each developmental
time point sample of 7.58 Mbp. File conversions, filter-
ing, and sorting as well as mapping (Bowtie2) were done
using “Galaxy” [20-22], a platform for data intensive
biomedical research  (https://usegalaxy.org/), and
“Chimira” [23], respectively.

Immunofluorescence staining for eNOS

Paraffin sections were deparaffinized. Antigen retrieval
was performed for 15 min in citrate buffer using a rice
cooker, then slides were cooled down on ice for 20 min.
After washing slides three times in TBST (TBS buffer +
0.1% Tween 20) for 5 min, slides were blocked with 3%
bovine serum albumin (BSA) and 0.4% Triton X-100 [in
Tris-buffered saline (TBS)] at room temperature (RT)
for 1 h and then incubated with primary antibody
against eNOS (ThermoFisher Scientific, PA1-037; 1:100)
at 4 °C overnight. Afterwards, slides were again washed
three times in TBST for 5 min, incubated with secondary
antibody (Goat Anti-Rabbit Alexa 555, ThermoFisher
Scientific, A-21429; 1:500) in room temperature for 1 h,
and then washed three times in TBST before being
mounted with Prolong Gold Anti-fade Reagent with
DAPI  (4,6-diamidino-2-phenylindole; ~ ThermoFisher
Scientific, P36931). Fluorescent images were acquired
using Leica DM5500 B fluorescence microscope con-
nected to Leica DFC360 FX camera.

Statistical analysis

Data were compared using Mann-Whitney U test ac-
cording to normality assumptions on univariate analysis
followed by Bonferroni correction for multivariate ana-
lysis. Categorical variables were compared using the
Fisher exact test. Statistical analyses were performed
with GraphPad Prism 5.0.

Cell culture

Human arterial endothelial cells (HAEC) were bought
from PromoCell (Heidelberg, Germany) and cultivated
upon manufacturer’s recommendations. For cDNA syn-
thesis, we used 500 ng RNA per sample using the Quan-
tiTect Reverse Transcription kit (Qiagen). DNA was
isolated by phenol:chloroform:isoamylic alcohol extrac-
tion followed by precipitation with isopropanol. For in
vitro experiments, HAEC (PromoCell) were cultivated
upon manufacturer’s recommendations. For HDAC in-
hibition, HAEC were treated with 1 pM trichostatin A
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(TSA) for either 72 h or twice for 6 h with an 60-h inter-
val in between. Hypoxia experiments were performed
using a hypoxia incubator chamber (STEMCELL Tech-
nologies, Grenoble, France) exposing cells to a ppO2 of
0.12 bar corresponding to an oxygen fraction of 12% for
24 h. Control experiments were performed under
normoxic conditions (ppO2 = 0.21 bar).

Results

Neonatal hyperoxia from PO to P8 leads to increased
NOS3 expression—in both whole lung tissue and CD146-
positive cells

For our study, we used a well-established mouse model
for bronchopulmonary dysplasia. Newborn pups were
exposed to 85% oxygen from PO to P8 then stayed in
normoxia from P8 to P16. Lungs were analyzed at P8
and P16. In neonatal mouse lungs, exposure to hyper-
oxia (85% oxygen) from PO to P8 led to a significant
increase in NOS3 (median fold change x2.37, IQR
1.54-3.68, p = 0.003), GPX1 (median fold change x 1.73,
IQR 1.28-2.08, p=0.001), and STAT3 a and  (median
fold change x2.83, IQR 2.21-3.88, p=0.001) mRNA
levels at P8. Other genes, such as HIF1A for example,
were not differentially expressed on the mRNA level
(Fig. 2a). At P16, 8 days after hyperoxia, mRNA levels
of GPX1 and STAT3 dropped to levels comparable to
the normoxia group at P8. NOS3 mRNA levels also
dropped but tended to be slightly above the level of
the normoxia group at P8—even though this differ-
ence did not reach statistical significance except for
primer pair matching to exonlO/11 (Fig. 2a). In
addition, we aimed to determine whether expression
profiles upon oxygen exposure differ between whole
lung tissue and pulmonary endothelial cells. There-
fore, we isolated vascular endothelial cells from whole
lung tissue using magnetic separation with human
CD146 microbeads. Results obtained from CD146-
positive cell population are shown in Fig. 2b. For all
analyzed genes of interest, we did not see any differ-
ences in expression profiles. After hyperoxia, histology
showed simplification of alveoli with increased
airspace and dilated alveoli (Fig. 3¢, d) compared to
the normoxia group (Fig. 3a, b) indicating hypoalveo-
logenesis due to disturbed secondary septa formation.
This could be associated with the vascular malforma-
tion seen in children with BPD [24, 25],

Responsivity to later hyperoxia at P15 is altered in mouse
lungs that have been exposed to hyperoxia in the
neonatal period

Exposure to hyperoxia later in life at P15 led to substan-
tial differences in mRNA levels compared to mice previ-
ously exposed to hyperoxia during the neonatal period
and those without. More specifically, there was less
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moxia after hyperoxia from PO to P8 (group 3). Expression data is normalized to the control group 1. Every group contained five animals. Error
bars indicated 95% Cl. Asterisks indicate significant difference to the control group (p < 0.05)

increase in NOS3 mRNA levels (median fold change x
1.90, IQR 0.92-2.72) in mice that were previously ex-
posed to hyperoxia compared to mice exposed to nor-
moxia (median fold change x3.93, IQR 2.50-8.51).
Interestingly, the increase in STAT3 mRNA was similar
in both groups—even though it tended to be higher in
the hyperoxia (median 3.73, IQR 1.38-7.29) compared
to the normoxia group (median 2.30, IQR
0.74-4.53)—when compared to the median fold change
(x 2.83, IQR 2.21-3.88) after the first exposure. With re-
spect to the other genes investigated, such as NFE2L2
(Fig. 4c), GPX1, and HIF1A (data not shown), we found
no significant differences between mice with and with-
out previous hyperoxia exposure (Fig. 4). Since in hu-
man, a small 27 nt-RNA is apparently involved in the
negative regulation of NOS3 mRNA via STAT3 mRNA
targeting, we performed holistic analyses of microRNA
(miR) profiles in purified lung epithelial cell obtained
from experiments under normoxic (group 1), hyperoxic
(groups 2/5), and after repetitive hyperoxic treatment

(group 6). Notably, an ortholog of human 27 nt-RNA
could not be identified in the mouse genome. Therefore,
we aimed to identify differentially expressed murine can-
didate miRs, which potentially could target STAT3 mRNA
in a way reminiscent of human 27 nt-RNA and human
STAT3 mRNA. In total, we identified 301 different miRs
from which 101 were non-marginally expressed and thus
were considered for differential analyses. Figure 4d shows
the relative average enrichment of these 101 miRs and
below the group-specific quantitative profiles as a heat
map. Interestingly, almost general drop of miR abundance
was observed after hyperoxic treatment (groups 2/5) when
compared with normoxia (group 1), whereas the abun-
dance of many miRs increases markedly, when a repetitive
oxygen treatment was applied (group 6). Notably, we iden-
tified several miRs differentially overexpressed under these
conditions, where strong evidence exists for STAT3
mRNA targeting in mice (Fig. 4e), ie, mmu-let-7b-5p,
mmu-miR-181a-5p, mmu-miR-93-5p, mmu-miR-17-5p,
and mmu-miR125a-5p.
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Fig. 3 Neonatal hyperoxia leads to hypoalveologenesis at P8. a, b The lungs of the normoxia group at P8 (group 1) show normal developed
alveoli. ¢, d The lungs from the hyperoxia group (group 2) at P8 after exposure to 85% oxygen from PO to P8 reveal a significant
hypoalveologenesis with dilated alveoli and increased airspace macroscopically due to disturbed secondary septa formation. H&E. e, f
Immunofluorescence staining on P8 comparing normoxia (e, group 1) versus hyperoxia (f, group 2) show higher expression after hyperoxia. a, ¢

Modifications in histone signatures at the NOS3 and STAT3
gene locus in response to hyperoxia exposure are not
restored

We then further analyzed in pulmonary vascular endo-
thelial cells whether changes in histone and/or CpG sig-
natures were associated with the observed expression
patterns. Whereas we did not see any significant differ-
ences in CpG methylation (Table 1), histone modifica-
tions patterns at the NOS3 and STAT3 gene locus
changed substantially. Upon initial exposure to hyper-
oxia, we noted an increase in H2aZac at both loci and
an additional decrease in H3K4me3 at the NOS3 locus.
No significant alterations were observed for H3k9ac. Im-
portantly, levels for H2aZac did not return to a baseline
level but remained elevated and levels for H3K9ac in-
creased significantly after 8 days of normoxia at both
loci (Fig. 4a, b). Interestingly, upon second exposure to
hyperoxia, we observed an even further increase in
H2aZac, H3K4me, and H3K9ac in mice with previous
excessive oxygen exposure when compared to mice

raised in a normoxic environment, which showed an
acetylation/methylation pattern very similar to the initial
pattern observed upon the primary excessive oxygen ex-
posure (Fig. 4a, b). At the NFE2L2 locus, no changes
were noted (Fig. 4c).

Long-lasting disturbances in histone modification at the
NOS3 gene locus lead to disruption of the regulation of
eNOS expression upon physiological stimuli later on

To further analyze whether persistent histone modifica-
tions are primarily responsible for the altered eNOS
response pattern of vascular endothelial cells upon
physiological stimuli later on, we used human aortic
endothelial cells (HAEC) which were exposed to trichos-
tatin A (TSA). To mimic persistent environmental
stimulation, we incubated HAEC with TSA for 72 h and
compared these to unexposed HAEC and HAEC that
were exposed twice for 6 h with an interval of 60 h in
between to simulate a more physiological situation.
Whereas persistent stimulation led to a change in
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histone acetylation as for example at H3K9, this effect
was much weaker in HAEC subjected to repetitive
stimulation (Fig. 5). Importantly, we also noticed signifi-
cant differences between both groups in eNOS and
STAT3a expression. Whereas after repetitive stimulation
eNOS (median 0.52, 0.4-0.67) and STAT3a (median
0.23, 0.2-0.29) dropped to levels below baseline measure-
ment levels after 4 weeks (Fig. 6a, c), we noticed a sub-
stantial increase in baseline eNOS (median 27.2, 22.3—
35.6) and STAT3a (median 5.8, 4.8-7.3) expression in
HAEC initially subjected to long-term TSA treatment
(Fig. 6b, d). Interestingly, the drop to baseline expression
of eNOS and STAT3a in the group with repetitive

Table 1 CpG methylation

stimulation took significantly more time compared with
the first stimulus.

In the last part of this study, we analyzed the response
of the TSA-exposed HAEC to a physiological stimulus.
Since in contrast to pulmonary vascular endothelial cells,
eNOS expression in peripheral arterial endothelial cells
is stimulated by hypoxia, HAEC—either exposed to two
6-h treatments with TSA or one 72-h TSA treatment—-
were exposed to hypoxia after cultivation for 3 weeks
under normal growth conditions. As can be seen in
Fig. 7, HAEC with a previous long-term exposure to
TSA did show a pathological response to hypoxia with a
significant reduction in eNOS expression whereas cells

NANOG NFE2L2 STAT3

CpG  CpG CpG CpG  CpG  CpG CpG  CpG  CpG CpG  CpG CpG  CpG  CpG  CpG  CpG

1 2 3 4 1 2 3 4 5 6 1 2 3 4 5 6
Ctrl 500 1000 1150 1300 350 100 150 300 150 150 250 200 550 150 150 050
Hyperoxia 500 1100 1200 1200 300 100 100 200 100 100 300 100 300 100 100 100
P[Ctrl/hyperoxia] 043 047 044 043 014 068 043 009 029 005 048 012 035 08 093 053
Hyperoxia/5d release 800 1300 1200 1600 300 100 100 300 100 100 300 200 500 100 100 200
P[Ctrl/hyperoxia- 080 056 048 071 039 100 079 044 093 028 075 011 08 064 093 018

release]

The mean percentage of methylation at the respective CpGs located in the different promoter regions is shown
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Fig. 5 H3K9 acetylation at the NOS3 gene locus after TSA treatment.
HAEC were exposed to either trichostatin A (TSA) twice for 6 h with
and interval of 60 h (light gray) or once for 72 h. Histone modification
was analyzed using CHiP immediately after the TSA exposure and
compared to unexposed HAEC (black). All experiments were performed
in triplicates. Error bars indicated 95% Cl. Asterisks indicate significant
differences (p < 0.05)

with a previous short-term repetitive exposure to TSA
showed a response pattern very similar to control
HAEC. This pathological response was accompanied by
altered histone modifications at the NOS3 gene locus
(Fig. 7d, e). Importantly, as previously mentioned, HAEC
with previous long-term exposure to TSA showed per-
sistence of H3K9ac at the NOS3 gene locus whereas in
cells with short-term repetitive TSA treatment histone
marks at the NOS3 gene locus were restored. Interest-
ingly, we also noticed high levels of the repressive his-
tone mark H3K27me3 which persisted during hypoxia.

Discussion
Bronchopulmonary dysplasia (BPD) remains one of the
main problems of prematurity even in the post-
surfactant area. Importantly, BPD is also the main rea-
son for pulmonary hypertension in the pediatric popula-
tion. Early oxygen exposure has been identified as one of
the most important risk factors for the development of
BPD. Even though the exact mechanism remains un-
clear, it seems to involve high oxygen exposure possibly
by inducing excessive pulmonary vasodilatation and pro-
duction of oxygen radicals followed by tissue damage.
However, to date, no pathophysiological link has been
identified between early oxygen exposure and later
pathological response patterns of the pulmonary vascula-
ture in pulmonary hypertension.

Here, we provide the first evidence that excessive oxy-
gen exposure early in life leads to permanent changes in
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the epigenetic signatures at the NOS3 locus in pulmonary
endothelial artery cells in a mouse model. These changes
seem to be associated with a non-physiological expression
pattern of eNOS upon oxygen exposure later in life. More-
over, non-physiological alterations of epigenetic signatures
at the NOS3 gene locus induce similar effects in human
aortic endothelial cells (HAEC) in vitro.

Specifically, in the first part of the study, we demon-
strated that NOS3 mRNA levels increased in pulmonary
artery cells upon neonatal oxygen exposure in newborn
mouse. This was paralleled by hyperemia and later dis-
ruption of the alveolar structure as shown by histology.
This is in line with previous reports demonstrating in-
creased protein concentrations [7] and increased NOS3
mRNA levels upon early excessive oxygen exposure in
various models [26] and human tissue samples [27].
Interestingly, we did not observe any changes in RNA
expression of NFE2L2, a transcription factor that regu-
lates the expression of antioxidant proteins that protect
against oxidative damage triggered by injury and inflam-
mation. This fits to the previous observation that SOD3,
an Nrf2-independent antioxidant, was not found to be
upregulated as one might expect in the O,-exposed neo-
natal mice compared with room air [28]. In fact, this
possibly reflects the inefficiency of counteractive antioxi-
dant mechanisms in the neonatal lung.

The observed increase of NOS3 mRNA levels was
paralleled by an increase in H3K9 and H2Az acetylation
very similar to our previous observations in HUAEC
[18]. Importantly, we did not observe a restitution of
acetylation patterns at the NOS3 gene locus after 5 days
of normoxia. Moreover, upon a second exposure to
hyperoxia later in life, we noticed a dramatic increase
in H3K9 and H2Az acetylation and also H3K4 methyla-
tion in mice that have been exposed to neonatal hyper-
oxia. However, NOS3 mRNA levels did not increase but
were even found to be substantial lower in these mice
when compared to healthy controls. Obviously, the sub-
stantial increase in activating histone marks at the
NOS3 gene locus did not lead to an increase in tran-
scription in these mice. This is in line with a previous
report demonstrating a suppressive effect on NOS3
mRNA synthesis after 12 h incubation with TSA [29].
As we have previously shown the most reasonable ex-
planation for this phenomenon is an increased activity
of counteracting processes mainly due to a negative
feedback loop, which in humans presumably involves a
co-processed 27 nt-ncRNA encoded in NOS3 intron 5
[16, 30], which targets and suppresses STAT3 mRNA
[31]. Our analyses allow us to speculate that a negative
regulatory function in mice, where a STAT3-targeting
27 nt-RNA was not identified, could be fulfilled by one
or several of the differentially expressed miRs, which
we identified by microRNA expression profiling.
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Moreover, we also observed increased levels of
H3K27me3—a repressive histone mark—which might
function as an additional counteracting process re-
sponsible for the absent increase in NOS3 mRNA
levels. Considering a recent report demonstrating
eNOS uncoupling and decreased NO production with
an enhanced superoxide production in adult rats after
neonatal hyperoxia [32], the observed downregulation
of NOS3 mRNA production in our study might be a
protective mechanism downregulating eNOS expres-
sion upon oxygen exposure to prevent further super-
oxide production and tissue damage. Overall, the
observed changes in epigenetic signatures are in line
with recent reports such as the study by Zhu et al.
who found that H3K27 trimethylation is present in
a BPD mouse model and involved in RUNXS3
downregulation, a gene associated with pulmonary
development [33].

In the second part of the study, we provide further evi-
dence for the relevance of the observed histone modifi-
cations for the regulation of NOS3 expression using an
in vitro cell culture model. For correct interpretation of
the data, it is important to mention that the physio-
logical response pattern of human peripheral arterial
endothelial cells is opposite to the response pattern of
pulmonary endothelial artery cells, i.e., vasodilatation
and NOS3 upregulation upon hypoxia and not hyper-
oxia. To induce a response pattern comparable to the
mouse model upon hyperoxia, we therefore subjected
HAEC to hypoxia after exposure to TSA. Similar to the
mouse model, we observed long persistence of altered
acetylation patterns after long-term exposure to TSA
whereas histone signatures were restored after repetitive
short-term exposure. In HAEC with long-term exposure
to TSA, NOS3 mRNA levels remained high correspond-
ing to an increase H3K9ac at the NOS3 gene locus.
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Fig. 7 Response to hypoxia after previous treatment with TSA. a eNOS expression. b STAT3a expression. ¢ HIF (hypoxia inducible factor)
expression. d H3K9ac. e H3K27me3. HAEC were either treated with TSA twice for 6 h with an interval of 60 h (light gray) or once for 72 h (white).
After culture under normal conditions for 26 days, cells were then subjected to hypoxia (ppO, of 0.1 bar for 24 h). Histone modifications were
analyzed at the promoter region. All experiments were performed three times with three different HAEC lines. Error bars indicated 95% Cl.
Asterisks indicate significant differences (p < 0.05)

However, upon exposure to hypoxia, we observed a sub-
stantial decrease in NOS3 mRNA levels in these cells
even though levels or H3K9ac further increased. Cur-
rently, similar to the constant increase in H3K27me3 at
the NOS3 gene locus in these cells, we have no good
explanation for this phenomenon. Possibly, this just
reflects a complete disturbance and malfunction of the
epigenetic code, but this needs to be further elucidated.
One major limitation of our study is the lack of func-
tional studies such as measurement of NO. Since many
previous studies have already demonstrated that upregu-
lation of NOS3 corresponds very well with increased
NO production in the hyperoxia mouse model [7], we
believe that mRNA levels are sufficient physiological to
characterize the cellular response patterns. In addition,
even if that is not the case, it does not change the distur-
bances observed on the level of mRNA expression and
in epigenetic signatures. The second major limitation of
this study is the lack of further functional analysis on
the role of miRNA on the development of BPD. How-
ever, since this seems to be rather complex [34] and con-
sidering the focused rather than generalistic approach of

this study, this would have been beyond the primary
scope of this study.

Conclusions

This study provides further evidence for the long-
term relevance of early life events on changes in epi-
genetic signatures using a newborn mouse model of
hyperoxia-induced BPD. It demonstrates the occur-
rence and relevance of persisting epigenetic marks for
regulation of vascular endothelial response patterns
upon physiological stimuli later in life. Even though
currently very theoretical, this suggests that treatment
of BPD and its sequelae by modification of epigenetic
mechanisms might at least be an option.
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