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1 Introduction

1.1 Human airway epithelium: stem cell populations and differentiated cell types

The human airway epithelium serves as the first line of defense against inhaled pathogens,
primarily through mucociliary clearance. It also conducts gases to the alveolar compartment,
where gas exchange takes place. Regenerative, secretory, protective, and sensory functions
are carried out by the various epithelial cell populations that compose the airway lining.
Among them are basal, secretory, ciliated, neuroendocrine, ionocyte, and tuft cells (Montoro

et al., 2018; Travaglini et al., 2020).

1.1.1 Basal cells

The basal cells are attached to the basement membrane of the pseudostratified epithelium and
are morphologically characterized by their small height in comparison to the adjacent luminal
differentiated cells. They compose 30% of the human airway epithelium and are present
throughout the entire airways, including small bronchioles. However, in rodents, they are
restricted to the trachea and main bronchi. Basal cells are multipotent stem cell progenitors
able to self-renew and differentiate into the ciliated and secretory lineage but also tuft,
neuroendocrine, and ionocytes cells (Montoro et al., 2018; Rock et al., 2009) to maintain the
pseudostratified epithelium. Basal cells are characterized by the expression of the
transcription factor transformation-related protein 63 (TP63), cytokeratin 5 (KRTS), nerve
growth factor receptor (NGFR), Integrin Subunit Alpha 6 (ITGA6), and podoplanin (PDPN)
(Hogan et al., 2014; Rock & Hogan, 2011; Rock et al., 2009). In addition to their stem cell
function, basal cells have also an immunomodulatory function, since they recruit immune
cells by secreting IL33 in the airways (Byers et al., 2013). Several studies have suggested the
existence of two transcriptionally distinct basal cell populations in proximal human airway
epithelium: proliferating and differentiating basal cells. The proliferative basal cells express
cell cycle genes, while the differentiating basal cells were characterized by a decreased
expression of KRTS5 and increased expression of differentiation markers (e.g., SCGB3A2,
HESTI) (Travaglini et al., 2020). In mouse airway epithelium, previous studies have also
described two molecularly distinct basal cell subpopulations: putative (dividing) stem cells
and luminal precursors characterized by the increased expression of luminal markers (e.g.,

KRTS8) (Watson et al., 2015).
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Figure 1. Schematic representation of airway basal cell differentiation. Basal cells are multipotent
progenitors of the airway epithelium that can give rise to different cell types including ciliated, goblet, and
club cells.

1.1.2 Submucosal glands

A second stem cell population was identified in the submucosal glands (SMGs) ducts, which
are located under the surface airway epithelium (SAE) within the mesenchyme and have duct
and acinar compartments. In humans, SMGs are located in the cartilaginous airways, from the
larynx down to the main bronchi. However, in the mouse, they are restricted to the trachea.
Interestingly, SMGs duct progenitors have a basal cell-like morphology and were shown to
express KRTS5, KRT14, a-SMA, IGFBP4, and NGFR. In mouse trachea, these cells were
able to regenerate goblet and ciliated cells of the surface epithelium after Naphthalene injury,

(Hegab et al., 2011; Lynch et al., 2018).

1.1.3 Bronchioalveolar stem cells

Another stem cell population identified in the murine lung is the bronchioalveolar stem cells
(BASCs). These rare epithelial cells are located in the bronchioalveolar duct junction
(BAD)J), the transition between the terminal bronchioles to the alveoli. These cells co-express
cell-specific markers from both club and alveolar type 2 cells, Secretoglobulinlal
(SCGB1ATI) and surfactant protein ¢ (SP-C), respectively. They have been shown to function
as dual progenitors in vivo, by maintaining the bronchiolar club cells and alveolar cells of the

distal lung in response to injury (Kim et al., 2005; Liu et al., 2019; Salwig et al., 2019).
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1.1.4 Lineage-negative epithelial stem cells

A rare group of stem cells has also been identified as lineage-negative epithelial stem cells
(LNEP) in the distal part of the lung. During homeostasis, these rare stem cells are quiescent,
however, upon injury (bleomycin, Influenza), LNEPs activate TP63/KRTS programs and
migrate to regenerate the damaged alveolar region. The Activation of TP63 and KRTS gene

expression is Notch-dependent (Kathiriya et al., 2020; Vaughan et al., 2015).

1.1.5 Club cells

Club cells are characterized by a domed morphology oriented toward the lumen and by the
presence of secretory vesicles in their cytoplasm (Hogan et al., 2014). They are scattered
throughout the human and murine airway epithelium and arise from basal cells in a Notchl-
dependent manner. Interestingly, club cells act as progenitor cells that can both self-renew
and produce differentiated secretory and ciliated cells (Rawlins et al., 2009; Rock & Hogan,
2011). Lineage tracing experiments have shown that secretory cells can also dedifferentiate
into functional basal cells, and regenerate the epithelium after murine basal cell ablation with
Diphtheria toxin injury, suggesting the existence of a communication signal from basal
toward secretory cells. Furthermore, the dedifferentiated basal-like cells were multipotent and
able to give rise to the 3 cell populations: basal, secretory, and ciliated cells when cultured in
ALI culture (Tata et al., 2013). In addition to their progenitor potential, club cells have
secretory and detoxifying functions, as they secrete proteins that contribute to the protective
lining fluid of the airways, and metabolize xenobiotic substances inhaled from the air through
cytochrome P450 enzymes (Rokicki et al., 2016). Specific markers for club cells include
Secretoglobin SCGB1A1 (also known as CCSP or CC10) (Hogan et al., 2014), but also
SCGB3A1,SCGB3A2, and SSEA1 (Reynolds et al., 2002; Tata et al., 2013).
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Figure 2. Schematic representation of the progenitor potential of club cells. Club cells act as
progenitor cells that can self-renew and give rise to ciliated and basal cells upon injury.

A club cell sub-population is the naphthalene-resistant or variant club cells, which are
characterized by the expression of Uroplakin 3A (UPK3A) and SCGB3A2 but low
SCGB1A1 expression. Unlike the other club cells, the variant-club cells do not express the
cytochrome P450 CYP2F2, which confers them resistance to Naphthalene injury, as CYP2F2
metabolizes naphthalene into a cytotoxic compound lethal for the cells. Previous studies
describe their location near the Neuroepithelial bodies (NEBs) and bronchioalveolar duct
junctions (BADJs). Interestingly, the variant club cells restored the airway epithelium after

naphthalene-induced club cell depletion (Guha et al., 2017; Guha et al., 2012).

1.1.6 Ciliated cells

Ciliated airway epithelial cells are morphologically characterized by the presence of multi-
cilia on their apical surface. They are scattered throughout the large and small airways (Tata
et al, 2017). However, ciliated cell density and cilia length decrease along the murine
tracheobronchial airways (Toscala et al, 2005). Under steady-state, ciliated cells arise mainly
from club cells, and fewer from basal cells (Rawlins et al., 2009; Ruiz Garcia et al., 2019).
Nonetheless, following injury and after the loss of club cells, ciliated cells are regenerated
mainly from basal cells (Pardo-Saganta, Law, et al., 2015). Unlike club cells, ciliated cells are
terminally differentiated (Rawlins & Hogan, 2008), they do not self-renew or trans-

differentiate to regenerate the epithelium after injury (Rawlins et al., 2007). Thanks to the
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beating of their cilia, these cells enable mucociliary clearance, a process where inhaled
particles and pathogens are moved out of the airways (Knowles & Boucher, 2002). Also,
ciliated cells are molecularly characterized by the expression of the transcription factors
TP73, MYB, and FOXJ1, required for their differentiation (Marshall et al., 2016; Rawlins &
Hogan, 2008).

1.1.7 Goblet cells

Goblet cells are morphologically characterized by large vesicles required for mucus secretion
in response to airway injury or irritation. This mucus contributes to the protective liquid layer
of the lung. With their apical surfaces toward the lumen, they compose almost 25% of the
bronchial epithelium in humans and larger mammals. Also, goblet cells arise either from
basal cells (Danahay et al., 2015; Rogers, 1994, 2003) or from Scgblal expressing club cells,
and SPDEF is required for their differentiation in the normal tracheal-laryngeal airways
(Chen et al., 2009). In addition, goblet cells are characterized by the expression of the mucins

MUCSAC, MUCSB, and the transcription factor FOXA3 (Danahay et al., 2015).

1.2 Notch signaling and airway epithelial cell differentiation

1.2.1 Notch signaling is required for basal cell differentiation

Previous studies have shown that Notch signaling is required for basal cell differentiation into
early progenitors. Mouse basal cells cultured in the presence of Notch inhibitor DPZ failed to
form a lumen and were composed of a single layer of TP63* cells. In addition, sustained
activation of Notchl intracellular domain (N1ICD) in basal cells under the Krt5 promoter
drives their differentiation. Notch signaling activation was associated with the
downregulation of basal cell genes and upregulation of luminal secretory genes,
predominantly SCGBIAI. In the human ALI system, constitutive expression of Notch
downstream targets HESI or HEY! in primary epithelial cells showed fewer TP63* cells in
comparison with control cells. Also, FACS-sorted HES1-GFP* cells showed reduced JAG2
expression (which is the most differentially expressed ligand among basal-luminal cells of the
steady-state mouse tracheobronchial epithelium) and increased NOTCH?2 expression (Rock et

al.,2011).
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Sustained activation of Notchl or HES1 in mouse or human basal cell culture, respectively,
downregulates basal cell genes and induces their luminal differentiation into secretory lineage

Notch
receptor
Sustained / Goblet cell
activation of
NOTCH1
\
Mouse basal cell
Early progenitor cells
Club cells
Constitutive
expression of
Hesl
EE—
——
Human basal cell
Early progenitor cells Club cells

Figure 3. Notch activation promotes basal cell differentiation. Sustained activation of Notch signaling
downregulates basal cell genes and promotes their differentiation into the secretory lineage.

1.2.2 Jag2 and Jagl maintain secretory cell identity via Notch2 activation

Previous studies have shown that Jagl inhibition in mice, using selective anti-Jagl antibody
led to increased ciliated cells at the expense of secretory cells, via direct trans-differentiation
of club cells into ciliated cells (proliferation and cell apoptosis remained unchanged after
JAGI blockade). Near the NEBs and the BADIJs, a few remaining club cells were not
affected by Jag1 inhibition. Consistently, NOTCH2 inhibition using anti-NOTCH?2 antagonist
antibody or genetic deletion in secretory cells increased ciliated cells at the expense of
secretory cells (Lafkas et al., 2015; Pardo-Saganta, Law, et al., 2015). In addition, genetic
deletion of Jagl in shh-Cre mice, induced a significant increase in FOXJ1+ cells with
decreased SCGB3A2* and SCGB1A1* cells (Stupnikov et al., 2019b). Also, genetic deletion
of Jag2 by Krt5-Cre in mice induced an increase in FOXJ1* cells, and a decrease in CC10*,
SCGB3A2 +, and SSEA1* secretory cells. This deletion also reduced N2ICD* Suprabasal

cells. Similarly, in the human ALI culture, JAG2 knockdown in primary human bronchiolar

15



cells induced the same phenotype: reduced secretory (SCGBIAI, SCGB3A2) and increased

ciliated cell gene expression (FOXJ1, MYB) (Pardo-Saganta, Tata, et al., 2015).

Ciliated cells activates Notch2 receptor in secretory cells through Jagl and maintain the club cell

identity
Inhibition of
Jaglin ciliated
cells
or Notch2 in
club cells
Ciliated cell Club cell Ciliated cell Club cell Ciliated cell
Notch signaling is maintained active by Club cells convert into ciliated cells after

neighboring ciliated cells through Jag1 ligands Notch2 inhibition in club cells (through direct
inhibition of the receptor or indirectly through the

inhibition of ligand Jag1l)

Summarized from:
(Lafkas, D., et al. 2015)

(Stupnikov,M. R., et al. 2019)

Basal cells activates Notch2 receptor in secretory cells through Jag2/DLL1 and maintain the club cell
identity

Jag2 deletion in 1
basal cells

Basal cell Club cell

Notch signaling is maintained active by neighboring
basal cells through DIl1/Jag2 ligands . - -

Jag2 deletion in basal cells induced an increase
in ciliated cells, and decrease in club cells

Club cells ® N2ucp I Notch ligand

N Ciliate d cells O Notch2 receptor  mmm less Notch ligand

Summarized from:
(Pardo-Saganta, A., et al. 2015)
(Rock,J.R.,etal.2011)

Jag2/Dll1

Figure 4. Active Notch2 signaling is required to maintain the club cell fate. Notch2 signaling in club
cells is activated by DLL1/JAG2 ligands expressed by the neighboring basal cell. The deletion of Jag2

decreases club cells and increases ciliated cells.

1.3 The transcription factor BHLHE40
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1.3.1 BHLHEA40: a transcription factor with diverse mechanisms, binding sites, and
cellular functions

BHLHEA4O0 protein is composed of a basic region and a Helix Loop Helix (HLH) region: the
basic region of BHLHE40 is associated with DNA binding, while the HLH region is
associated with protein dimerization (Ivanova et al., 2005). Moreover, BHLHE40 has two
nuclear localization signals and one nuclear export signal motif (Boudjelal et al., 1997).
Previous studies have shown that BHLHE4O is involved in circadian rthythm regulation and is
a transcriptional repressor of clock-controlled genes. It was shown to repress Clock/Bmall-
induced transactivation of clock genes, through direct protein interaction with BMALI1 or
through competing with Clock/Bmall E-boxes binding region (Honma et al., 2002;
Nakashima et al., 2008). In addition, BHLHE40 negatively auto-regulated its expression via
repression of its own promoter. This repression required the C-terminal domain that covers
the a-helices through an HDAC-dependent mechanism. Also, BHLHEA4O strongly reduced c-
Myc promoter activity, a proliferation-associated gene. However, HDAC recruitment was not
required for this repression (Sun & Taneja, 2000). In another context, BHLHEA40 repressed
LKB1 promoter activity, an activator of AMP-activated protein kinase which is important for
many metabolic processes. The repression required the binding to the E-box region through

the N-terminal basic region (Sato et al., 2015).

Similarly, BHLHEA40 transcriptionally repressed the expression of drug-metabolizing
enzymes in the liver. In addition, BHLHE4O0 repressed the transcription of CYP4Al in vitro,
using primary human hepatocyte, not through E box binding, but through a similar sequence
to the SP1 binding site (CCCTGC). This repression required the DNA binding domain in the
N-terminal region of BHLHE40 (Zhao et al., 2012). BHLHEA40 has also been reported to
interact with RXR receptors through N-terminal LXXLL nuclear receptor motif and
repressed RXR ligand-dependent activation of the RXR reporter (Cho et al., 2009). Another
report showed that BHLHE40 negatively regulated the expression of genes involved in
peroxisomal fatty acid oxidation and the biogenesis of peroxisomes (Chang et al., 2019).
Interestingly, in muscle cells, BHLHE40 repressed Notch transcriptional activity by
interacting with NICD and preventing its binding with RBPJk, which in turn, repressed the
transcription of Notch downstream effectors Hes/ and Heyl. Consistently, increased levels of
NICD were detected in regenerating BHLHE40 - mouse myoblast after injury (Sun et al.,

2007). However, BHLHE40 has also been described as a transcriptional activator in several
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studies (Qian et al., 2014; Jarjour et al., 2019; Nguyen et al., 2024). It has been shown that
BHLHEA4O0 in cooperation with HDACS, transcriptionally increased the expression of 7P73, a

master regulator of ciliogenesis (Qian et al., 2014; Wallmeier et al., 2021).

BHLHE40

BasicHelix-Loop-Helix protein 40

DNA binding domain Protein heterodimerization domain

CLUSTAL 0(1.2.4) multiple sequence alignment

human MERIPSAQPPPACLPKAPGLEHGDLPGMYPAHMYQVYKSRRGIKRSEDSKETYKLPHR 60
mouse MERIPSAQPPPTCLPKAPGLEHCDLSGMDFAEMYQVYKSRRCIKRSEDSKETYKLPHR 60
B R B e R R R R S R AR R R e

human EKKRRDR INEC IAQLKDLLPEHELKLTTLGELEKAVVLELTLKHVKALTNLIDJQQQKIIA 120
mouse EKKRRDRINEC TAQLKDLLPEHLKLTTLGELEKAVVLELTLKHVKALTNLIDJOQQKIIA 120
R
human LQSGLQAGELSGRNVETCQEMFCSCFQTCAREVLOYLAKEENTRDLKSSQLVTHLERVVS| 180
mouse LOSGLOACDLSCGRNLEACQEMFCSCFQTCAREVLOYLAKEENTRDLKSSQLVTHLERVVS| 180
Tkkk ko g Rk gk g kR R AR AR AR ARk AR R AR AR A AR AR A R AR R R A b
human ELLQEGTSRKPSDPAPKVMDFKEKPS SPAKGSEGPGKNCVPVIQRTFAHSSGEQSGSDTD 240
mouse ELLOFGASRKPLDSAPKAVDLKEKPSFLAKGSEGPGKNCVPVIQRTFAPSGGEQSGSDTD 240
dekkkkk hhkh ok ok ko kkkRk dkkkhkkkhh ko ke hk ok khkkk ek ok hn
human TDSCYGCESEKCDLRSEQPCFKSDHGRRFTMCGERICATKQESEEPPTKKNRMOLSDDEGH 300
mouse TDSGYGGELEKGDLRSEQPYFKSDEGRRFAVGERVSTIKQESEEPPTKKSRMOLSEEEGH 300
hhhkhkhhh Rhhhdidhdhid iﬁiiiiiii::iii:':i‘ii.*liii*l,ii**i::ﬁ*‘
human FTSSDLISSPFLCPHEPHQPPFCLPFYLIPPSATAYLPMLEKCWYPTSVPVLYBGLNASAA 360
mouse FAGSDLMCSPFLCPEPHQPPFCLPFYLIPPSATAYLPMLEKCWYPTSVPVLYPGLNTSAA 360
i:'i*i:'iii*"iiiiiiiii.iiiiiiiiii‘ﬁiiiﬁi'iiiiiiii‘iﬁiii:iii
human ALSSFMNPDKISAPLLMPQRLPSPLPAHPSVDSSVLLOALKPIPPLNLETKD 412
mouse ALSSFMNPDKIPTPLLLPQRLPSPLA-HSSLDSSALLQALKQIPPLNLETKD 411

B I L S e e R I

Helix Loop Helix domain (protein dimerization domain) |

| Orange domain (interaction) H Nuclear localization signal ‘

Figure 5. BHLHE40 functional domains. BHLHE40 is composed of a DNA binding domain (B: Basic
domain) and a protein heterodimerization domain (HLH: Helix Loop Helix) for protein interaction.

1.3.2 The role of BHLHE40 in cellular differentiation and proliferation

Previous studies have shown that the overexpression of BHLHE40 in chondrogenic cell lines
promoted chondrocyte differentiation. In addition, in the chondrocyte in vitro differentiation
model, BHLHE40 expression was low during the proliferation phase and upregulated during
the differentiation phase (Shen et al., 2002). Similarly, forced expression of BHLHE40 in
human mesenchymal stem cells, cultured in the presence of an osteogenic medium, increased
the expression of bone-related genes and accelerated osteogenic differentiation and
calcification (Sato et al., 2015). Also, ectopic expression of BHLHE40 in cultured mouse

trophoblast stem cells, inhibited cell proliferation and promoted the differentiation into
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trophoblast giant cells (Hughes et al., 2004). However, in another cellular context, BHLHE40
overexpression inhibited muscle cell differentiation through transcriptional repression of
Myog promoter, an important transcription factor for myogenic differentiation (Wang et al.,
2015). Another report showed that BHLHE40 promoted myogenic differentiation by
reducing Notch transcriptional activity (Sun et al., 2007). Furthermore, BHLHE40
overexpression inhibited cell cycle progression and accumulation in the S-phase in MCF-7
cells via reducing Cyclin E interaction with the ubiquitin ligase, increasing its stability.
Cyclin E needs to be degraded by ubiquitination in the G1/S phase to allow the transition
S/G2 phase (Bi et al., 2015). However, BHLHE40 positively regulated large peritoneal
macrophage proliferation through transcriptional activation of cell-cycle-related genes
(Jarjour et al., 2019). Also, BHLHE40 promoted alveolar macrophage proliferation in
addition to maintaining their identity (Rauschmeier et al., 2019). Taken together, BHLHE40
can either promote or inhibit differentiation and proliferation depending on the cellular

context.

1.4 The Air-Liquid Interface (ALI) culture system as a model for studying cell
proliferation and differentiation

Air Liquid Interface (ALI) is an in vitro differentiation model that mimics the human
proximal airway epithelium and reproduces its cellular composition (Silva et al., 2023). The
ALI culture can be established from primary human bronchiolar epithelial cells (pHBECsS),
which are cultured on a trans-well and differentiated over 21 days to give rise to a polarized
pseudostratified airway epithelium. The cells in ALI culture are found in two phases: a
proliferation phase from day O to 7, during which the cells form a confluent monolayer,
followed by a differentiation phase from day 7 to 21, where differentiation increases
progressively (Fig. 6A). Similar to the human proximal airway epithelium, our pHBECs-
derived ALI culture is composed of basal progenitor cells TP63* that form the basal layer,
along with differentiated epithelial cells that compose the luminal surface: mature ciliated
cells FOXJ1* Acetylated Tubulin*, club cells CC10* and goblet cells MUCS5B*. The airway
epithelial barrier was assessed by the expression of the tight junction protein Zonula

occludens-1 (ZO-1) (Fig. 6B, C).
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Figure 6. Mucociliary differentiation of human adult basal stem cells in Air Liquid Interface culture.
(A) Schematic representation of the ALI culture proliferation and differentiation phase. Airway epithelial
cells in ALI culture from day 21 were stained with the following specific antibodies for differentiation and
polarization markers: (B) Anti-TP63 antibodies for basal cells, anti-FOXJ1 or Acetylated Tubulin
antibodies for ciliated cells, anti-MUCS5B or anti-CC10 antibodies for goblet and club cells, respectively,
anti-Zonula occludens-1 (ZO-1) antibodies to assess the airway epithelial barrier. The images are 3D
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reconstructions of the entire z-stack and (C) their corresponding optical sections. All nuclei were stained
with DAPI.

1.5 Single-cell RNA sequencing analysis of pHBECs-derived ALI culture

1.5.1 BHLHEA40 is selectively upregulated in differentiating epithelial cells

Airway basal cells are multipotent stem cell progenitors, which are crucial to maintaining the
pseudostratified epithelium. They are able to self-renew and differentiate into the ciliated and
secretory lineage, during homeostatic and repair conditions (Rock et al., 2011; Rock et al.,
2009). Understanding the molecular mechanisms that regulate human basal
cell differentiation is essential to unravel how normal and pathological regeneration occurs
(Ruiz Garcia et al., 2019). Accordingly, to better understand the differentiation mechanisms
of human airway basal progenitor cells, we performed single-cell RNA sequencing of
pHBEC:s differentiated in the ALI culture (unpublished data). To include the proliferation and
differentiation phases in our analysis, we performed single-cell RNA sequencing at different
time points: days 0, 5, 9, and 14. We analyzed 5000 cells per time point and identified 14
epithelial cell clusters based on the expression of 5 known cell type-specific markers. Among
the clusters identified are ionocyte-tuft, ciliated, basal (default, proliferative, transitioning, or
SMG-like), and immature/mature secretory cells (Fig. 7A, B), recapitulating the composition

of the human proximal airway epithelium.

We ordered the differentially expressed genes along a differentiation trajectory starting from
the SMG-like basal cell-to-immature secretory-to-secretory cells and defined gene modules
with a similar expression pattern (Fig. 7C, D). This pseudotime analysis of differentiating
ALI cultures from different time points revealed a selective upregulation of the transcription
factor BHLHE40 in differentiating epithelial cells. These differentiating epithelial cells were
characterized by the distinctive expression of immature secretory cell genes, highlighted in
the box (Fig. 7D), which preceded the expression of mature secretory cell markers. This

suggests a potential role of BHLHE40 in the differentiation toward secretory cells.

21



Top5 cluster markers
L LR o0 .. seeee . . LR . L “@ne 0
Y B .o “90000 " DY TR .. .. “. [T I . = I “o0
° .o L IT XY ] TR R R I e @0 ccecos L R Jr—
.- o '"TERE K @rr 00002000 [ EX BN )
®en . o R LR R . R .« o . .
m B T ®- . ‘" 90000000000 °000 - ecece oo ce.0000®
4 “e @ ®ce -0 0000 s 0000 T EEE
2 Y .- S s 8900000000000 - . R
e 00 .. S s G000 00000000D B ERBRRs s B BBReE
PR 5 * - D I Y L X L X I e - R EE )
cr200° oo L ces00 - ®ee e 00 000 - ¢
“. e .. .. 0000+ +: 00040 .00 :0+8+::-- 00000 -5 Q-+ 0s0+0
- N - EEERE R R T T e T k) R I I T T
default basal2 (1) e - .- . . "R S8 Geeeprne
default basal1 (0) ‘e . I S o0 CEEE Y T XY )

RO RO P PP S 90 FP oAy PP POl PTG TG

22



23

* SMG-like basal cell

Expression of differentially expressed transcription factors in the SMG-like basal cell trajectory toward the secretory cells

m gene module — 7 _1 3 9 8 2 4 5
—] ionocyte-uft (14)-@ » ) o000 - ® e N RN RN DY BN TIEEREN FY TN I T R I N I Average
ciliated (13)- 0 @ sl 0 00000 000000 00 00 “s s0c@ @0 0@ 0@ Eypmacgor
defaultbasal3(12)- 0@+ e@ e e e @ - 20 e + +» =+ 9 - I IEEREREY T IR . oe - . -9 - DRI Y Y LXK
prol. basalé (11) @@ 0@e s e @ - o0 s+ B - s s e 000900000 ‘0 - @+ @rr+ s @---00-0-00Qc 0 2
immature secretory (10)- = ® - s 0 oo Qo o@O@oeeePoeocsecsocsnosbe: s0Boo - @ - 0e@:ro-0Q ++00- -0+ Qoo 1
O.d..ammm_mﬂwvu.....O....o..-o-.. . RN EE R Y I I N BN I N B ‘N Y XY T 0
prol.basakd (3)- 0@ e 0@ e 0@ - c@o s s 0@+ - ¢ - s 09 -00s00 000000 ® @@+ +@---99-0-00Qc 0 -1
prol. basal3 (7)- Q0000 29+ +@: -+ 00020000 NN RN IR ee -0+ @-Qeoe -2
prol. basal2 (6)- (Y NN KEERN . N .- . o o -0 .. 9 - RN EREY XY TR
SMG-like basal XY TX XX EXI TEEEY DRI I IO ¥ I e - ® . e@-- -0 . . ®+0+e Percent
mature secretory (4)-@ & - @ e@ec B0 s 00000 - 0D000000C 9D secso@essse-0s - @OPe o Expressed
prol.basal1 (3)- @@ - e @ e s e P - o0 o @ e e . s r 0 0000 e 0@ -9 - - co -0 ® Qe . 25
transitioningbasal (2)-® ® - + @+ +» @+ 2B o+ - 09 “ e 000000000 'EN KX K Y TR I Y Y'Y X e 50
defaultbasal2 (1) @ @ - e @+ 2o e @ - o 0 @ N KNS . N ) Y RN O BN BN IR X I se 0 - De@eo ® 75
defaultbasal1 (0)- @ ® - s @+ » s P+ s 00 - « + B0 . . s e e s @ 0000 QO 00 -0 N T TEEERE XX XX .‘8
2O Ny D SO N Qa2 B A A N G, 20,2 0,D N & PN AaBANAN N DN N
S SR R SRR S R S SR A i i
a NG &M&mm%% PRI SRR »%,We RERERGS ) A
! J

Immature secretory cell genes



Figure 7. Single-cell RNA sequencing from human pHBECs-derived ALI cultures revealed a
selective upregulation of the transcription factor BHLHE40 in differentiating epithelial cells. (A)
UMAP plot showing the epithelial cell-specific clusters identified by single-cell RNA sequencing of
human primary bronchial epithelial cells differentiated in an air-liquid-interface (ALI) culture at different
time points: day 0, 5,9, and 14 (all clusters combined). (B) Dot plot showing the top 5 specific markers per
cluster. © PAGA plot of non-
proliferating cells showing two distinct differentiation trajectories (conventional differentiation and SMG-
like basal cell trajectory) towards secretory cells. (D) Transcription factor trajectory interference analysis
from clusters 5, 10, and 4 (shown in (C)): the differentially expressed transcription factors were plotted
along the SMG-like basal cell trajectory toward the secretory cells. The
dot plot shows a selective upregulation of the transcription factor BHLHE40
in the differentiating immature secretory cells cluster (single-cell RNA sequencing data and figures were
kindly provided by Janine Koepke and Alexandros Sountoulidis).

1.5.2 High expression of BHLHE40 correlated with upregulation of Notch genes

Since Notch is a key signaling in airway epithelial cell differentiation (Rock et al., 2011), we
further investigated the potential role of BHLHE40 in the differentiation process by
correlating its expression with epithelial cell-specific markers and Notch signaling genes,
using differential gene expression analysis in each cluster against all others per individual
timepoints of the ALI culture. Since BHLHE40 was ubiquitously expressed in all clusters
(Fig. 8A, B, C, D), we focused our attention on the cluster showing the highest BHLHE40
expression, namely ‘’the BHLHE40-high cluster’’, to establish a distinct correlation that

could be extrapolated to a potential unique function.

Interestingly, in the pre-secretory cell cluster from day O (Fig. 8A), the BHLHE40-high
cluster showed a distinct correlation with high expression of Notch signaling genes:
NOTCH2, NOTCH3, HES1, HES2, and NRARP, but not the ligands DLLI, JAGI, or JAG2.
To a lesser extent, the BHLHE40-high cluster distinctly correlated with NOTCHI gene
expression. According to gene expression, this cluster is composed of undifferentiated cells
that distinctly express very low levels of TP63 transcripts compared to the other clusters, with
no differentiation markers present yet. Later on day 5, in the pre-secretory cell cluster (Fig.
8B), the same correlation was observed but with an additional selective high expression of

the secretory cell markers SCGBIAI and SCGB3AI and Notch downstream effector HEY 1.

On day 9 (Fig. 8C), in the secretory cell cluster, BHLHE40-high expression remains strongly
correlated with high expression of SCGBIAI, HES1, HES2, and NRARP genes. However, no
distinct correlations were observed with SCGBIAI, Notch receptors, or ligands when

compared to the other clusters. On day 14, in the secretory cell cluster (Fig. 8D), the
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BHLHE40-high cluster was only correlated with high expression of SCGBIAI, HESI, and
NRARP genes.

Taken together, these data reveal a correlation between the BHLHE40-high cluster and high
expression of Notch signaling genes (NOTCH2, NOTCH3, HES1, and HES2) on days 0 and 5
of the ALI culture. However, at later time points, the correlation with high expression of
Notch receptors was no longer observed, while a correlation with high expression of HES/

and SCGBIAI emerged.
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Figure 8. BHLHE40 selective upregulation correlated with increased Notch signaling gene
expression. Dot plots showing the correlation between BHLHE40 expression, Notch-related genes, and
epithelial cell-specific markers in the different clusters identified by single-cell RNA sequencing at
individual timepoints of culture: (A) day 0, (B) day 5, (C) day 9, and (D) day 14 (Single-cell RNA
sequencing data and figures were kindly provided by Janine Koepke and Alexandros Sountoulidis).

1.6 Hypothesis and aim

Previous studies have shown that the transcription factor BHLHE40 can either promote or
inhibit cell differentiation depending on the cellular context (Boudjelal et al., 1997; Iwata et
al., 2006; Shen et al., 2002; Wang et al., 2015). Based on our single-cell RNA sequencing
and pseudotime analysis of differentiating pHBECs in ALI cultures, we found that BHLHE40
expression was selectively upregulated in differentiating cells and interestingly correlated
with the upregulation of Notch signaling genes. Given that Notch is a key signaling pathway
in airway epithelial cell differentiation and its activation in basal cells promotes their luminal
differentiation (Rock et al., 2011), we hypothesize that BHLHE40 may play a role in human
airway basal cell differentiation through a Notch-dependent manner. Therefore, the aim of

this study is to:
1. Characterize the molecular role of BHLHE40 in the differentiation of human airway basal
cells, using pHBECs-derived ALI culture in combination with lentiviral-based gene

transfer to overexpress and knockdown BHLHE40.

2. Investigate whether the function of BHLHE4O is linked to the Notch signaling pathway.

3. Identify potential transcriptional targets of BHLHE40 involved in the differentiation

mechanism of human airway basal cells.
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2 Materials

2.1 Chemicals and reagents

Table 1. Transfection reagents

Product

Company/Catalogue number

Calcium chloride

Merck, 1002440500

Lipofectamine 2000

Invitrogen, 11668019

DNase free water

Invitrogen, 10977-035

Table 2. Cell culture products

Product

Company/Catalogue number

Collagen Type 1

SIGMA, C9791

PBS 1X

Capricorn, PBS-1A

Trans-well plate (0.4pm pore)

Corning, 3460

Table 3. Western blot product

Product

Company/ Catalogue

number

Acrylamide/Bis Solution

Carl Roth, 3029.2

TEMED

Carl Roth, 2367.3

Pierce ECL western blotting substrate

ThermoFischer, 32106

SuperSignal West pico PLUS Chemiluminescent

substrate

ThermoFischer, 34580

PageRuler pre-stained protein ladder

ThermoFischer, 26616

Nitrocellulose blotting membrane

GE Healthcare, 10600002

Extra Thick blot paper

BioRad, 1703966

Glass plates-Spacer plates (1mm spacers)

BioRad, 1653311

Glass plates-short plates

BioRad, 1653308

Milk pouder

Carl Roth, T145.2

Tween 20

Sigma, P7949
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Table 4. Others

Product Company/ Catalogue number
Triton X-100 Merck, 1086031000
Hoechst 33342 Sigma, B2261
Fluoromount Serva, 21634.01

Doxycycline hyclate

Sigma, D9891

TRIzol reagent

ThermoFischer, 15596018

GlycoBlue Coprecipitant

ThermoFischer, AM9515

Agarose Carl Roth, 2267.4
SYBR Safe DNA Gel Stain Invitrogen, S33102
1kb DNA ladder Promega, G5711

Blue/Orange Loading Dye (6X)

Promega, G1881

Filtropur (0.22pum)

Sarstedt, 831.823.001

Table 5. FACS product

Product Company/ Catalogue number
BSA Sigma, A3059
HBSS Sigma, H6648

Sterile wide orifice pipet tips (1000pul)

VWR, 89049-168

Sml polystyrene tube with cell-strainer cap

Corning, 352235

2.2 Buffers

e Buffers for DNA preparations
P1 buffer:

Tris -50mM
EDTA -10mM
RNase -0.4mg/ml
pH 8, stored at 4°C

P2 buffer:

NaOH -0.2M
SDS -1%

Stored at room temperature




P3 buffer:
Potassium Acetate -3M
pH 5.5, stored at room temperature

All bufters were dissolved in distilled water

e Buffers for Agarose gel electrophoresis

10XTAE Buffer
Tris-acetate -400mM
EDTA -10mM

Dissolved in distilled water

e Buffers for SDS-Polyacrylamide gel (SDS-PAGE)
Stock buffer for separating gel
Tris-HCl -1M, pH 8.8

Stock buffer for stacking gel
Tris-HCl -0.5M, pH 6.8

e Buffers for western blot

Radioimmunoprecipitation assay buffer (RIPA) buffer (100ml)

NaCl (5M) -12ml
Tris pH 7.4 (2M) -10ml
EDTApHS8 (0.5M) -4ml
SDS (20%) -2ml
Na-DOC (10%) -20ml
Triton X-100 -4ml

Dissolved in distilled water and protease inhibitor cocktail was added to 50 ml of RIPA
buffer

4X Laemmli Buffer (10ml)

Tris -2ml of 1M, pH 6.8
SDS -0.8¢g
EDTA -1ml of 0.5M
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H,O -6ml

100% Glycerol -4ml
B-Mercaptoethanol -0.4ml of 14.7M
Bromophenolblue -8mg

Running buffer

10XTris-glycine (1000ml)

Tris -30.27¢g

Glycine -144.0¢g

For the 1X running buffer, Sml of 20% SDS was added (for 1000ml)

All bufters were dissolved in distilled water

10X transfer buffer(1000ml)
Tris-base -30.27¢g
Glycine. -144¢

No methanol
pH 8.5

All bufters were dissolved in distilled water

1X transfer buffer (1000ml)
10X Transfer buffer -100ml

Methanol -200ml
ddH2o -700ml
Ponceau

Ponceau S -0.1% (X/V)
Acetic acid -1.0%

Dissolved in distilled water

1XPBS Tween
PBS -1X
Tween -0.1%
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Blocking buffer
Milk powder -6%
Dissolved in 0.1%PBS tween and stored at 4°C

e Buffer for FACS

Washing and resuspension buffer
HBSS -1X
BSA -1%

e Buffers for HEK293T cells transfection
2X BBS buffer

BES -50.0mM

NaCl -280.0mM

NazHPO4 -1.5mM

Dissolved in 500 ml of distilled water and pH 7.0 was adjusted followed by sterilization using

a 0.22uM filter
2M CaCl2

2M CaClz was dissolved in 500ml distilled water and sterilized using 0.22uM filter

e Buffers for immunofluorescence

10X PBS: Glycine (500ml):

NaCl -38.00g
NaHPO4 -9.38¢g
NaH,PO,4 -2.07¢g
Glycine -37.50g

Diluted in distilled water
pH 7.4 and filter sterilized

10X IF-wash (500ml):

NaCl -38.00g
Na2HPO4 -9.38¢g
NaH2PO4 -2.07g
NaN3 -2.5g

BSA (Fraction V) -5.0g
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Triton X-100 -10.00 ml
Tween-20 -2.5ml
Diluted in distilled water

pH 7.4 and filter sterilize

Permeabilization buffer:

Triton X-100 -0.5%
Diluted in PBS

Blocking buffer

IF wash buffer -1X
FCS -10%

Diluted in distilled water

e Collagen solution
Collagen Type I (SIGMA, C9791)

Stock solution: 10mg of collagen was re-suspended in 10ml Acetic acid (0,1M)

e Buffers for competent cells

RF1 solution (stored at 4°C, pH 5,8)

100 ml 1000 ml
100mM RbCl 1,2g 12,0g
50 mM MnCl,x 4H,0 0,99¢g 9.9¢g
30mM Calcium acetate 3ml 30ml
10mM CacCl, x2H,0 0,15¢g 1,5¢
15% Glycerol 15,0¢g 150,0g
pH was adjusted to 5.8 then filter-sterilized
RF2 solution (stored at 4°C, pH 5.8)
100 ml 1000 ml
10mM MOPS 2ml 20ml
10mM RbCl 0,12¢g 1,2¢g
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75mM CaCl, x2H,O 1,1g
15% Glycerol 15,0g

pH was adjusted to 5.8 then filter sterilized

2.3 Media

= HEK?293T cell culture media

DMEM(1X) (500.0ml)
Gibco, 10938-025)

e Sodium Pyruvate 100mM (100X) -5.0ml
(Gibco, 11360-039)

e [-Glutamine 200mM (100X) -5.0ml
(Gibco, 25030-024)

e Heat inactivated FBS (10%) -50.0ml
(Gibco, 10270-106)

e Penicillin-streptomycin (100X) -5.0ml
(Capricorn, PS-B)

= Primary bronchiolar epithelial cell culture media

Airway Epithelial Cell Growth Medium (500.0ml)
(PromoCell, C-21060)

e Penicillin-streptomycin (100X) -5.0ml
(Capricorn, PS-B)

DMEM High glucose (500ml)
(Sigma, D5796)
e Penicillin-streptomycin (100X) -5.0ml
(Capricorn, PS-B)

Differentiation Medium

e 50% Airway Epithelial Cell Growth Medium

e 50% DMEM High glucose

11g
150,0g
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e 0.05% Retinoic acid (5mg/ml stock solution): 0,51 in 50ml medium with 50ng/ml

final concentration

2.4 Enzymes

e Restriction enzymes and Antarctic phosphatase (New England BioLabs)
e Accutase (Capricorn, ACC-1B)

e Trypsin-EDTA-0.05% (Capricorn, TRY-1B)

e Trypsin-EDTA-0.25% (Gibco, 25200-056)

e AccuPrime Pfx polymerase was obtained from (Invitrogen: 12344-024)
e T4 DNA Ligase (New England BioLabs, M0202S)

e DNase I- 1000 U (Thermofisher, EN0525)

e Protease from Streptomyces griseus (Sigma, P5147)

e RNase A (740505, Takarabio)

2.5 Kits

e RNeasy Mini Kit (Qiagen, 74106)

e QIAshredder (Qiagen, 79656)

e iScript cDNA Synthesis Kit (BIO-RAD, 1708890)

e iTaq Universal SYBR Green Supermix (BIO-RAD, 1725121)

e QIAamp Viral RNA Mini Kit (Qiagen, 52904)

e Lenti-X qRT-PCR Titration Kit (Takara, 631235)

e QIAGEN Plasmid Maxi Kit (Qiagen, 12163)

e QIAGEN Plasmid Midi Kit (25) (Qiagen, 12143)

e QIAquick PCR purification kit (Qiagen, 28104)

e QIAquick Gel Extraction Kit (Qiagen, 28704)

e Click-iT Plus EdU Cell Proliferation, Alexa Fluor 647 (Thermofisher, C10640)
e Click-iT Plus TUNEL Assay, Alexa Fluor 647 (Thermofisher, C10619)
e CUT&RUN Assay Kit (Cell signaling, 86652)

e Minute™ Detergent-Free Single Nuclei Isolation Kit (Invent Biotech, NI-024)
e NEBNext® Ultra™ II DNA Library Prep kit (NEB, E7645S)
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e NEBNext Multiplex Oligos (NEB, E7710S)

e Agilent High Sensitivity DNA Chip (Agilent, 5067-4626)

e Agilent RNA 6000 Pico Kit (Agilent, 5067-1513)

e Agilent RNA 6000 Nano Kit (Agilent, 5067-1511)

2.6 Antibodies

Table 6. List of antibodies

Primary Source Company & catalogue | Dilution | Application
antibody number
GFP Chicken polyclonal Abcam, ab13970 1:1000 IF, WB
BHLHE40 Rabbit polyclonal Sigma, HPA028922 1:200 IF
Turbo GFP | Mouse monoclonal Origene, TA150041 1:500 IF
Turbo GFP | Rabbit polyclonal | ThermoFisher, PA5-22688 | 1:500 IF
FLAG Rabbit monoclonal Cell signalling, 14793S 1:500 IF, WB
CC10 Mouse monoclonal Santa Cruz, sc-365992 1:500 IF, WB
SCGB3A1 Goat polyclonal R&D Systems, AF2954 1:100 IF
MUCS5B Rabbit polyclonal | Novus Biologicals, NBP1- 1:500 IF
92151
RFX3 Rabbit polyclonal Sigma, HPA035689 1:500 IF
FOXJ1 Mouse monoclonal eBioscience, 14-9965-82 1:400 IF
Acetylated | Mouse monoclonal Sigma, T7451 1:1000 IF
Tubulin
TP63 Mouse monoclonal Abcam, ab735 1:500 IF
NGFR Goat polyclonal Santa Cruz, sc-6188 1:500 IF
NMES Rabbit polyclonal Sigma, HPA044555 1:500 IF
RSPHI Rabbit polyclonal Sigma, HPA017382 1:500 IF
Z0O-1 Rabbit 1:500 IF
BNC1 Rabbit polyclonal Novus Biologicals, 1:500 IF
NBP2-55855
IgG Isotype Rabbit ThermoFischer, 02-6102 1:500 | CUT&RUN
control

2.7 Antibiotics

Different antibiotics were dissolved as mentioned below (1000x stocks)

Ampicillin 50mg/ml in distilled water

Chloramphenicol 30mg/ml in ethanol

Doxycycline 50mg/ml in distilled water
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Puromycin 50mg/ml in distilled water

Antibiotics were sterilized using 0.22um filters and stored at -20 °C

2.8 Plasmid

Table 7. List of lentiviral plasmids

Name Backbone Company

vector

BHLHEA40-GFP (lentiviral plasmid) pWPXL cloned

BHLHEA40-FLAG (lentiviral plasmid) | pTRIPZ cloned

BHLHE40 shRNA (lentiviral plasmid) | pGFP-C-shLenti | Origene

Lentiviral supporting plasmid 1 pSPAX Obtained from Prof. Stefan
Offermanns (Max Plank
Institute for heart and kung
research)

Lentiviral supporting plasmid 2 pMD2.G Obtained from Prof. Stefan
Offermanns (Max Plank
Institute for Heart and Lung
research)

2.9 Primers

Table 8. List of cloning primers

Name Forward Reverse

BHLHE40-GFP | GGTGGTGTTTAAACATGGAGC | GGTGGTACGCGTAAGTCTT

GGATCCCCAGC TGGTTTCTAAGTTTAA
BHLHE40-FLAG | GGTGGTACCGGTATGGAG GGTGGTACGCGTAAGTCTT
CGGATCCCCAGC TGGTTTCTAAGTTTAA

Table 9. List of Real-time qPCR Primers

Gene Forward primer Reverse primer

name

BHLHE40 | CACCTTCAGCGACTGCCTAC CTGGCACTGAGGTGGGATAC
eGFP GAAGCGCGATCACATGGT CCATGCCGAGAGTGATCC
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NOTCHI1 | CGGGGCTAACAAAGATATGC CACCTTGGCGGTCTCGTA
NOTCH2 | TGGTGGCAGAACTGATCAAC CTGCCCAGTGAAGAGCAGAT
NOTCH3 | TGCAGCGTGACCGAGATA CACCCATTATAAATAAAGGAAGACTGA
JAGI1 GAATGGCAACAAAACTTGCAT AGCCTTGTCGGCAAATAGC

JAG2 GAGCTCTGCGACACCAATC TCATTGACCAGGTCGTAGCA
DLL1 CTGCAGGAGTTCGTCAACAA CACACGCGGAAGAAGGTC

HESI TTACGGCGGACTCCATGT AGAGGTGGGTTGGGGAGT

HEY1 GATGATCAGCTTTATCCAAGAAAGA | CAGTTTGTACATTCACCTTTCTGC
HES6 TGGGCTAAACAAAAGCTTGAA AAGATGTACAGAGCATCACAGCTC
RPLPO CCAGCAGGTGTTCGACAAT CAGGAAGCGAGAATGCAGA
FOXJ1 CAGCTGCCATCAGATTCAAG GAGGAGGCAGCGATTCTG

MYB CCGGGAAGAGGATGAAAAAC TTTCCAGTCATCTGTTCCATTC
TP73 CCACTGGTGGACTCCTATCG CTGTAGGTGACTCGGCCTCT
RFX3 TCCATCACCCACCAACAAC AAATGCCAGAATGACCAAGTG
TP63 GAAGATCAAAGAGTCCCTGGAA GCTGTTGCCTGTACGTTTCA
SCGB1A1 | CTCACCCTGGTCACACTGG CTGAAAGCTCGGGCAGAT
SCGB3A1 | CGGGTATAAGAAGCCTCGTG GCCCACTAAGAAAGCAGCAG
FOS GGTGCATTACAGAGAGGAGAAA GTGTGTTTCACGCACAGATAAG
MYC AAGCTGAGGCACACAAAGA GCTTGGACAGGTTAGGAGTAAA
HMGA2 | GTGGGAGGAGCGAAATCTAAA AAAGAGAGAGGGAGAGGAAGAG
BNCl1 CATGGTGTTCAGCTCCCTAAG GAGGTCTTTGTCCCGGTTATTT
ZFP36L1 | ACT GCA CCT TCC CTC ATT TC TGGTCTGGCAACAACTCTTC
FOSL1 GACAGTATCCCACATCCAACTC GGCCAGCTCAAGAGAAACA
SOX9 AACGCCTTCATGGTGTGG GTTGTGCAAGTGCGGGTA
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2.10 Cells
Table 10. List of human cells

Cell Name Company/institute

Primary human bronchiolar epithelial cells: pHBECs Isolated in our lab from human

bronchus as described in part 3.4

Human embryonic kidney 293T cells: HEK293T ATCC stock

Human adenocarcinomic alveolar epithelial cells: A549 ATCC stock

2.11 Bacterial strain and growth medium

Bacterial strain

E. coli top 10 competent cells were prepared as described in method part 3.16.

Liquid and solid growth medium

-25g of LB (Luria-Bertani) powder was dissolved in 1L of distilled water and autoclaved.
-12g of agar powder was dissolved in 1L of LB medium and autoclaved. After cooling down
to 50°C, the respective antibiotic was added, and the mixture was plated in sterile Petri

dishes. Once the agar was solidified, the dishes were sealed and stored at 4°C for later use.

3 Methods
3.1 Cloning
3.1.1 Isolation of the DNA of interest

A . Amplification with Polymerase chain reaction (PCR)

The target double-stranded DNA sequence(s) were amplified by PCR using specific primers

with appropriate restriction sites. The reaction mixture was prepared as follows:

Template DNA -100ng
Forward primer -2ul (10puM)
Reverse primer 2ul (10puM)
AccuPrime reaction buffer -Sul
AccuPrime Pfx polymerase -1l

Sterile distilled water -up to 50l
PCR Program:

e Initial Denaturation

- 95°C - 2 minutes
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25 cycles of:
e Denaturation
- 95°C - 15 seconds
e Annealing
- 58°C - 30 seconds
e Extension
- 68°C -1 minute per kb

- 4°C - forever

B. Agarose gel electrophoresis

To visualize the amplified PCR product and assess its specificity, Sul of the amplified DNA
was loaded in an agarose gel. Depending on the size of the amplicon, gels of 0.8-2% were
prepared by melting agarose powder in 1xXTAE buffer. After adding SYBR Safe DNA Gel
Stain (Invitrogen), the gel solution was poured into the chamber and allowed to polymerize.
After that, the PCR-amplified DNA product was mixed with the DNA loading dye and
loaded into the gel followed by electrophoresis for 40 min at 80-100 volts. DNA was then
visualized and imaged under UV light using Gel Doc XR+ (BIO-RAD).

C. Restriction digestion of the amplified DNA

The amplified DNA of interest as well as the plasmid was digested using the appropriate
restriction enzymes, with the appropriate buffer. To ensure efficient digestion, buffer
compatibility with each endonuclease was checked using the online tool: New England

BioLabs double digest finder https://nebcloner.neb.com/#!/redigest.

The reaction mix is prepared as follows:

DNA (amplified insert or Plasmid): - 10pg
Respective buffer (1X) - 10l
Respective enzyme 1 -5ul
Respective enzyme 2 -5ul

Sterile distilled water - up to 100l

For the amplified insert, the remaining 45ul was used for this digestion step.
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The mixture was then incubated at 37°C for 3 hours or at the optimum temperature/time
suggested by the company instructions (NEB). In the case of enzymes that generate
compatible ends, digested plasmids were treated with Antarctic phosphatase enzyme, to
reduce the chance of vector re-ligation. The following mixture was added to the plasmid

digestion mix and incubated for 30min at 37°C.

Antarctic phosphatase Buffer (1X) -12ul
Antarctic phosphatase enzyme -5ul
Sterile distilled water -3ul

The digested PCR product was cleaned up using QIAquick (Qiagen).
The digested plasmid was loaded on an agarose gel (V=120pul) and the band corresponding to

the digested plasmid was cut out and gel purified using QIAquick Gel Extraction Kit
(Qiagen).

3.1.2 Ligation
After digestion and purification of the PCR product and the vector, the ligation reaction was

done as follows:

Vector: PCR product -1:5 molar ratio
Ligase buffer (1x) -1l

T4 DNA Ligase -1l

Sterile distilled water -up to 10ul

The ligation mixture was incubated overnight at 16°C. Negative control for plasmid re-
ligation was used for this step, which included the digested plasmid alone without the insert.

The amount of insert used for 100ng vector was calculated using the online tool “’in silico
uni-duesseldorf’’, which calculates the amount of insert to add based on the vector and insert

size.

3.1.3 Transformation of the ligated plasmid into competent TOP 10 E. coli cells

5-10ul of ligation mixture was added to100ul of competent cells and incubated on ice for 10
minutes. The mixture was then heat pulsed as described previously in method part 3.2. 500x1
of LB medium without antibiotic was added to the mixture, which was then incubated at

37°C for 1-2h at 800rpm. A negative control to check for uncut plasmid contamination in the
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digested plasmid involved transforming the digested, non-ligated plasmid into the competent
cells. After that, the transformed bacteria were spread on LB-agar plates containing the
selective antibiotic, and were grown overnight at 37°C. The next day, single-positive clones
were picked up, inoculated into Sml of LB medium with selective antibiotic, and grown

overnight at 37°C with shaking at 250 rpm.

3.1.4 Isolation of the plasmid

5 ml of the bacterial culture grown overnight were centrifuged at 4000 rpm for 10 minutes at
room temperature. The supernatant was discarded and the pellet was re-suspended in 250l of
P1 buffer to degrade the bacterial RNA. The mixture was then transferred to 1.5ml Eppendorf
followed by the addition of 250l of P2 solution to lysate the bacterial membrane. The tubes
were inverted upside down 5 times and incubated for 5 minutes. 500ul of P3 in order buffer
was added to the suspension and the tubes were inverted upside down 5 times followed by
centrifugation at 14000 rpm for 10 minutes at 4°C. The supernatant was collected in a fresh
1.5ml Eppendorf followed by mixing with 500ul of Isopropanol and centrifugation at
14000rpm for 30 minutes at 4°C. The supernatant was discarded and the pellet was washed
once with 70 % ethanol and dried for 5-10 minutes at 55°C. 50ul of sterile distilled water was
added to dissolve the plasmid DNA (P1, P2, and P3 buffer compositions are described in
Material 2.2).

3.1.5 Restriction digestion analysis and validation of the positive clones
Restriction digestion was performed using the appropriate restriction enzyme(s) to confirm
that the ligation of the insert into the plasmid was successful. Two bands should be seen: one

corresponding to the digested plasmid and the other one to the insert DNA (Fig. 9).

Purified Plasmid -10ul
Respective buffer (1X) -2ul
Enzyme 1 -1l
Enzyme 2 -1l
Sterile distilled water -l6ul

The digested plasmids were run on an agarose gel as previously described in methods part

3.1.1.B. True positive clones were then sent for sequencing (Microsynth Seqlab) to confirm
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the presence of the target DNA sequence, and the correct reading frame (in case of fusion to a

tag).
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Figure 9. Representation of BHLHE40 cloning strategy into pTRIPZ and pWPXL lentiviral
plasmids. (A) BHLHE40 cDNA was amplified with PCR using primers containing the indicated
restriction sites, then ligated into PCDNA 3.1 upstream of the C-terminal double FLAG tag. BHLHE40-
Flag was then amplified with PCR and cloned into the lentiviral plasmid pTRIPZ. (B) BHLHE40 cDNA
was amplified with PCR using primers with the indicated restriction sites then ligated into the lentiviral
vector pWPXL upstream of the C-terminal GFP tag (C) The cloned lentiviral plasmids were then
transformed into TOP10 E. coli grown in Agar plate and LB medium with Ampicillin, then purified and

sequenced.
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3.2 Transformation of plasmid DNA into competent Top 10 E. coli cells
(retransformation) and storage in glycerol stock

An aliquot of competent E. coli TOP10 was thawed on ice. 100ng of plasmid was mixed with
100u1 of competent cells and incubated on ice for 10 minutes. Then, the mixture was heat-
pulsed at 42°C for 1 minute 30 seconds and immediately returned to the ice for 2 minutes.
500u1 of LB medium without antibiotic was added and the mixture was incubated at 37°C for
1-2h at 800rpm. The mixture was then transferred to a sterile 500ml flask containing 25ml
LB medium with the selective antibiotic. Transformed competent cells were grown overnight
at 37°C with shaking at 250 rpm. The next day, 500pul of the overnight culture was mixed
with 500ul of sterile 50% glycerol in a cryotube, mixed gently, and frozen at -80°C for later
use. For the remaining culture, DNA preps were performed using Plasmid Midi Kit (Qiagen)

according to the Manufacturer’s instructions.

3.3 Cell culture

Mammalian cell culture

HEK293T cells were cultured in the DMEM(1X) medium described in Materials part 2.3,
and incubated at 37°C with 5% COs. Confluent cells were washed once with 1X PBS and

treated with 2ml of 0.25% Trypsin-EDTA solution for 2-5 minutes at room temperature until
complete dissociation of the cells. Then, 8ml of the DMEM(1X) medium was added and cells
were split according to the needs of the experiment (e.g., one confluent 10cm dish can be

split into three 10cm dishes and used for transfection the following day).

Primary human bronchiolar epithelial cell culture

Primary cells were cultured in the airway growth medium described in Materials part 2.3.,
and incubated at 37°C with 5% CO». Confluent cells were washed once with 1X PBS and
treated with Sml of 0.05% Trypsin-EDTA solution for 5-7 minutes at 37°C until complete
dissociation of the cells. Then, 10ml FCS was added to inactivate the enzyme and the mix
was transferred to a 50ml falcon tube to be centrifuged at 1500 rpm for 10 minutes. Finally,
the supernatant was removed, the cell pellet was re-suspended in 1ml of the airway growth

medium, and seeded in T-75 flasks or trans-wells for ALI culture.

Collagen treatment of the ALI trans-wells (12-well plate)

The collagen stock solution (described in Material part 2.2) was diluted 1:10 with distilled
water and 500ul of the diluted collagen was added per trans-well, followed by overnight
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incubation at 37°C (alternatively, incubating for 1 hour at 37°C was also successful). The
following day, the collagen was removed and the plates were UV-treated for 1h before cell

seeding.

3.4 Isolation of primary human bronchiolar epithelial cells from a human bronchus

e Preparation of the bronchus

The fresh bronchus was opened and then cut into small pieces (< 2 cm) with a sterile scalpel,
after which the remaining lung tissue was carefully removed. The bronchus pieces were then
placed into a Petri dish with the epithelial side facing down and rinsed thoroughly with
1XPBS.

e Treatment with Dithiothreitol (DTT)

DMEM was prepared with 1% P/S, Amphotericin B (2.5ug/ml), and DTT (0.5mg/ml).

The bronchus pieces were covered with this media in the petri dish and incubated overnight

at 4° C. The bronchus pieces were then washed twice with 1XPBS.

e Treatment with protease
DMEM was prepared with 1% P/S, Amphotericin B (2.5ug/ml), and Protease 14 from
Streptomyces griseus (1mg/ml). The bronchus pieces were then covered with this media and

incubated overnight at 4°C.

e Cell isolation from the bronchus pieces, culture, cryopreservation, and seeding in trans-
wells

Cell isolation, culture, and cryopreservation

The bronchus pieces were washed twice with 1XPBS and fixed by a pair of tweezers. The
epithelial cells were then carefully scraped using a scalpel, collected in 50mIPBS, and
centrifuged at 1600rpm for 10 minutes at room temperature. After that, the supernatant was
discarded and the cell pellet was re-suspended in 15ml of the airway epithelial medium with
Antimycotics (Amphotericin B 2.5pg/ml), then seeded in a T75 flask until confluence was
reached. Finally, the cells were frozen in 20% FCS, 10% DMSO, and 70% airway medium
(cryotubes) in liquid nitrogen for later use. The steps for primary cell dissociation and

cleanup from the trypsin and FCS were previously described in part 3.3.
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Cell seeding in Air-liquid trans-wells and differentiation

Once the cells reached 80% confluency, the media was removed and replaced by 5Sml of
0.05% trypsin-EDTA, followed by incubation for 5 minutes at 37°C. When the cells were de-
attached, 10ml of FCS was added to inactivate the enzyme, then the mix was transferred to a
50ml falcon tube and centrifuged at 1500rpm for 10 minutes. Finally, the supernatant was
removed, cell pellet was re-suspended in Iml of the airway growth medium. To seed the
cells, trans-wells were equilibrated with airway medium (1ml on the bottom, 250ul on the
top) and incubated at 37°C for 30 minutes. Then, 200.000 cells were seeded in 250ul of
medium per well. The following day, once the cells had formed a confluent monolayer, the
media on the apical surface was removed (airlifting), and the basal media was replaced with
differentiation medium (described in Materials part 2.3). The differentiation medium would
then diffuse to the apical surface cells through the membrane pores of the trans-well. This day

is considered to be day 0. The differentiation medium was changed every 48h.

(1) Bronchus isolation & (2) Cell isolation & (3) Cell incubation at 37°C & (4) Cell transfer to transwell
incubation with proteases transfer to T75 flask growth in airway epithelial medium [ filters & in vitro differentiation ’
1 r 1 r 1
I e
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Human primary cells are isolated from Basal progenitor
main and lobular bronchus (donor cells
lung from DZL biobank, Giessen)
B Air Liquid Interface system
In vitro differentiation model of human airway epithelium
Cell proliferation Cell Differentiation
Cell seeding Day 0 Day 7 Day 14 Dav 21
Air liting

1Y 0 A RE (8.8
) ¥ [ R\ RN <> )
Y Y

Basalcell (TP63*)

¥ Secretory cell (CC10* or
~ MUC5B*)

“ Ciliated cell (FOXJ1* Acetylated Tubulin*)

Figure 10. Isolation of primary human airway epithelial cells and in vitro differentiation. (A) Primary
cells were isolated from human bronchus obtained from the DZL biobank, then incubated at 37°C in a
T75-flask in the presence of airway epithelial medium. (B) Primary cells were seeded in ALI filters. Then,
they were airlifted once confluent, and a differentiation medium was added to the bottom. The cells were
allowed to differentiate over 21 days to give rise to a pseudostratified epithelium.
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3.5 Transfection

HEK293T cells were transfected with plasmid DNA (pTRIPZ, pWPXL or pGFP-C-shLenti)
using the calcium chloride method. Before adding the transfection mix, the antibiotic-
containing media was removed from HEK293T cells and replaced by 9ml (for 10 cm plate)
or 1.5ml (for 6-well plates) of fresh media antibiotic-free. HEK293T cells were split 1 day

before transfection and were 70%-80% confluent at the time of transfection.

For cells in 10 cm plate

Plasmid (pTRIPZ, pWPXL or pGFP-C-shLenti) - 10pg
Sterile water - 450ul
BBS 2X - 500pul
CaCl 2M) - 50ul

For cells in 6 well plate

Plasmid (pTRIPZ, pWPXL or pGFP-C-shLenti) - 3.0ug
Sterile water - 112.5ul
BBS 2X - 125.0ul
CaCl 2M) - 125

The mixture was vortexed and incubated at room temperature for 20 minutes, then added
dropwise to HEK293T cells. After 4 hours of incubation at 37°C with 5% CO., the media was
changed to an antibiotic-containing medium and the cells were re-incubated (usually, 24 to 48

hours are needed to see the expression of the tag/protein of interest).

3.6 Lentivirus transduction
Transfection of lentiviral constructs in HEK293T cells

HEK293T cells were transfected with Lentiviral constructs (pTRIPZ, pWPXL, or pGFP-C-

shLenti) together with the packaging and envelop plasmids (pMD2.G and pSPAX) using the

calcium chloride method. Media change and cell splitting are as previously described.

For cells in a 10 cm dish

Lentiviral plasmid (pTRIPZ, pWPXL or pGFP-C-shLenti) - 10ng
Supporting plasmid (pMD2.G) - lpg
Supporting plasmid (pSPAX) - lug
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Sterile water - 450ul
BBS 2X - 500pl
CaCl 2M) - 50pl

The mixture was vortexed and incubated at room temperature for 20 minutes, then added
dropwise to HEK293T cells. Media was changed to an antibiotic-containing medium after 4
hours and cells were incubated for 3 days at 37°C and 5% CO:. to isolate the virus. For
pTRIPZ plasmid, which has a doxycycline-inducible promoter, Sug/ml of doxycycline was
added to the antibiotic-containing medium after 4 hours of transfection (during the media

change).

Lentivirus concentration

Viral supernatant was collected from HEK293T cells and centrifuged at 1500 rpm for 10
minutes to remove cellular debris. The supernatant was carefully transferred to the
ultracentrifuge tubes without disturbing the pellet. The supernatant was centrifuged at 25.000
rpm for 2 hours at 4°C, then discarded carefully without disturbing the pellet. The viral pellet
was resuspended in 100ul PBS for each virus isolated from a single 10cm HEK293T cell
plate, followed by incubation at 4°C overnight (alternatively, 2 hours incubation at 4°C was
also successful). The following day, the viral suspension was diluted in the airway media to
have 150ul virus per well (or frozen at -80°C for later use). Virus isolated from a single 10cm
HEK?293T cells plate was sufficient to successfully infect an entire 12-trans-well plate of
pHBECs culture, meaning that the dilution will be as follows: 100ul of resuspended virus
diluted in 1700ul media to infect one entire 12-trans-well plate of pHBECs. However,
transduction efficiencies may vary depending on the insert size and the lentiviral plasmids,

therefore MOI calculation would be needed for new experiments.

Infection of primary bronchial epithelial cells

The pHBECs cells were seeded in 12 trans-well plates and infected the following day with
150l of the corresponding diluted viral suspension (one day before airlifting). The cells were
then incubated with the viral particles overnight at 37°C, and washed twice with PBS prior to

airlifting.
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3.7 Real-Time qPCR

RNA isolation

Total RNA from pHBECs was isolated using the RNeasy Mini Kit (Qiagen) according to the
Manufacturer’s instructions, and the RNA concentration was determined using
Nanophotometer N60. For the RNA samples used for bulk RNA sequencing, the quality
control of the RNA was carried out using the Agilent 2100 Bioanalyzer with Agilent RNA
6000 Nano Kit (Agilent, 5067-1511) according to the manufacturer’s instructions.

DNase | treatment

The RNA was treated with DNase I to remove any DNA contamination (DNase I,

ThermoFisher). The mixture was then incubated at 37°C for 30 minutes.

Table 11. Reaction mixture for DNase treatment

Component Volume per reaction (ul)
RNA 1pg (variable)
DNase I (1U/ul) 1.0
10X Reaction Buffer with MgCl 1.0
Nuclease-free water Variable
Total 10.0

The mixture was then incubated at 65°C for 10 minutes to heat-inactivate the enzyme in the

presence of EDTA: 1ul of EDTA (50mM) was added to prevent RNA hydrolysis with

divalent cations during heating.

Reverse transcription

Reverse transcription was performed using the iScript cDNA Synthesis Kit (BIO-RAD)

according to the manufacturer’s instructions. The previously DNase-treated RNA was fully

used for this step.

Table 12. Reaction mixture for reverse transcription

Component Volume per reaction (ul)
5X iScript Reaction Mix 4.0
iScript Reverse Transcriptase 1.0
Nuclease-free water 4.0
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RNA template 11.0 (1pg)

Total volume 20.0

RT gqPCR amplification of the cDNA

Real-Time qPCR reactions were performed using iTaq Universal SYBR Green Supermix and
Light Cycler 480 system (Roche) according to a standardized protocol. Primers were
designed using the online tool Universal Probe Library (Roche). The reaction mixture for

each gene was prepared on ice as follows:

Table 13. Reaction mixture for cDNA amplification (Real-Time qPCR)

Component Volume per well (ul)
iTaq Universal SYBR Green Supermix 10.0
Forward primer (10uM) 1.0
Reverse primer (10uM) 1.0
Nuclease-free water 3.0
Total volume 15.0

15ul of the above master mix was loaded for each gene with 5ul (5ng) of cDNA in the
appropriate well. The 96-well plate was then sealed and centrifuged for 30 sec to ensure the
mixing of the reaction components and to remove any air bubbles.

3.8 Lentivirus Real-Time qPCR Titration

Viral supernatant collection and viral RNA purification

150pl of PBS was added to the trans-well, mixed, and collected to test the presence of the
virus. Genomic viral RNA was purified using QIAamp Viral RNA Mini Kit (Qiagen)

according to the Manufacturer’s instructions.

Treatment with DNase I and Real-Time gPCR Amplification of Lentiviral Genomic RNA

The RNA was then treated with DNase I to remove any residual plasmid DNA from the
transient transfection of the packaging HEK239T cells and the Master Reaction Mix for the
Real-Time qPCR was performed using the Lenti-X gRT-PCR Titration kit (Takara),

according to the Manufacturer’s instructions.
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Real-Time gPCR reaction cycles program

e Reverse Transcription reaction
- 42°C 5 minutes

- 95°C 10sec

e gPCR x40 cycles
- 95°C 5sec
- 60°C 30 sec

e Dissociation Curve
- 95°C 15 sec
- 60°C 30 sec
- All (60°C - 95°C)

Lentivirus titration

The genomic viral RNA copy number for each sample was determined by finding the copy
number that corresponds to its Ct value on the generated standard curve described in the kit

protocol.

3.9 Fluorescence Activated Cell sorting (FACS)

The cells were moved to the S1 area after confirming they were virus-free through RT-qPCR
testing. 6 wells per condition were used for sorting GFP-positive cells (ALI day 14), where
1.5ml of accutase was added to the top and the bottom of each well. Then, the cells were
incubated at room temperature for 60-90 minutes and pipetted up and down using a wide
orifice pipette. Cells were constantly checked under the microscope until they were
completely dissociated from each other and formed a single-cell suspension. Cells from the 6
wells were pulled together in a 50ml falcon, then centrifuged at 1500rpm for 8 minutes at
4°C. The supernatant was discarded and the cell pellet was re-suspended in 2ml ice-cold
1%BSA/HBSS. The cells were centrifuged twice, re-suspended in the same solution, and

transferred to the glass tubes after filtration to start the FACS sort.
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3.10 Immunofluorescence

Fixation

Media was removed from trans-wells that were then washed twice with 1XPBS. Cells were
fixed with 4% formaldehyde for 15 minutes at room temperature, followed by 3 washes with

PBS-Glycine buffer (10 minutes per wash).

Permeabilization

Cells were permeabilized with 0.5% Triton X-100 for 15 minutes at room temperature, then
washed 3 times with 1XIF-wash buffer (10 minutes each wash) prepared as described in

Materials part 2.2.

Blocking and primary antibody staining

Cells were incubated with the blocking solution (described in Materials 2.2) for 1 hour and 50
minutes at room temperature. The primary antibodies were diluted in the blocking solution
and incubated with the cells overnight at 4°C. 150l of diluted antibodies were added to the

bottom and top of each trans-well.

Secondary antibody staining

The next day, the cells were rinsed 3 times with 1XIF-wash buffer at room temperature (10
minutes each wash). They were then incubated with the secondary antibody diluted in the
same blocking solution, for 2 hours at room temperature protected from light. 150ul of the
diluted secondary antibodies were added to the bottom and top of each trans-well. Cells were
then rinsed 3 times, 10 minutes each with 1X I[F-wash at room temperature. All secondary

antibodies used were Alexa-conjugated from Invitrogen and were used at 1:1000 dilution.

DAPI staining and mounting

Cells were incubated with 1XPBS containing 0.5ng/ml DAPI for 15 minutes and then washed
one time with 1XPBS. ALI filters containing the cells were cut using a scalpel, and mounted
with Fluoromount solution on the slides (cells facing up). The slides were allowed to dry

overnight at room temperature and were then stored at 4°C.

3.11 Western blot
Cells were lysed in ice-cold RIPA buffer and the protein samples were mixed with 4X

Laemmli buffer, and boiled for 5 minutes at 95°C. Denatured proteins were separated by 6 %
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or 12 % SDS-PAGE at 100V for 60-90 minutes. Separated proteins were transferred onto
nitrocellulose membrane, using semi-dry or wet transfer, at 15V for 30-40minutes or 50V for
120 minutes, respectively. The membrane was placed in a blocking solution (6% milk in
I1XPBS Tween) for 1 hour at room temperature (with shaking), washed with 1XPBST (0.1%
tween) three times, then incubated with the respective primary antibody(ies) diluted in the
blocking solution, overnight at 4°C (with shaking). The next day, the membrane was washed
with 1XPBST three times at room temperature (10 minutes each), and incubated with the
respective secondary antibody(ies) coupled to horseradish peroxidase (HRP) for 1 hour at
room temperature (with shaking), followed by 3 times washes. Target protein(s) were
visualized using the enhanced chemiluminescence system (ECL) (Thermofisher), with

Amersham Imager 600.

3.12 CUT & RUN: Cleavage Under Target and Release Using Nuclease
CUT&RUN experiment design
The pHBECs from the ALI culture day 14 transduced with BHLHE40-GFP were washed

twice with 1XPBS, incubated with accutase for 20-30 minutes at 37°C prior to dissociating
them into single cells (1ml accutase in the apical side and Imvl in the bottom). The cells were
examined under a microscope every 15 minutes to confirm complete dissociation, ensuring
proper binding to the beads later. Nuclei were then isolated using Minute™ Detergent-Free
Single Nuclei Isolation Kit (Invent Biotech) according to the Manufacturer’s instructions.
Successful nuclei isolation was checked under the microscope. After that, the CUT&RUN
experiment was performed using the CUT&RUN Assay Kit (Cell Signaling) according to the
Manufacturer’s instructions. The number of cells used for each condition was 500,000 cells,
and the antibodies used are described in Fig. 11 (500,000 cells represent the double amount

recommended by the kit, therefore, all the reagent volumes were adjusted accordingly).
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Figure 11. Cleavage Under Targets & Release Using Nuclease. Schematic representation of the
CUT&RUN experiment summarizing the main steps.

3.13 BHLHE40 ChIP-sequencing data from ENCODE website
The data of the publicly available ChIP-sequencing of BHLHE40 in A549 cells was
downloaded from the Encyclopedia of DNA Elements (ENCODE) consortium website

(https://www.encodeproject.org) as follows in the figure.
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Figure 12. The steps to download BHLHE40 ChIP-seq peaks in AS549 cells using the ENCODE
consortium website. Screenshots with boxes summarizing the steps to download the corresponding files.

3.14 Preparation of SDS-Polyacrylamide gel
The SDS gel was prepared as follows:
Table 14. Reagents for the separating gel preparation (12.5%)

Components Volume to add for 2 gels
IM Tris pH 8.8 6.75ml
30% Acrylamide/Bis 7.5ml
10% SDS 180ul
50% glycerol 450ul
Distilled H20 3.0ml
APS 90.0ul
TEMED 18.0ul
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After pouring the separating gel mix in between the plates, 1ml of isopropanol was added.
The gel was allowed to polymerize for 20 minutes. Then, isopropanol was removed, the

stacking gel mix was added and allowed to polymerize for 20 minutes.

Table 15. Reagents for the stacking gel preparation

Components Volume to add for 2 gels
0.5M Tris pH 6.8 1.2ml
30% Acrylamide/Bis 800.0ul
10% SDS 48.0ul
Distilled H20 2.8ml
APS 25.0ul
TEMED 4.8ul

3.15 Coating of Poly-L-lysine

5 coverslips were added in every well of the 6-well plate. After that, 3ml of poly-L-lysine
solution was added to each well and the coverslips were pulled down to be fully covered with
the solution. The plate was then incubated for 1 hour at 37°C, the poly-L-lysine solution was
removed, and the coverslips were washed once with 1XPBS. Finally, the coverslips were
dried for 1 hour or overnight under the cell culture hood, then UV-treated for 1 hour before

seeding the cells.

3.16 Preparation of competent Top 10 E. coli cells

All solutions and devices were pre-cooled at 4°C. 20 ml of fresh culture was inoculated into
1000 ml of dYT medium, then MgCl> and MgSO4 were added to a final concentration of
10mM. This culture was then incubated at 37°C, 200 rpm for 2-2.5h until OD 0.6 was
reached. After that, cells were transferred into 50ml falcon tubes and placed on ice for 30min,
then centrifuged at 3000 rpm, 8 minutes at 4°C. The cell pellet was re-suspended in 330 ml
(1/3 of the initial volume) of the pre-cooled RF1 solution using pre-cooled glass pipettes and
then placed in the refrigerator for 30 minutes. Cells were again centrifuged for 8 minutes,
3000 rpm at 4°C, then re-suspended in 80ml (1/12.5 of the initial volume) of the pre-cooled
RF2 solution and transferred to 50 ml falcon tubes. The mixture was incubated on ice, for at
least 30 minutes. After that, 100ul aliquots were transferred into the pre-cooled Eppendorf,

and snap-frozen in liquid nitrogen for future use.
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3.17 Statistical analysis
All data shown are mean with + SD (standard deviation). Comparisons between the two
groups were performed with an unpaired student’s t-test, *P < 0.05, **P < 0.01, ***P <

0.001. All statistical analyses were performed using GraphPad Prism 6.

3.18 Quantification

e Real-Time gPCR

Relative gene expression was quantified using the AACt (Delta-Delta Ct) method, which
compares the Ct values of target genes between the control and treated conditions. For each
condition, the Ct values were first normalized to the housekeeping gene RPLPO to account
for variations in RNA input and reverse transcription efficiency. The normalized expression
levels were then compared between the control and treated conditions to determine relative

fold changes in gene expression.

¢ Immunostaining

For the immunostaining data, a minimum of 3 random regions were taken using confocal
microscopy (40X objective) before quantification. Nuclear staining counting was performed
automatically using IMARIS software and cytoplasmic staining counting was performed

manually using LASX 3D image analysis software.

4 Results
4.1 Endogenous BHLHE4( expression increased during pHBEC: differentiation in ALI

culture

To analyze the expression of BHLHE40 during pHBECs-derived ALI culture differentiation,
RNA was collected at different time points of proliferation and differentiation (Fig. 13A).
BHLHEA40 gene expression was low on day 0, however, it significantly increased on day 7
and was stable between days 7, 14, and 21 (Fig. 13B). Taken together, the increase in
BHLHE40 expression coincides with the beginning of differentiation, suggesting that

BHLHE40 may play a role in the differentiation of human airway basal epithelial cells.
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Figure 13. Analysis of BHLHE40 endogenous expression during the ALI culture. (A) Schematic
representation of the ALI culture. Human primary bronchiolar epithelial cells were seeded in ALI filters
and grown over 21 days. Then, cells were collected on days 0, 7, 14, and 21 and total RNA was extracted
and reverse transcribed. (B) BHLHE40 gene expression was determined by Real-Time qPCR using the
absolute gene quantification method at each indicated time point (before and during differentiation) (n=4).

4.2 Validation of BHLHE40-GFP and BHLHE40-Flag expression in HEK293T cells
using lentiviral constructs

BHLHE40-GFP and BHLHE40-FLAG fusions were cloned into pWPXL and pTRIPZ
lentiviral vectors, respectively (the cloning strategy for each plasmid is described in Fig. 9).
The constructs were then transfected in HEK293T cells to confirm their expression. After
that, the cells were fixed 48h post-transfection for immunostaining with anti-GFP or anti-
FLAG antibodies (Fig 14A, B). For the GFP constructs, the promoter is constitutive and was
therefore expressed directly after transfection. Transfected cells with control GFP showed
cytoplasmic staining while the transfected cells with BHLHE40-GFP localized at the nucleus.
The transfected cells with BHLHE40-FLAG were treated with doxycycline (Sug/ml) to
induce the overexpression. Doxycycline-treated cells showed nuclear FLAG staining, in
contrast to the non-treated cells, which suggests that there was no leakiness of the promoter.
In addition, the cells were collected 48h post-transfection for immunoblotting using anti-GFP
or anti-FLAG antibodies (Fig. 14C, D). BHLHE40-GFP and BHLHE40-FLAG fusions were
detected at the correct size of 82 and 55 kDa, respectively.
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Figure 14. Efficiency of BHLHE40 overexpression in HEK293T cell lines. HEK293T cells transfected
with (A) BHLHE40-GFP or (B) BHLHE40-FLAG constructs were fixed with 4% PFA 48h post-
transfection, then stained using (A) anti-GFP antibody or (B) anti-FLAG antibodies with Phalloidin. All
nuclei were stained with DAPI. For BHLHE40-FLAG, the transfected cells were treated with doxycycline
(Sug/ml) 4h post-transfection in order to induce overexpression. Each transfected cell was collected 48h
post-transfection and subjected to immunoblotting. Lysates from transfected HEK293T cells with each
construct were immunoblotted and the protein expression of (C) GFP (BHLHE40-GFP) or (D) FLAG
(BHLHEA40-FLAG) was determined. o-tubulin was used as the loading control.

+ Doxycycline

4.3 Analysis of BHLHE40 overexpression and knockdown efficiency in pHBECs-
derived ALI culture using lentiviral transduction

Lentiviral particles encoding the human BHLHE40 fused to GFP (pWPXL) or BHLHE40
shRNA (pGFP-C-shLenti) and their respective controls were successfully produced in
HEK?293T (described in method part 3.6), then used to infect the pHBEC-derived ALI culture
on day -1. To analyze the overexpression efficiency, transduced cells with GFP or
BHLHEA40-GFP constructs were FACS sorted after 5 days of ALI culture (Fig. 15A and
16A). For the overexpression experiment, the transduction efficiency of BHLHE40-GFP
construct was lower than the GFP construct, also the nuclear GFP signal intensity was lower
than the cytoplasmic GFP signal. Therefore, to sort enough BHLHE40-GFP * cells, a higher
cell number was needed compared to the control GFP* cells, which explains the higher cell

number represented in the pseudocolour dot plot of the transduced pHBECs with BHLHEA40-
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GFP. Similarly, to check the knockdown efficiency, transduced pHBECs cells with scramble
or BHLHE40 shRNA were FACS sorted after 5 days of ALI culture to analyze BHLHE40
gene expression (Fig. 15B and 16B).
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Figure 15. Flow cytometric pseudocolour dot plots showing the gating strategy to FACS sort the
transduced pHBECs from BHILHE40 overexpression and knockdown experiment in the ALI
culture. Cells were first gated based on their size and granularity (FSC-H vs SSC-H) to remove cell debris,
then singlets were sub-gated (SSC-A vs SSC-H) followed by the selection of the GFP* transduced cells
(GFP-A vs SSC-H) for BHLHEA40 (A) overexpression and (B) knock-down experiments. Values inside the
plots represent the percentages from the parent gate. SSC-A: side scatter area, FSC-A: forward scatter area,
SSC-H: side scatter height, FSC-H: forward scatter height, GFP-A: GFP area.

Real-time qPCR analysis of the FACS sorted cells from the overexpression experiment,
showed that BHLHE40 transcripts were six-fold increased in BHLHE40-GFP overexpressing
cells compared to the control (Fig. 16C). In the knockdown experiment, BHLHE40
transcripts were reduced by nearly 50% in BHLHE40 shRNA overexpressing cells compared
to the control (Figl6.D). In addition, the overexpression of BHLHE40-GFP was further
confirmed in pHBECs by immunostaining of transduced ALI culture from day 14:
cytoplasmic GFP staining was observed for the transduced cells with GFP, while nuclear
staining was observed for the transduced cells with BHLHE40-GFP (Fig. 16E). Similarly, for
the transduced cells with BHLHE40-FLAG, a nuclear FLAG staining was observed (Fig.
16F).
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Figure 16. Lentiviral transduction efficiency for BHLHE40 overexpression and knockdown in
pHBECs derived-ALI culture. Schematic representation of BHLHE40 overexpression or knockdown
strategies using the ALI system. Primary cells were seeded in ALI filters and infected the next day with the
lentiviral particles: (A) BHLHE40-GFP overexpression or (B) shRNA knockdown constructs. The next
day, the cells were airlifted and allowed to grow for 5 days. Then, they were dissociated into single-cell
suspension to FACS sort the GFP positively transduced cells prior to Real-Time qPCR analysis. Gene
expression of BHLHE40 was analyzed by Real-Time qPCR in the FACS-sorted cells from the (C)

62



overexpression and (D) knockdown experiments. BHLHE40 gene expression was normalized to
housekeeping gene RPLPO. (E) and (F) Confocal microscopy pictures of transduced cells with
GFP/BHLHE40-GFP or BHLHE40-FLAG from the ALI culture on days 14 and 21, respectively. To
analyze the transduction efficiency, the cells were stained with anti-GFP and anti-BHLHE40 antibodies or
with anti-FLAG antibodies. Cell nuclei were stained with DAPI.

4.4 BHLHE40 overexpression and knockdown in the ALI culture interfered with Notch
signaling in basal cells but did not affect their fate early in the culture

Single-cell RNA sequencing of human primary bronchial epithelial cells differentiated on the
ALI culture revealed that BHLHE40 gene expression was selectively upregulated in
differentiating cells and interestingly correlated with the upregulation of Notch signaling

genes (Fig. 7 and 8).

To test if BHLHE40 positively regulates Notch signaling in the pHBECs-derived ALI
culture, we analyzed genes involved in Notch signaling by Real-Time qPCR on FACS-sorted
BHLHEA40-GFP* cells from day 5 (Fig. 17A). At this timepoint, cell differentiation starts and
the culture is composed mainly of basal cells. BHLHE40-GFP overexpressing cells showed a
significantly higher expression of NOTCH1, NOTCH2, NOTCH3 receptors (Fig. 17C), and of
the downstream effector HEY2, while HES] was unchanged (Fig. 17E). BHLHE40-GFP
overexpression slightly increased JAGI/2 gene expression but this was not significant. The
lack of statistical significance is likely due to the high variability among biological replicates,

as reflected in the standard deviation (Fig. 17C).

Similarly, for the knockdown experiment, Notch signaling gene expression was analyzed in
FACS-sorted BHLHE40 shRNA tGFP * cells from day 5 (Fig. 17B). BHLHE40 shRNA-
expressing cells had a significantly lower expression of NOTCHI1/2 receptors and JAG1/2
ligands (Fig. 17D) with unchanged level of HESI (Fig. 17F), which is consistent with the
overexpression data. However, no significant changes were observed for NOTCH3 or HEY?2
(Fig. 17D, F). Our data suggest that BHLHE40 positively regulates components of Notch

signaling.

Notch signaling activation in basal cells is associated with the downregulation of basal cell
genes prior to luminal differentiation (Rock et al., 2011). Since BHLHE40 overexpression
increased Notch signaling in basal cells from the ALI culture day 5, we hypothesized that this

could correlate with the downregulation of basal cell gene markers prior to differentiation. To
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this end, basal cell gene expression was analyzed by Real-Time qPCR in GFP and
BHLHEA40-GFP sorted cells from ALI culture day 5. Surprisingly, BHLHE40-GFP
overexpression had no significant effect on TP63, ITGA6, KRTS5, or NGFR basal cell gene
expression (Fig. 17G). Similarly, to investigate if BHLHE40 knockdown maintains basal cell
gene expression, their gene expression was analyzed in BHLHE40 shRNA FACS sorted cells
from ALI day 5 by Real-Time qPCR. Consistent with the overexpression data, the
knockdown of BHLHE40 had no significant effect on any of the basal cell genes (Fig. 17H).

Since Notch signaling is required for basal cell differentiation into early progenitors (Rock et
al., 2011), we hypothesized that the transduced basal cells did not lose their fate but started to
co-express an intermediate differentiation cell marker KRT3, as suggested by our single-cell
RNA sequencing analysis (data not shown). However, BHLHE40 overexpression or
knockdown did not interfere with the expression of KRT13 as early as day 5 (Fig. 171, J).
Taken together, our data suggest that BHLHE40 overexpression or knockdown did not affect
the basal cell fate on day 5, even though it interfered with the expression of Notch signaling

components.
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Figure 17. BHLHE40 overexpression and knockdown in the ALI culture interfered with Notch
signaling in basal cells but did not affect their fate at the early time point of culture. Transduced
airway epithelial cells from the BHLHE40 overexpression (A) or knockdown experiment (B) were FACS
sorted from the ALI culture on day 5. The pseudocolor density plots show the fraction of sorted GFP* cells
(GFP or BHLHEA40-GFP) or tGFP* cells (scramble or BHLHE40 shRNA). Gene expression of (C-D)
Notch receptors and ligands, (E-F) downstream effectors, (G-H) basal cell markers, and (I-J) intermediate
cell markers were analyzed by Real-Time qPCR in the overexpression (left panel) and knockdown
experiment (right panel). A minimum of 5000 cells were sorted per patient per condition (n=5), **P <
0.01, ***P < 0.001.

4.5 BHLHE40-GFP overexpression in the ALI culture increased airway basal cell
differentiation into club, goblet, and ciliated cells on days 14 and 21

To analyze the effect of BHLHE40 overexpression at a later time point of
differentiation/maturation, and investigate potentially interesting targets, we overexpressed
BHLHEA40-GFP as previously described. Transduced GFP* or BHLHE40-GFP+ were sorted
on day 14 prior to bulk RNA sequencing after confirming the RNA quality (Fig. 18A, B).
BHLHE40-GFP overexpressing cells showed lower TP63, ITGA6, KRT5, and NGFR basal
cell gene expression, and also a lower level of the intermediate marker KRT'13. These results
suggest that BHLHE40 overexpression in differentiating basal cells after 5 days of ALI
culture leads to a decrease in basal cell gene expression. Supporting that, BHLHE40-GFP
overexpressing cells had increased gene expression of ciliated (FOXJI, MYB, TP73, RFX3,
RSPHI, FAMI161A), club and goblet cell markers (SCGBIAI and MUC5B) (Fig. 18C)
indicating that the decrease in basal fate markers in BHLHE40-GFP overexpressing cells is

due to their differentiation.

We further analyzed a set of epithelial cell-specific genes with Real-Time qPCR: BHLHEA40-
GFP overexpressing cells had a significantly lower expression of 7P63 and higher expression
of the club cell marker SCGBIAI and the ciliated cell markers FOXJI, TP73, and MYB (Fig.
18D), which are known to be master regulators of ciliogenesis (Jackson & Attardi, 2016).
Taking together, our results indicate that overexpressing BHLHE40-GFP in pHBEC-derived
ALI culture on day 14 decreased basal cell gene expression prior to their differentiation into

ciliated, club, and goblet cells.
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Figure 18. BHLHE40-GFP overexpression decreased basal cell gene expression and increased club,
goblet, and ciliated cell gene expression on day 14. (A) Schematic representation of BHLHE40-GFP
overexpression experimental setup using the ALI system: cells were infected with GFP or BHLHE40-GFP
lentiviral particles one day before airlifting. The next day, the cells were airlifted and allowed to
differentiate. On day 14, the cells were dissociated with accutase for 1h at room temperature and the
transduced GFP* cells were FACS sorted prior to bulk sequencing and real-time qPCR analysis. (B) RNA
electrophoresis gel image of the isolated total RNA from the GFP and BHLHE40-GFP sorted cells run
with Agilent RNA 6000 Nano Kit. (C) Bulk RNA sequencing analysis of basal and differentiated epithelial
cell genes of the FACS sorted cells GFP* or BHLHE40-GFP* (n=1). (D) Real-time qPCR analysis of basal,
ciliated, and club cell genes (n=3) of the FACS sorted cells GFP* or BHLHE40-GFP* cells (n=3), to
validate the results in (C). BHLHE40 was used as a positive control for the overexpression. RIN: RNA
Integrity Number.

To confirm this finding at the protein level, ALI culture transduced cells with GFP or
BHLHEA40-GFP from day 14 were stained for epithelial cell-specific markers (Fig.19A).
Consistent with the bulk RNA sequencing and RT-qPCR data, BHLHE40-GFP
overexpression significantly reduced the percentage of TP63* basal cells compared to the
control (Fig. 19B, E) and increased the percentage of ciliated cells RFX3* and goblet cells
MUCSB* (Fig. 19C, D, F, H). For the club cells CC10*, a non-significant increase was
observed at this time point (Fig. D, G).
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To further characterize the role of BHLHE40 throughout the differentiation process, we also
stained ALI cultures on day 21 with the same markers. The previously observed BHLHE40-
induced decrease in basal cells and increase in the differentiated epithelial cells became more
prominent (Fig. 19I): BHLHE40-GFP overexpressing cells did not express TP63* basal cells
compared to GFP* cells and included an increased percentage of ciliated cells RFX3+* and
club cells CC10*. The increase in goblet cells MUCS5B* was not significant, which may be

explained by the high variability between patient-derived basal cells.
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Figure 19. BHLHE40-GFP overexpression at day 0 induced an increase in airway epithelial cell
differentiation in the ALI culture. (A) Schematic representation of BHLHE40-GFP overexpression
strategy using the ALI culture: cells were infected with GFP or BHLHE40-GFP lentiviral particles one day
before airlifting (day 0). The next day, the cells were airlifted and allowed to differentiate over 21 days.
Transduced cells were fixed with 4% PFA on days 14 and 21 prior to immunostaining with epithelial cell-
specific markers and confocal microscopy imaging. Airway epithelial cells in ALI culture from day 14
transduced with GFP or BHLHE40-GFP were co-stained with anti-GFP antibody and (B) anti-TP63
antibody for basal cells (optical section image), (C) anti-RFX3 antibody for ciliated cells or (D) anti-
MUCSB and anti-CC10 antibodies for secretory cells. Bar graph showing the percentage of (E) TP63+*
basal cells, (F) RFX3* ciliated cells, (G) CC10* club cells, or (H) MUCSB* goblet cells, in the transduced
cells with GFP or BHLHE40-GFP on day 14. A minimum of 2000 transduced cells were counted for day
14 (n=4), **P <0.01, ***P < 0.001. (I) Bar graph showing epithelial cell quantification of the ALI culture
from day 21 transduced with GFP or BHLHE40-GFP (same markers as day 14). NGFR was used as an
additional basal cell marker to confirm the decrease in basal cell number (n=1). A minimum of 2000
transduced cells were counted for day 21 (n=4), **P < 0.01, ***P < 0.001.

Also, BHLHE40-induced increase in ciliated cells was further confirmed with additional
ciliated cell-specific markers on day 21. Consistent with the bulk RNA sequencing data,
BHLHEA40-GFP overexpressing cells had increased FOXJ1* ciliated cells, which colocalized
with RSPH1 (Fig. 20A, C). In addition, a prominent co-localization of BHLHE40-GFP* cells
with FAM161A and Acetylated Tubulin was observed (Fig. 20B). Taken together, BHLHE40

overexpression in the ALI culture on day O progressively increased basal cell differentiation

mainly into ciliated and club cells.
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Figure 20. BHLHE40-GFP overexpression at day 0 induced an increase in ciliated cells in ALI
culture. ALI culture from day 21 transduced with GFP or BHLHE40-GFP were stained with the following
specific antibodies for ciliated cells: (A) anti-FOXJ1 and anti-RSPH1 antibodies, (B) anti-FAM161A and
anti-Acetylated tubulin antibodies (3D reconstructions of the entire z-stack and its corresponding optical
section image). All nuclei were stained with DAPI. (C) Quantification of FOXJ1* ciliated cells in the
transduced cells with GFP or BHLHE40-GFP on day 21 (n=1).
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4.6 BHLHE40-GFP overexpression did not induce a precocious differentiation

To rule out the possibility that BHLHE40-induced increase in differentiated cells is due to
precocious differentiation of basal cells, the transcript levels of the club cell marker
SCGBIAI and the early ciliogenesis marker 7P73 and activator of FOXJI and RFX3
(Nemajerova et al., 2016), were analyzed in the ALI culture on day 5, a timepoint that
precedes basal cell differentiation. BHLHE40-GFP overexpression was not sufficient to
induce any precocious increase in SCGBIAI or TP73 gene expression (Fig. 21), suggesting
that BHLHE40-induced increase in differentiated cells is not due to precocious differentiation

of basal cells.
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Figure 21. BHLHE40-GFP overexpression at day 0 did not induce an earlier differentiation into
ciliated or club cells at ALI day 5. SCGBIAI and TP73 gene expression were analyzed by Real-time
gPCR in the FACS-sorted GFP* or BHLHE40-GFP+ cells from ALI day 5, (n=3).

4.7 BHLHE40 knockdown in the ALI culture reduced airway basal cell differentiation
BHLHEA40 was shown to positively regulate epithelial cell differentiation into ciliated, club,
and goblet cells. To test if it is necessary to drive differentiation, we knocked down
BHLHE40 starting from day O and fixed the ALI culture on day 14 to analyze epithelial cell
differentiation (Fig. 22A). In agreement with the overexpression data, BHLHE40 knockdown
significantly increased basal cells TP63* (Fig. 22B, F) and decreased ciliated cells RFX3*
(Fig. 22C, G), however, it significantly increased CC10* club cells (Fig. D, H) without
affecting the number of goblet cells MUC5B* (Fig. 22E, I). The lower number of ciliated
cells RFX3* was further confirmed by FOXJ1 staining (Fig. 22K, L).
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Figure 22. BHLHE40 knockdown on day 0 reduced epithelial cell differentiation into ciliated cells on
day 14. (A) Schematic representation of BHLHE40 knockdown strategy using ALI system: cells were
infected with scramble or BHLHE40 shRNA lentiviral particles one day before airlifting. The next day, the
cells were airlifted and allowed to differentiate for 14 days. Cells were fixed with 4% PFA on day 14 prior
to immunostaining with epithelial cell-specific markers: (B) anti-TP63 (optical section image), (C) anti-
RFX3, (D) anti-CC10, and (E) anti-MUC5B antibodies. All nuclei were stained with DAPI and transduced
cells were stained with anti-turbo GFP antibody. In (C) and (D) are represented additional optical section
images of the corresponding 3D reconstruction). Bar graph showing the percentage of (F) TP63* (G)
RFX3*, (H) CC10*, or (I) MUC5B* cells, in the transduced cells with scramble or BHLHE40 shRNA at
day 14, (n=3), **P < 0.01. (J) Bar graph showing the percentage of all epithelial markers grouped (TP63,
CC10, RFX3, MUCS5B, Unknown) in the transduced cells with scramble or BHLHE40 shRNA on day 14
(n=3). 200 transduced cells were counted for each condition. (K) Transduced cells from ALI day 14 were
stained with the ciliated cell marker FOXJ1. (L) Bar graph showing the percentage of FOXJ1* ciliated
cells in the transduced cells with scramble or BHLHE40 shRNA, (n=1).

Since the transduction efficiency with the shRNA constructs for this experiment was low, we
repeated the experiment and sorted the cells expressing scramble shRNA or BHLHE40
shRNA on day 14. We analyzed FACS sorted cells by Real-Time qPCR to evaluate gene
expression of airway epithelial cells' specific markers (Fig. 23A). BHLHE40 knockdown
diminished RFX3, SCGBIAI, and MUCS5B gene expression compared to the control but did
not increase TP63 gene expression (Fig. 23B). These findings suggest that BHLHE40 acts in
an intermediate cell state TP63- to increase the differentiation rather than directly on the
TP63* progenitors. Collectively, BHLHE40 knockdown reduced epithelial cell differentiation

into club, goblet, and ciliated cells.
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Figure 23. BHLHE40 knockdown at day 0 reduced epithelial cell differentiation into ciliated and
secretory cells without affecting basal cell gene expression at ALI day 14. (A) Schematic
representation of BHLHE40 knockdown strategy using the ALI culture: cells were infected with scramble
or BHLHEA40 shRNA lentiviral particles. The next day, the cells were airlifted and allowed to differentiate.
On day 14, the cells were dissociated with accutase for 1h at room temperature, then the transduced tGFP+
cells were FACS sorted, and (B) gene expression of the airway epithelial markers was determined for each
condition by Real-Time qPCR, (n=5) **P < 0.01, ***P < 0.001. 5000 GFP* cells were sorted per patient
per condition.

4.8 BHLHE40-GFP overexpression did not affect the total basal cell number or protein
expression on days 14 and 21 of culture

Since BHLHEA40 overexpressing basal cells were significantly reduced, we expected to see an
overall decrease in the percentage of basal cell in the culture. To this end, we looked at the
total basal cell number and protein expression on days 14 and 21. Surprisingly, BHLHE40
overexpression did neither affect the total basal cell number (Fig. 24A) nor the overall TP63
basal cell protein expression (Fig. 24B) on days 14 and 21. BHLHE40 overexpression
induced the loss of basal cell fate and increased their differentiation, however, the total basal
cell number remained unchanged. These data suggest the existence of a compensation
mechanism for the loss of the transduced basal cells with BHLHE40 by the proliferation of

non-transduced ones.
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Figure 24. BHLHE40-GFP overexpression in the ALI did not affect the total basal cell number or
protein expression on days 14 and 21. (A) Bar graph showing the percentage of TP63* basal cells per
total nuclei in the transduced ALI culture with GFP or BHLHE40-GFP on days 14 and 21, (n=4). (B)
Lysates from transduced pHBECs with GFP or BHLHE40-GFP from ALI culture days 14 and 21 were
immunoblotted and the protein expression of TP63 was determined on each timepoint (n=2). BHLHE40
antibody was used as the positive control for the overexpression and 3-Actin was used as the loading
control.

4.9 Compensatory proliferation of non-transduced cells likely replaced basal cell fate
loss in BHLHE40-GFP overexpressing cells on day 3

BHLHEA40 overexpression induced the loss of basal cell fate and increased their
differentiation, however, the total basal cell number and TP63 protein expression remained
unchanged compared to the control GFP transduced cells on days 14 and 21. To exclude the
possibility that this is due to increased cell death of the transduced culture with control GFP,
transduced cells with GFP or BHLHE40-GFP from days 1, 3, and 7 were stained with
TUNEL (Terminal deoxynucleotidyl transferase dUTP Nick End Labeling) which enables the
detection of DNA fragmentation during apoptosis (Fig. 25A, B). No significant difference in
cell death was observed between the two conditions (Fig. 25C, D).
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Figure 25. BHLHE40-GFP overexpression did not affect airway epithelial cell apoptosis in the ALI
culture on days 1, 3, or 7. (A) Schematic representation of the apoptosis assay strategy using the ALI
system. Cells were infected with GFP or BHLHEA40-GFP lentiviral particles. The next day, the cells were
airlifted and allowed to grow for 7 days. Transduced cells were then fixed with 4% PFA on days 1, 3, and
7. (B) At each time point, the cells were stained with anti-GFP, anti-TP63 antibodies, and TUNEL. Nuclei
were stained with DAPI. (C) Quantification data showing the percentage of TUNEL-positive cells in the
transduced cells with GFP/BHLHE40-GFP or in total DAPI on days 1, 3, and 7. (D) Bar graph showing
the percentage of TUNEL-positive cells in the transduced cells with GFP or BHLHE40-GFP on individual
time points (n=3), *P < 0.05. A minimum of 1300 nuclei was counted for day 1-day 3 and 4000 nuclei for
day 7.

To investigate the existence of a compensation mechanism for the loss of the transduced
basal cells with BHLHE40 by the proliferation of non-transduced ones, the pHBECs in the
ALI culture were treated with the DNA intercalating dye 5-ethynyl-2-deoxyuridine (EdU) for
16 hours on days 0, 2, 6, and 13, then fixed and stained the following days to check their
proliferation (Fig. 26A). The proliferation of the non-transduced cells in the BHLHE40-GFP
culture on days 1, 7, and 14 did not show any significant change, however, on day 3, the
number of EdU* cells was significantly increased in the non-transduced cells in BHLHEA40-
GFP culture compared to the GFP transduced culture (Fig. 26B). Consistent with the
previously observed BHLHE40-induced decrease in basal cell number, no significant
increase in the proliferation of BHLHE40-GFP overexpressing basal cells was observed at
any of the time points (Fig. 26C). Taken together, our results suggest the presence of a
compensatory proliferation by the non-transduced cells in BHLHE40-GFP culture from day

3, which suggest a paracrine regulation between these two-cell populations.
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Figure 26. BHLHE40-GFP overexpression increased the proliferation of the non-transduced cells on
day 3. (A) Schematic representation of the proliferation assay strategy using the ALI system. (B) Bar
graph showing the percentage of EdU- cells in the non-transduced cells in GFP or BHLHE40-GFP infected
culture at days 1, 3,7, and 14 (n=3), (C) Bar graph showing the percentage of EAU* cells in the transduced
cells with GFP or BHLHE40-GFP infected cultures from (B).

4.10 BHLHEA40 overexpression interfered with Notch signaling genes on day 14

BHLHE40-GFP overexpression increased human basal cell differentiation into ciliated, club,
and goblet cells in the ALI culture on days 14 and 21. To investigate potential signaling
pathway(s) involved in this phenotype, we looked at the bulk RNA sequencing data from the
sorted BHLHE40-GFP cells from the ALI culture day 14. Since Notch signaling is known to
be involved in airway epithelial cell differentiation (Rock et al., 2011; Stupnikov et al.,
2019a; Tsao et al., 2009), the genes related to these pathways were analyzed. An overall
decrease in Notch signaling genes was observed in BHLHE40-GFP overexpressing cells:
Notch receptors (NOTCH 1, NOTCH2, NOTCH3, NOTCH 4), ligands (JAGI, JAG2, DLLI),
and downstream effectors (HEY1, HEY2, HESI, HES2, HES4) had lower transcript levels. In
contrast, Notch inhibitors HES6, CIRI, and SAP30 known to be expressed in ciliated cells
(Ruiz Garcia et al., 2019) had a higher expression in BHLHE40-GFP overexpressing cells
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(Fig. 28A), consistent with the previously observed increase in ciliated cells in BHLHE40-

GFP overexpression experiment.

A set of Notch signaling genes were analyzed by Real-Time qPCR for 3 biological replicates.
Consistent with the bulk RNA sequencing data, BHLHE40-GFP overexpressing cells had a
significantly lower level of the Notch receptors (NOTCH]I), ligands (JAGI, JAG2, DLLI),
and downstream effector (HESI). Also, BHLHE40-GFP overexpressing cells had a
significantly higher expression of HES6 (Fig. 28B). To better understand these changes in
gene expression, we review literature about cell type-specific expression of Notch signaling
genes in the human epithelium. Based on the single-cell RNA sequencing data of human
nasal epithelial culture, JAGI/2, DLLI, and NOTCHI were mainly expressed in TP63* basal
cells (Ruiz Garcia et al., 2019) (Fig. 28C). Accordingly, their lower expression in BHLE40-
GFP overexpressing cells might be due to the lower proportion of basal cells in this sorted
fraction compared to the control GFP sort. Similarly, the increased expression of HES6
transcript in BHLE40-GFP overexpressing cells might be due to the higher proportion of
ciliated cells in this sort compared to the control GFP sort. Taken together, this data indicates
that the observed changes in Notch signaling gene expression might not be a direct effect of
BHLHEA40-GFP overexpression but rather due to differences in cell type proportion in the

sorted cells between the two conditions.
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Figure 27. BHLHE40 overexpression correlates with a decreased Notch signaling gene expression in
the ALI culture from day 14. (A) The log2FC of differentially expressed Notch-related genes and
inhibitors in the FACS sorted BHLHE40-GFP~* cells compared to the GFP* cells from ALI day 14 (n=1).
(B) Real-time qPCR analysis of Notch signaling gene expression in the FACS sorted cells GFP* or
BHLHE40-GFP* from the ALI culture day 14 (n=3), *P < 0.05, ***P < 0.001. 5000 GFP* cells were sorted
per patient per condition, to validate the bulk sequencing data in Supl.Fig.4C. (C) Cell type-specific Notch
signaling genes expression in human nasal epithelial cells based on single-cell RNA sequencing.
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4.11 BHLHE40 overexpression did not increase ciliated cells at the expense of club cells
on day 21 (day 10 induction)

Previous studies have shown that the inhibition of the NOTCH2 receptor in club cells leads to
their trans-differentiation into ciliated cells in mice (Danahay et al., 2015). Since BHLHEA40-
induced increase in ciliated cells on day 14 correlated with a significant downregulation of
Notch signaling genes, including NOTCH2 and HES1, which are known to positively regulate
the club cell fate (Morimoto et al., 2012), we hypothesized that BHLHE40 overexpression
represses NOTCH?2 signaling in club cells, which in turn induces their trans-differentiation
into ciliated cells (Fig. 28A). To this end, a lentiviral plasmid with a doxycycline-inducible
promoter (Tet-On system) was used. The pHBECs in the ALI culture were transduced with
BHLHEA40-FLAG lentiviral particles and the overexpression was induced on day 10, when
club cells CC10* begin to appear in the culture. The epithelial cell differentiation was then
analyzed on day 21 (Fig. 28B). BHLHE40-FLAG overexpression decreased TP63* basal cell
number. Consistent with the overexpression data from day 0, nearly all basal cells transduced
with BHLHE40-FLAG shifted to the luminal layer as shown in the optical section of the ALI
culture (Fig. 28C, G), suggesting that BHLHEA4O later induction also negatively regulates the

basal cell fate.

Furthermore, BHLHE40-FLAG-induced decrease in basal cells was confirmed with NGFR
immunostaining (Fig. 28F, J). In addition, BHLHE40-FLAG overexpression increased
differentiation toward ciliated cells FOXJ1* but also club cells CC10* (Fig. 28D, H, E, 1).
Taken together, BHLHE40-FLAG overexpressing cells did not show any reduction in club
cell number at the detriment of ciliated cells, therefore it is unclear whether the BHLHE40-

induced increase in ciliated cells arises from club cell trans-differentiation.
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Figure 28. BHLHE40-FLAG overexpression on day 10 in the ALI increased in airway epithelial cell
differentiation on day 21. (A) Proposed model: BHLHEA40 represses Notch signaling in club cells, which
in turn transdifferentiate into ciliated cells. (B) Schematic representation of BHLHE40-FLAG
overexpression strategy using the ALI culture: primary cells were seeded in ALI filters and infected the
next day with BHLHE40-FLAG lentiviral particles. The next day, the cells were airlifted and allowed to
grow and differentiate over 21 days. BHLHE40-FLAG overexpression was induced on day 10 by adding
doxycycline to the culture medium and cells were fixed with 4% PFA on day 21 prior to immunostaining
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with epithelial cell-specific markers and confocal microscopy imaging. Airway epithelial cells transduced
with BHLHE40-FLAG were stained on day 21 with the following specific antibodies for differentiation
markers: (C) anti-TP63, (D) anti-FOXJ1, and (E) anti-CC10 antibodies. Anti-FLAG antibody was used to
stain the transduced cells. In (C) and (I) are represented additional optical section images of the
corresponding 3D reconstruction). (F-G-H) Bar graph showing the percentage of TP63*+ basal cells,
FOXJ1* ciliated cells, and CC10* club cells, respectively, in the non-transduced (FLAG") or transduced
cells with BHLHE40-FLAG (FLAG*) on day 21 (n=4), **P < 0.01, ***P < 0.001. 200 to 400 transduced
cells were counted. (I) Airway epithelial cells transduced with BHLHE40-FLAG from day 21 were also
stained for an additional basal cell marker using an anti-NGFR antibody. (J) Bar graph showing the
percentage of NGFR* basal cells in FLAG- or FLAG cells on day 21 (n=1).

4.12 BHLHE40 overexpression increased ciliated cells at the expense of club cells on day
28

As previously described, nearly all basal cells overexpressing BHLHE40-GFP had lost the
basal cell fate and were found at the luminal surface by day 21. In this context, we thought
that an extended culture would exclude any °’differentiation effect’” from the basal cells
overexpressing BHLHE40-GFP and would indicate if the increase in ciliated cells originates
from the club cell trans-differentiation. For this purpose, we cultured the transduced pHBEC
in ALI culture for 28 days, then FACS sorted the cells overexpressing GFP or BHLHE40-
GFP, and analyzed epithelial marker gene expression. BHLHE40-GFP overexpressing cells
show increased ciliated cell gene expression (FOXJI, TP73, MYB) and decreased club cell
gene expression (SCGBIAI), while the goblet cell marker MUCSB was still increased (Fig.
29). Even though the club cell marker SCGBIA1 was decreased, BHLHE40 overexpressing
cells had increased NOTCH2 gene expression, which can be attributed to the increased
expression of the goblet cell marker MUCS5B, as NOTCH2 has been shown to positively
regulate also MUCS5B gene expression (Danahay et al., 2015). Our data indicate that
BHLHE40-induced increase in the ciliated cells may arise from club cell potential trans-
differentiation, however further analysis with a larger number of biological replicates is

needed to confirm this finding.
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Figure 29. BHLHE40 overexpression increased ciliated and decreased club cell gene expression on
day 28 of culture. (A) Schematic representation of BHLHE40-GFP overexpression experimental setup
using the ALI system: cells were infected with GFP or BHLHE40-GFP lentiviral particles one day before
airlifting. The next day, the cells were airlifted and allowed to differentiate. On day 28, the cells were
dissociated with accutase for 1h at room temperature and the transduced GFP* cells were FACS sorted
prior to gene expression analysis. (B) Real-time qPCR analysis of ciliated, club, goblet cell, and Notch-
related gene expression in the FACS sorted cells GFP* or BHLHE40-GFP* from the ALI culture day 28.
BHLHEA40 gene expression was analyzed as the positive control. Statistical analysis was not performed
due to the low number of biological replicates (n=2).

4.13 Identification of BHLHE40 transcriptional target involved in the basal-to-
intermediate cell transition

4.13.1 Correlation of known BHLHE40 transcriptional targets with the human single-
cell RNA sequencing data (pseudo-time analysis)

To understand how the transcription factor BHLHE40 negatively regulates basal cell fate, it
is important to identify its potential direct transcriptional targets. To this end, we first
compared the published BHLHE40 A549 ChIP-sequencing peaks to our differentially
expressed transcription factors in the differentiation trajectory from the SMG-like basal cell-
to-immature secretory-to-secretory cells. Since BHLHE40 is mainly described as a
transcriptional repressor (Sun & Taneja, 2000), we reasoned that the genes that are

downregulated upon BHLHEA40 upregulation are more likely to represent potential direct
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transcriptional targets. For this purpose, we selected for this comparison only the 27
transcription factors that are upregulated in the SMG basal-like cluster and downregulated
later in the immature secretory cell cluster upon BHLHE40 upregulation (Fig. 30A). The
correlation ended up in 8 potential transcriptional target genes (Fig. 30B). Second, to analyze
whether BHLHE40 DNA binding to these targets is associated with their repression (Fig.
30C, D), we overexpressed BHLHE40-GFP in A549 cell lines and analyzed their gene
expression 72 hours post-infection. Our result indicates that BHLE40 represses the
expression of FOS, HIF1a, MYC, and HMGA2, but not SOX9 (BNC1,ZFP36L1, and FOSLI
could not be detected by Real-Time qPCR).
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Figure 30. The strategy of selection of putative BHLHE40 transcriptional targets. (A) The
differentially expressed transcription factors in the differentiation trajectory from the SMG-like basal cell-
to-immature secretory-to-secretory cells were compared to the peaks from BHLHE40 ChIP-sequencing
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data (A549 cell lines). The 27 genes selected for the comparison are shown in the box (these are the genes
downregulated upon BHLHE40 upregulation, which are more likely to be direct targets). (B) The
comparison resulted in 9 transcription factors that are described to be direct transcriptional targets of
BHLHE40 in A549 cell lines. (C) A549 cells were transduced with GFP or BHLHE40-GFP encoding
lentiviral particles and (D) gene expression of the 8 identified transcription factors was analyzed 72 hours
post-infection (n=3). BHLHEA40 gene expression was analyzed as a positive control for the overexpression.
4.13.2 Validation of BHLLHE40 potential transcriptional targets using anti-BHLHE40
antibody in isolated nuclei (CUT&RUN)

To confirm BHLHE40 binding to the previously identified potential transcriptional targets in
our ALI culture, we performed CUT&RUN experiments in differentiating epithelial cells
from day 14. CUT&RUN is a technique used to specifically isolate the DNA regions bound
by the protein of interest. BHLHE40-GFP was overexpressed from day O and transduced
cultures were collected and dissociated using accutase on day 14 followed by nuclei isolation,
then subjected to CUT and RUN experiment: the process begins with the target-specific
primary antibody anti-BHLHE40 that binds to the protein of interest associated with
chromatin. Then, a Protein A-Micrococcal Nuclease (MNase) fusion protein is introduced,
where Protein A directly binds to the Fc region of the primary antibody anti-BHLHE4O0,
bringing MNase in proximity to the target site. Upon activation by calcium ions (Ca2"),
MNase selectively cleaves DNA near the protein-DNA complex, generating precise DNA
fragments. These fragments are then isolated and analyzed using Real-time qPCR with
specific primers designed for the genomic regions of the selected targets. Interestingly,
BHLHE40 bound to HIFIa, BNCI, FOSLI, MYC, HMGA2, and ZFP36L1 at the described
genomic regions, with varying levels of DNA enrichment (Fig. 31A). However, it did not
bind to FOS enhancer region, nor to HIF I/ a coding sequence, which was used as a negative
control. After that, to investigate whether BHLHE40 DNA binding to these targets is
associated with their repression, we repeated BHLHE40-GFP overexpression experiment in
the ALI culture and sorted the cells on day 14 to analyze gene expression. Among the 6
targets previously identified to be bound with BHLHE40, only BNCI was significantly
reduced under BHLHE40 overexpression (Fig. 31B). Our result indicates that BHLHE40

transcriptionally represses the expression of the putative zinc finger transcription factor

BNC1,but did not affect HIF 1, FOSLI, MYC, HMGA2, and ZFP36L1 gene expression.
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Figure 31. BHLHE40 transcriptionally represses BNC1 expression among the selected
transcriptional targets. (A) Detection of BHLHE40 binding to the described genomic regions of the
selected transcriptional targets, in ALI culture day14, using CUT&RUN Real-Time qPCR. IgG antibody
was used as the negative control. (B) Gene expression of the 7 selected targets was analyzed by Real-time
gPCR in FACS-sorted cells overexpressing GFP or BHLHE40-GFP from the ALI culture day 14 (n=3).
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4.13.3 BHLHEA40 overexpression decreased BNC1 expression exclusively in basal cells

To confirm that BNC1 protein expression is specific to basal cells, we analyzed its expression
on day 14 by immunostaining (Fig. 32A, B). In addition to its specificity for SMG-like basal
cells, as demonstrated in our previous pseudotime analysis of differentiating ALI cultures
(Fig. 31A), BNCI1 also shows specificity to the basal cells, where 99% of BNC1+ cells were
TP63* on day 14 (Fig. 32A, B, C). Also, consistent with BHLHE40-mediated transcriptional
repression of BNC1, BHLHE40 overexpression reduced the number of BNCI1 expressing
cells in the basal layer (Fig. 32D): 20% of BNC1+ cells in BHLHE40-GFP+ cells compared
to 65% in control GFP+ cells; however, statistical significance could not be assessed due to
the low number of biological replicates (n=2). Taken together, BHLHE40 overexpression is
likely to reduce BNC1-positive cells specifically in the basal layer, a trend further supported
by previous results showing BHLHE40-mediated transcriptional repression of BNCI.
Nevertheless, further studies with a larger number of biological replicates are needed to

confirm this observation.
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Figure 32. Overexpression of BHLHE40 decreases BNC1-positive cells, exclusively localized to the
basal layer. ALI cultures from day 14 transduced with GFP or BHLHE40-GFP were stained with anti-
GFP (transduced cells), anti-TP63, and anti-BNC1 antibodies. All nuclei were stained with DAPI.
Confocal images from (A) the 3D reconstructions of the entire z-stack and (B) their corresponding optical
section images showing BNCI1 exclusive localization to the basal layer. (C) Quantification of BNC1* cells
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that are double positive with TP63 or (D) double positive with GFP* transduced cells from ALI culture day
14. Statistical analysis was not performed due to the low number of biological replicates (n=2).

Our results indicate that the overexpression of BHLHEA4O is likely to directly decrease BNC/
expression in the basal layer via transcriptional repression, leading to a reduction in basal cell

gene expression and facilitating the transition to an intermediate cell state (Fig. 33).

In absence of BHLHE40 in basal cell:

BNC1

7. \Y7 Promoter Yz \¥7, Basal cell state is maintained

TP63+

In presence of BHLHE40 in basal cell:

BHLHE40

Basal cell state is repressed

o, 0
TP63+ TP63-
Basal to intermediate cell transition

Figure 33. Proposed model depicting BHLHE40-induced transition from basal to intermediate cells
through direct transcriptional repression of BNCI. In the absence of BHLHE40, BNC/ is expressed in
basal cells and maintains their undifferentiated state. However, when BHLHEAO is present in basal cells, it
transcriptionally represses the expression of BNCI, consequently leading to basal cell transition to an
intermediate cell and loss of basal cell marker gene expression.
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Figure 34. Schematic summary of BHLHE40 results in the ALI. Before differentiation, on day 5,
BHLHEA40 overexpression or knockdown in the ALI did not affect basal cell gene expression but increased
or decreased Notch signaling, respectively. The increase in Notch signaling was followed by a gradual loss
of basal fate during differentiation, which correlated with an increase in club, goblet, and predominantly
ciliated cells. Consistently, BHLHE40 knockdown reduced epithelial cell differentiation. Also, BHLHE40
overexpression did not affect basal cell proliferation or apoptosis.
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5 Discussion

BHLHE40 overexpression induced the loss of basal cells and increased differentiation,
however, the total basal cell number and TP63 protein expression remained unchanged.
Therefore, we predicted the existence of a compensatory mechanism for the loss of the
transduced basal cells overexpressing BHLHE40-GFP. This compensatory mechanism is
expected to be mediated by the proliferation of non-transduced basal cells when their
neighboring ones overexpressing BHLHE40-GFP are differentiating. Surprisingly, the
proliferation of the non-transduced basal cells was not increased on day 14 (Fig. 26B), which
is the time point when we observe a significant decrease in basal cells overexpressing
BHLHEA40-GFP due to their increased differentiation. This suggested that the replacement of
basal cells through proliferation occurs at earlier time points. Our EdU incorporation
experiment suggests that on day 3, the proliferation of non-transduced basal cells was
significantly increased in the BHLHE40-GFP culture compared to the GFP-transduced
culture (Fig. 26B). Notably, the BHLHE40-GFP transduced basal cells did not yet begin to
differentiate, and as a result, their numbers were not reduced at this time point. To explain
this observation, we propose that BHLHE40-GFP-expressing basal cells may have started to
release signals that influenced their neighboring non-transduced basal cells, thereby

stimulating an increase in their proliferation.

Taken together, our results suggest that on day 3, non-transduced basal cells in the
BHLHE40-GFP transduced culture undergo compensatory proliferation. This observation
implies a paracrine regulation, where the BHLHE40-GFP overexpressing basal cells signal to
their non-transduced neighbors, thereby promoting an increase in their proliferation.
However, further studies are needed to identify the specific signaling pathways involved in

this paracrine regulation.

Based on our human single-cell RNA sequencing and pseudotime analysis of differentiating
ALI cultures at different time points, we show a selective upregulation of the gene encoding
the transcription factor BHLHE40 in differentiating immature secretory cells (Fig. 7D),
where it distinctly correlated with the expression of Notch signaling genes NOTCH2,
NOTCH3, HES1, and HES?2 on days 0 and 5 of the ALI culture, but also NOTCH3 to a lesser
extent (Fig. 8A, B, C, D). Consistently, we show that BHLHE40 overexpression or

knockdown in our ALI culture increased or decreased NOTCHI and 2 receptors gene
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expression, respectively (Fig. 17C, D). However, we could not detect a consistent change in
NOTCH3, HESI, or HEY2 gene expression (Fig. 17C, D, E, F). The absence of HESI
upregulation on day 5 in BHLHE40 overexpressing cells even though NOTCHI and 2
receptors were upregulated, can be explained by the fact that HES] is not described as Notch
downstream effector in basal or Suprabasal cells but rather in club cells (Kiyokawa &
Morimoto, 2020; Morimoto et al., 2012). The presence of BHLHE40 and HESI gene
correlation in the single-cell sequencing data from day 5 can be attributed to the presence of
SCGBIAI expressing club cells as early as day 5, which was not the case in BHLHE40
overexpression or knockdown experiments (Fig. 21). BHLHE40-induced Notch receptors
upregulation may regulate HES2 and HEY1 at this stage of culture, known to be Suprabasal
cell associated-Notch downstream effectors (Ruiz Garcia et al., 2019) (Fig.27 C). However,
HES2 and HEYI were undetectable in our Real-time qPCR analysis of FACS-sorted
BHLHEA40-GFP overexpressing cells from day 5. Nevertheless, HES2 and HEYI strongly
correlated with BHLHE40 high expression in our human single-cell RNA sequencing data
from day 5 (Fig. 8 B).

Previous studies have shown that Notchl signaling activation in basal cells of the murine
airway epithelium is associated with the downregulation of basal cell genes and upregulation
of luminal differentiation markers (Rock et al., 2011). Furthermore, N1ICD overexpression in
primary epithelial cells from the human mammary epithelium reduced TP63 expression
(Yalcin-Ozuysal et al., 2010). We hypothesized that BHLHE40-induced increase in Notch
signaling genes on day 5 would correlate with the downregulation of basal cell genes prior to
differentiation. To address this point, we analyzed basal cell gene expression in BHLHE40-
GFP sorted cells from ALI day 5. Surprisingly, BHLHE40 overexpression or knockdown had
no significant effect on TP63, ITGA6, KRT5, or NGFR basal cell gene expression (Fig. 17G,
H), nor on the intermediate marker KRT'13 (Fig. 171, J). Consistent with this result, we also
found that BHLHE40 overexpression did not induce any precocious differentiation into
ciliated or club cells (Fig. 21). Therefore, the absence of downregulation of basal cell genes
on day 5 after BHLHE40 overexpression is likely due to the early time point of analysis (the

differentiation did not start yet).

Furthermore, it has been shown that the downregulation of basal cell genes in primary human

basal cells following HES overexpression was shown after 4 days of culture, while in mice,
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it has been shown after 2 weeks of N1ICD constitutive expression (Rock et al., 2011).
Lacking a time course analysis of basal cell gene expression following Notch activation, we
can't exclude that BHLHE40-induced increase in Notch signaling required additional time to

reduce basal cell genes.

Expecting a decrease in basal cell genes at a later time point of culture, we re-analyzed their
gene expression on day 14 and investigated further potential interesting targets. Using bulk
RNA-sequencing of sorted BHLHE40-GFP overexpressing cells from day 14, we show that
BHLHEA40-GFP overexpressing cells had decreased basal cell gene expression (7TP63,
ITGA6, KRTS5, NGFR), and increased differentiation marker gene expression (FOXJ, MYB,
TP73, SCGBIAI, and MUC5B) (Fig. 18C, D). In line with our findings, we show that
BHLHE40 overexpression decreased basal cell number and increased ciliated, club, and
goblet cell numbers on days 14 and 21 (Fig. 19 and 34). Taken together, our results suggest
that BHLHE40-induced decrease of basal cell marker genes and increased differentiation into
secretory and ciliated lineages on day 14 is driven by the earlier BHLHE40-induced

activation of Notch signaling on day 5.

Furthermore, based on our single-cell RNA sequencing of the pHBECs-derived ALI culture,
we show that BHLHEA40 high expression correlates with the lowest TP63 expression in all
time points of culture (Fig. 8A, B, C, D), suggesting a negative correlation between
BHLHE40 high expression and TP63, and further supporting that BHLHE40 negatively

regulate the undifferentiated basal cell state.

Supporting our hypothesis that BHLE40-induced loss of basal markers expression and
progression toward the secretory lineage (club and goblet cells) on day 14 may be driven by
the earlier BHLHE40-induced activation of Notch signaling on day 5, it was previously
shown that sustained activation of N1ICD in murine basal cells promoted their differentiation
into the secretory lineage, mainly into club and goblet cells, but not ciliated cells.
Consistently, Notch pharmacological inhibition on day 1 prevented murine basal cell luminal
differentiation in tracheosphere culture on day 7 (Rock et al., 2011), further supporting that
Notch signaling activation is needed for the differentiation of basal epithelial cells into the
secretory lineage. However, it does not explain our observed increase in ciliated cells. This
led us to think that BHLHE40-induced increase in ciliated cells engages a different

mechanism.
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Interestingly, previous studies have shown the existence of two airway basal cell
subpopulations following airway injury: Myb and N2ICD expressing basal cells, which
regenerate the ciliated or the secretory lineage, respectively. Each of the pre-committed basal
cells was shown co-express the intermediate marker KRT8, either with Myb or N2ICD before
differentiation towards the ciliated or the secretory lineage (Pardo-Saganta, Law, et al.,
2015). Considering our ALI culture as a re-generation model, we hypothesized that
BHLHEA40 acts separately in these intermediate cell populations to increase differentiation
depending on their pre-commitment. In the pre-committed secretory lineage, BHLHE40
increases Notch2 signaling activation which in turn increases club and goblet cell numbers,
while in the pre-committed ciliated cell, it increases Myb expression through transcriptional
activation of TP73 (Nemajerova et al., 2016). Supporting this, it has been shown that
BHLHEA4O0 in cooperation with HDACS, transcriptionally increased the expression of 7P73, a
master regulator of ciliogenesis (Qian et al., 2014; Wallmeier et al., 2021). We speculate that
the increase in ciliated cells arises from BHLHE40-increased transcriptional activation of

TP73 in intermediate cells Myb*.

Furthermore, previous studies have shown that NOTCH2 inhibition using anti-NOTCH2
antagonist antibody or its genetic deletion in club cells increased ciliated cells at the expense
of club cells (Lafkas et al., 2015; Pardo-Saganta, Law, et al., 2015). Also, inhibition of the
NOTCH?2 receptor in club cells induced their direct trans-differentiation into ciliated cells in
mice (Danahay et al., 2015). Supporting these findings, Notch inhibition in ALI culture after
cell differentiation, led to increased ciliated cells at the expense of secretory cells (Giuranno
et al., 2020), further supporting that they arise from club cell trans-differentiation. Taken
together, these data suggest that the effect of Notch inhibition on airway epithelial cell
differentiation is timepoint-dependent (before and after differentiation) and involves different
Notch receptors and cell types. Based on this, we reasoned that BHLHE40-induced increase
in ciliated cells in our ALI culture results from club cell potential trans-differentiation driven
by BHLHE40-induced repression of Notch2. This repression can take place on the protein
level through BHLHEA4O interacting with NICD thereby preventing its binding with RBPJk
and the subsequent transcriptional activation of HESI, as described in muscle cells (Sun et
al., 2007). Our bulk RNA sequencing of BHLHE40-GFP overexpressing cells from day 14
showed an overall decrease in Notch signaling genes including NOTCH2 and HESI,
however, we could only confirm the downregulation of HES! gene expression (Fig.27 A, B).

The lack of NOTCH?2 downregulation can be explained by the increased number of goblet
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cells MUC5B*, as it is described to be also regulated by Notch2 signaling (Danahay et al.,
2015; Pardo-Saganta, Law, et al., 2015), while HESI is club cell-specific (Kiyokawa &
Morimoto, 2020; Morimoto et al., 2012). Another possibility is that BHLHE40 acts at the
protein level and prevents N2ICD activation of downstream effectors as previously described,

explaining therefore, the solitary downregulation of HES gene expression.

To test if BHLHE40-induced increase in ciliated cells comes from club cell potential trans-
differentiation, we induced BHLHE40-FLAG overexpression on day 10, when the club cells
began to appear in the culture, and analyzed epithelial cell differentiation on day 21.
Unexpectedly, BHLHE40-FLAG overexpressing cells did not show any reduction in club cell
numbers, while the ciliated cells were increased (Fig. 28G, H). We reasoned that the absence
of a decrease in club cell numbers could be attributed to their continuous and increased
replacement by the basal/intermediate cells overexpressing BHLHE40-FLAG. To reduce the
number of basal/intermediate cells overexpressing BHLHE40 and therefore diminish their
replacement of club cells, we re-infected the cells with BHLHE40-GFP construct and
extended the culture to 28 days (Fig. 29A). Since we have previously seen that BHLHE40
reduced basal cell numbers throughout the culture period from day 14 to 21, we expected a
further decrease on day 28. Also, we chose BHLHE40-GFP construct for this experiment for
its higher transduction efficiency. Interestingly, we show that BHLHE40-GFP overexpressing
cells had increased ciliated cell gene expression at the expense of club cell genes (Fig. 29B).
Also, the MUCS5B* goblet cell marker gene expression was still increased, which explains the
persistent upregulation of Notch2 expression and raises the possibility that the increase in
ciliated cells is associated with the decrease in club cells. Unless club cells underwent
apoptosis, we hypothesized that BHLHE40-induced increase in ciliated cells results from
potential trans-differentiation of club cells, leading to their reduction. As previously
discussed, BHLHE40-induced increase in ciliated can additionally arise from an intermediate

pre-committed cell, which explains the predominant increase in ciliated cells.

Collectively, we propose that BHLHE40-induced increase in basal cell differentiation into
club, goblet, and ciliated cells may involve three Notch signaling events (Fig. 35) and suggest

a cell-type specific regulation of BHLHEA40.

A first early event where BHLHE40 overexpression increases Notch1 signaling in basal cells,

leading to their subsequent increased differentiation into intermediate progenitors (consistent

97



with the increase in NOTCHI expression on day 5 following BHLHE40 overexpression
(Fig.17 C). We propose two intermediate subpopulations: one will lead to the increased
secretory cells (club, goblet cells) due to a second BHLHE40-induced Notch2 event
(consistent with the increase in NOTCH2 expression on day 5 following BHLHE40
overexpression (Fig.17 C)), while a second intermediate subpopulation will lead to increased
ciliated cells due to BHLHE40 selective transcriptional activation of 7P73 in a third event,
known to bind and positively regulate MYB expression (Nemajerova et al., 2016). BHLHE40
selective positive regulation of the ciliated fate in the second intermediate subpopulation
relies on unique molecular programs that distinguish it from the Notch2-intermediate
subpopulation, however, the specific molecular programs defining each subpopulation remain
to be elucidated (by further sub-clustering). However, we did not observe an increase in TP73
gene expression as early as day 5 following BHLHEA40 overexpression (Fig. 21) but later on
day 14 (Fig.18D), suggesting that the commitment of the intermediate cell population toward
ciliated lineage mediated by BHLHE40 may require more time to occur. To confirm this
hypothesis, further time course analysis should be done to analyze TP73 expression between

days 5 and 14 following BHLHEA40 overexpression.

Finally, a fourth Notch event, where BHLHEA40 overexpression in club cells represses Notch2
signaling and induces their potential trans-differentiation into ciliated cells, while at the same
time, the basal/intermediate cells overexpressing BHLHE40 are continuously replenishing the
loss of club cells due to the first event (BHLHE40-induced increase in basal differentiation
into intermediate secretory progenitors). Also, our hypothesis that the third and the fourth
events give rise to ciliated cells may explain their predominant increase following BHLHE40
overexpression. This scenario cannot be addressed by temporally controlled overexpression
or knockdown of BHLHE40 or Notch signaling components. It will require the more specific
manipulation of their activity in target subpopulations of basal, Suprabasal, secretory, and
ciliated cell types. The definition of specific enhancer elements targeting these cell types is a

major future task.
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Figure 35. Proposed model explaining BHLHE40-induced increase in airway basal -cell
differentiation into club, goblet, and ciliated cells. Four events are at the origin of BHLHE40-induced
increase in basal cell differentiation (3 Notch-dependent and 1 Notch-independent). (1) The first event is
characterized by BHLHE40-induced increase in Notchl signaling in basal cells, leading to their increased
differentiation into two intermediate cell subpopulations. (2) The second event is characterized by
BHLHEA40-selective activation of Notch2 signaling in the first intermediate cell population, leading to
increased secretory cell differentiation (club and goblet cells). (3) The third event is characterized by
BHLHE40-selective transcriptional activation of TP73 in the second intermediate cell population, which
positively regulates MYB expression leading to increased ciliated cell differentiation. (4) The fourth event
is characterized by BHLHEA40-induced repression of Notch2 signaling in club cells leading to their trans-
differentiation into ciliated cells. All events are continuous along the ALI culture and start in the time
points indicated in the figure in the lower panel.
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Taken together, our scenario suggests a cell-type distinct regulation of BHLHE40, which has
been previously described in other epithelial cell types. For example, in contrast to our data,
BHLHEA40 has been shown to decrease the differentiation of keratinocytes, further supporting

its context-dependent function (Qian et al., 2011).

To investigate the molecular mechanisms of BHLHE40-induced basal-to-intermediate cell
transition (first event) and identify the direct transcriptional targets of BHLHE40 involved in
Notch signaling activation driving this transition, we did a 3-step selection by performing a
comparative analysis of three datasets (Fig. 30): the data from the published BHLHE40 A549
ChIP-sequencing, our differentially expressed transcription factors in the differentiation
trajectory of the SMG-like basal cells toward secretory cells, and our Real-Time qPCR
analysis of transduced A549 cells overexpressing GFP or BHLHE40-GFP.

Based on our human single-cell RNA seq data, we show that FOS, HIFla, MYC, HMGA2,
BNC1, ZFP36L1, FOSLI, and SOX9 are downregulated upon BHLHE40 upregulation in the
intermediate cell cluster along the SMG-like basal cell differentiation trajectory (Fig. 30A).
Since BHLHE40 is mainly described as a transcriptional repressor (Sun & Taneja, 2000), we
reasoned that these targets are more likely to be directly repressed by BHLHE40. In addition,
we selected these 8 targets from others with similar patterns because they are described to be
direct transcriptional targets of BHLHE40 in A549 cells (Fig. 30B). Aligning with this, our
data shows that the overexpression of BHLHEA40 in A549 cells reduced FOS, HIF1a, MYC,
and HMGA?2 gene expression while BNC1, ZFP36L1, and FOSL1 expression were not
detectable (Fig. 30C, D), providing further evidence that these genes are potentially direct
transcriptional targets of BHLHE40 in our pHBECs-derived ALI culture.

Using our CUT&RUN DNA enrichment combined with gene expression analysis of
transduced cells overexpressing BHLHE40-GFP from ALI day 14, we show that, although
BHLHE40 bound to HIF1a,, BNC1, FOSL1, MYC, HMGAZ2, and ZFP36L.1 genomic regions,
it only repressed BNC1 gene expression without affecting the other targets (Fig. 31A, B). The
absence of BHLHE40-induced repression of these targets may be attributed to the mixed cell
population overexpressing BHLHE40 that was used for this analysis, thereby diluting the
repression effect occurring in basal cells. Unlike BNC1, which we have shown to be specific
to basal cells at the protein level on day 14 (Fig. 32B, C), the other targets are not necessarily

restricted to basal cells: while they were found to be specific to the SMG-like basal cells
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within this particular differentiation trajectory, this does not rule out the possibility that they
may also be specific to other cell type(s) in our ALI culture that were not included in this
trajectory analysis. Since BHLHE40 has also been described as a transcriptional activator and
not only a repressor (Qian et al., 2014; Jarjour et al., 2019; Nguyen et al., 2024), its function
may vary depending on the cellular context. Consequently, in the absence of immunostaining
to identify the cell-type specificity of these targets on day 14, we cannot rule out a cumulative
effect from BHLHE4O0 transcriptional activity (repression and activation) across different cell
types, which explains the absence of change in gene expression following BHLHE40
overexpression. To evaluate the repressive effect of BHLHEA40 on these targets specifically in
basal cells, isolating BHLHE40-GFP overexpressing basal cells from the rest of the culture

on day 14 would be needed.

Furthermore, we show that BHLHE40 overexpression reduced the number of BNCI-
expressing cells in the basal layer (Fig. 32D), further confirming BHLHE40-mediated

transcriptional repression of BNC1 in basal cells.

Previous studies showed that BNC1 has a selectively high expression in basal cells of the
skin epithelium, and is reduced in Suprabasal and differentiated layers. Consistently, its
reduction is associated with the appearance of keratinocytes differentiation marker,
suggesting its role in maintaining the undifferentiated basal cell state (Tseng & Green, 1994;
Boudra et al., 2023). Consistently, our results show a correlation between the downregulation
of BNC1 (Fig. 31B and 32D), the reduction of basal cell markers, and the increase in
differentiation markers following BHLHE40 overexpression on day 14 (Fig. 18 and 19).
Taken together, our data indicate that BHLHE40 transcriptionally represses BNCI1
expression, which in turn induces the loss of basal cells and transition to an intermediate cell
state. BHLHEA4O direct transcriptional repression of BNCI1 and the loss of basal cells
occurred on day 14. We hypothesized that BHLHE40-mediated BNC1 repression triggered
Notch activation, leading to basal cell loss. Since BHLHE40-induced increase in Notch
signaling was observed on day 5, we suggest that this may reflect the early onset of BNCl1
repression, continuing through day 14 when basal cells were lost. However, the lack of
increased Notchl signaling on day 14 in sorted cells overexpressing BHLHE4O is very likely
due to the small proportion of basal cells and the larger proportion of ciliated cells where
Notch signaling is repressed (Ruiz Garcia et al., 2019), as assessed by the expression of cell

type-specific and corresponding Notch-related genes (Fig 18D and 28A, C). In contrast, we
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show on day 5 that BHLHEA40 overexpression increased the expression of NOTCHI, because
the culture is more homogenous and mainly composed of basal cells at this time. However,
how BNCI1 induces the activation of Notch signaling driving basal to intermediate cell

transition needs to be elucidated.

Since our scenario suggested that the basal-to-intermediate cell transition stems from
BHLHE40-induced increase in Notch signaling, we expected that BHLHEA4O transcriptionally
repress Notch signaling inhibitor genes in basal cells, like LFNG and CSNK2B (Fig. 27C),
leading therefore to Notch upregulation and subsequent basal-to-intermediate cell transition.
Since neither BNC1 nor the other potential BHLHE40 transcriptional targets are described to
be Notch inhibitor genes from the literature, the induced increase in Notch signaling is rather

a secondary effect.

Lacking evidence that BHLHE4O transcriptionally represses HIF 1o, FOSLI, MYC, HMGA2,
and ZFP36L1 gene expression, we hypothesized that BNC1 is the solely transcriptional target
of BHLHEA40 that is needed to maintain the undifferentiated basal cell state by negatively
regulating Notch signaling in basal cells (e.g., through maintaining Notch inhibitor
expression). In line with this, our bulk RNA sequencing data from the sorted BHLHE40-GFP
cells from day 14 shows that gene expression of the basal cell-specific Notch inhibitor LFNG
is reduced (Fig. 27A), suggesting that it could be the reason behind Notch activation in basal
cells. Taken together, LFNG could be one of the downstream targets of BNC1 in basal cells

which may be involved in the Notch-dependent basal-to-intermediate cell transition (Fig. 36).
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Figure 36. Proposed model explaining BHLHE40-induced basal to intermediate cell transition and
the involved downstream target. In the absence of BHLHE40, the transcription factor BNC/ is expressed
in basal cells and negatively regulates Notch signaling possibly via maintaining the expression of the basal
cell-specific Notch inhibitor LENG. This Notch inhibition prevents basal cell differentiation and maintains
their undifferentiated state. However, when BHLHEA40 is present in basal cells, it transcriptionally
represses the expression of BNC/, inducing the downregulation of LFNG, subsequent de-repression of
Notch signaling, and basal to intermediate cell transition.

To confirm that BNC/ repression mediates BHLHE40-induced loss of basal cell markers and
transition to intermediate cells, BNCI knockdown should be performed to assess whether the
phenotype of BHLHE40 overexpression in the ALI culture can be reproduced. Additionally,
since TP63 expression is regulated by multiple signaling pathways in addition to Notch
signaling (Yoh et al., 2015), further investigation is needed to deepen our understanding of
the molecular mechanisms underlying BHLHE40-BNC1-induced loss of basal cells TP63*,
focusing on identifying BNC1 downstream targets, which our results suggest as a potential
starting point for future studies. This will determine how BNC1 maintains TP63 expression in
the human airway epithelium and whether Notch signaling is solely involved in this

BHLHE40-mediated regulation of basal cell differentiation.

In addition, previous studies have shown that the expression of MYC and HIF1a maintain the
basal cell genes in different epithelial cell contexts. Their loss of function is associated with
the loss of basal cell-specific genes (Schwab LP et al, 2012; Xi Y et al, 2017; Hishida T et al,
2022; Wang F et al, 2022). Also, HMGA?2 repression was shown to positively regulate

osteogenic differentiation (Wei J et al, 2014) while its expression seemed to be required in
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adult stem cells to allow self-renewal and block differentiation (Parisi S et al, 2020).
Therefore, it would be valuable to investigate the role of these additional potential BHLHE40
transcriptional targets in maintaining the basal cell state by first validating their BHLHEA40-
transcriptional repression. As previously discussed, sorting basal cells overexpressing
BHLHE40-GFP from the rest of the culture on day 14 would be needed to evaluate
BHLHEA4O0 repressive effect specifically in basal cells, without being influenced by other cell

types in the culture.

Future experiments to identify the unique molecular programs that distinguish the pre-
committed basal/intermediate cells toward a secretory or a ciliated cell program, to predict
which co-factors interact with BHLHE4O to regulate the expression of which target(s) in each
specific cell type/subtype, and to further validate the proposed BHLHE40 spatio-temporal
regulation along the pHBECs-derived ALI culture (Fig. 35), we will need a combination of
single-cell RNA and ATAC-sequencing of BHLHE40 overexpressing basal cells at different
time point of ALI culture. This will enable the identification of the differentially expressed
transcription factors, Notch activators, and inhibitors genes, in parallel to the differentially
accessible chromatin regions in the genome along the differentiation trajectory from basal
cells towards intermediate/presecretory cells, in a cell-type specific manner (in BHLHE40
overexpressing versus non-overexpressing basal cells). In this way, we will better predict
which Notch genes are being regulated with which transcription factor(s) downstream of
BHLHEA40, then we could confirm this specific regulation using a specific antibody-targeted

DNA binding approach.

Considering our pHBEC-derived ALI culture as a regeneration model, our data suggest that
BHLHEA4O0 has the potential to enhance human airway epithelial regeneration upon injury by
promoting basal cell differentiation. This highlights the need to further investigate the
molecular mechanisms through which BHLHE40 contributes to this process. Additionally,
our pseudotime analysis of differentiating ALI culture suggested the involvement of
BHLHEA40 in the SMG-like basal cell differentiation trajectory towards secretory cells (Fig.
7D). Since basal cells of the SMGs have been shown to contribute to the surface airway
epithelium (SAE) regeneration upon injury (Hegab et al., 2011; Levlev et al., 2022; Lynch et
al., 2018), we propose that BHLHE40 may enhance regeneration by promoting differentiation
of basal progenitor cells not only of the SAE but also of the SMGs. To investigate the

contribution of BHLHE40 in airway epithelial cell regeneration in vivo, an inducible
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BHLHEA4O0 basal cell-specific knockout or knock-in mouse model (with a reporter) combined
with naphthalene injury or diphtheria toxin-induced luminal epithelial cell ablation, is
needed. Furthermore, to distinguish BHLHE40 contribution to epithelial regeneration via
basal cells of the SAE versus SMG, additional studies are needed to identify unique SMG
basal cell markers for lineage tracing upon injury, in the presence or absence of BHLHEA40.
In addition, it would be interesting to assess whether BHLHE40 also contributes to distal
lung regeneration by influencing LNEPs, a stem cell population that activates
the TP63/KRTS basal cell program in a Notch-dependent manner, to regenerate alveolar

epithelium upon injury (Kathiriya et al., 2020; Vaughan et al., 2015).

Last but not least, our analysis of Bhlhe40-global knockout adult mice (Dr. Alexandra
Firsova) did not show any difference in airway epithelial cell numbers compared to the
control lungs in the tracheal and airway epithelium (data not shown), excluding a role of

BHLHEA40 in murine airway epithelium differentiation during homeostasis.

To exclude a redundant function of BHLHE40, we show that its knockdown resulted in the
reduction, but not the absence of epithelial cell differentiation into club, goblet, and ciliated
cells (Fig. 22 and 23). To account for this, we propose that not all cells expressing BHLHE40
shRNA had efficiently prevented the expression of BHLHE40. This is supported by the
previously observed partial decrease in BHLHE40 gene expression in the sorted cells
overexpressing BHLHE40 shRNA (Fig. 16D), and also aligns with the expected low level of
BHLHE40 expression in a knockdown experiment, as opposed to a knockout. Therefore, we
propose that the cells overexpressing BHLHE40 shRNA that had still differentiated did not
efficiently reduce BHLHE40 gene expression, which can be attributed to epigenetic factors-
silencing of the lentiviral construct (Knight et al., 2012; Sun et al., 2022). A second scenario
to explain the reduction, but not the absence of epithelial cell differentiation following the
knockdown, is that BHLHE4O0 is not a master regulator of differentiation but rather increases
or decreases the rate of differentiation in cooperation with other transcription factors,
suggesting its supportive rather than driving role in cell differentiation. Its knockdown
reduces differentiation but does not completely block it, as other factor(s) provide partial
functionality in its absence, though they cannot fully compensate for its loss. Taken together,
these findings suggest that BHLHE40 is important but not essential to driving airway

epithelial cell differentiation.
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6 Summary

Airway basal cells are multipotent stem cell progenitors, which are crucial to maintaining the
pseudostratified epithelium. Understanding
the molecular mechanisms that regulate their differentiationis  essential ~ to unravel how
normal and pathological airway epithelial regeneration occurs. With this aim, we performed
single-cell RNA sequencing and pseudotime analysis of primary human bronchial epithelial
cells (pHBECs) differentiated on air-liquid-interface (ALI) culture, revealing a selective
upregulation of the transcription factor BHLHEA40 in differentiating intermediate epithelial
cells. Using our ALI cultures in combination with lentiviral-based gene transfer, we show
that the overexpression of BHLHE40 in human basal cells increased their differentiation into
club, goblet, and ciliated cells. Consistent with the overexpression results, the knockdown of
BHLHE40 in the ALI cultures reduced basal epithelial cell differentiation. Interestingly, we
demonstrate that BHLHE40-mediated loss of basal cell fate through increased differentiation
was preceded earlier in the culture by an increase in Notch signaling on day 5. Previous
studies have shown that Notchl signaling activation in basal cells of the murine airway
epithelium is associated with the downregulation of basal cell genes and upregulation of
luminal differentiation markers. Furthermore, N1ICD overexpression in primary epithelial
cells from the human mammary epithelium reduced TP63 expression. Taken together, we
propose that BHLHE40-induced loss of basal cells and transition to an intermediate state

involves Notch signaling.

To investigate the molecular mechanisms of BHLHE40-induced basal-to-intermediate cell
transition and identify its direct transcriptional targets involved in Notch signaling activation
driving this transition, we did a 3-step selection by performing a comparative analysis of
three datasets: the data from the published BHLHE40 A549 ChIP-sequencing, our
differentially expressed transcription factors in the differentiation trajectory of the
Submucosal glands (SMGs)-like basal cells toward secretory cells, and our Real-Time qPCR
analysis of transduced A549 cells overexpressing GFP or BHLHE40-GFP. We ended up with
8 potential BHLHE4O0 targets: FOS, HIF1a, MYC, HMGA2, BNC1, ZFP36L1, FOSLI, and
SOX9. To confirm that they are transcriptional targets of BHLHE40 in our pHBECs-derived
ALI culture, we used CUT&RUN DNA enrichment combined with gene expression analysis
of transduced cells overexpressing BHLHE40-GFP from ALI day 14. We show that, although
BHLHE40 has bound to HIFIla, BNCI, FOSLI, MYC, HMGA?2, and ZFP36L1 genomic
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regions, it only repressed BNCI gene expression without affecting the other targets.
Consistently, we show that BHLHE40 overexpression reduced the number of BNCI-
expressing cells in the basal layer and that BNCI1 expression was exclusive to basal cells,

further confirming BHLHE40-mediated transcriptional repression of BNC1 in basal cells.

Previous studies showed that BNC1 has a selectively high expression in basal cells of the
skin epithelium, which goes down in the Suprabasal and differentiated layers. Consistently,
its reduction was associated with the appearance of keratinocytes differentiation marker,
suggesting its role in maintaining the undifferentiated basal cell state. In line with our results,
we show a correlation between the downregulation of BNCI, the reduction of basal cell
markers, and the increase in epithelial cell differentiation following BHLHEA40
overexpression on day 14. Taken together, our data indicate that BHLHE40 transcriptionally
represses BNCI expression, which in turn induces the loss of basal cells and their
differentiation. We hypothesized that BNC1 is the solely transcriptional target of BHLHE40
that is needed to maintain the undifferentiated basal cell state by negatively regulating Notch
signaling in basal cells (e.g., by activating Notch inhibitor). Bulk RNA sequencing of sorted
BHLHEA40-GFP cells from ALI day 14 identified LFNG, a basal cell-specific Notch inhibitor,
as a potential downstream target of BNC1, as its expression decreased following BHLHE40
overexpression. However, it remains unclear whether LFNG or other mediators contribute to

the BHLHE40-BNC1-induced transition from basal to intermediate cells.

Additionally, since TP63 expression is regulated by multiple signaling pathways in addition
to Notch signaling, further investigation is needed to deepen our understanding of the
molecular mechanisms driving BHLHE40-BNC1-mediated loss of TP63* basal cells,
focusing on identifying BNC1 downstream targets, which our findings suggest as a promising
starting point for future studies. This will determine how BNC1 maintains TP63 expression in
the human airway epithelium and whether Notch signaling is solely involved in BHLHE40-

mediated regulation of basal cell differentiation.

Considering our pHBECs-derived ALI culture as a re-generation model, our data suggest a
potential of BHLHE40 to enhance the regeneration of the human airway epithelium upon
airway injury through increasing differentiation. Also, our single-cell RNA sequencing and
pseudotime analysis of differentiating ALI culture suggested the involvement of BHLHE40

in the SMGs-like basal cell differentiation trajectory towards secretory cells. Since basal cells
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of the SMGs have been shown to contribute to the surface airway epithelium (SAE)
regeneration upon injury, we propose a potential role of BHLHE40 in enhancing regeneration
via increasing differentiation of basal progenitor cells, both in the SAE and the SMGs.
Collectively, we propose that BHLHE40 could serve as a target for therapeutic strategies

aimed at enhancing tissue repair and regeneration in the airway epithelium.
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7 Zusammenfassung

Die Basalzellen der Atemwege sind multipotente Stammzellvorldufer, die fiir die
Aufrechterhaltung des pseudostratifizierten Epithels von entscheidender Bedeutung sind. Das
Verstindnis der molekularen Mechanismen, die ihre Differenzierung regulieren, ist
essenziell, um zu verstehen, wie die normale und pathologische Regeneration des
Atemwegepithels ablduft. Zu diesem Zweck fiihrten wir eine Einzelzell-RNA-Sequenzierung
und Pseudotime-Analyse von primédren menschlichen bronchialen Epithelzellen (primary
human bronchial epithelial cells, pHBECs), die in einer Air-Liquid-Interface (ALI)-Kultur
differenziert wurden, durch. Dabei zeigte sich eine selektive Hochregulation des
Transkriptionsfaktors BHLHE40 in differenzierenden intermedidren Epithelzellen. Mit
unseren ALI-Kulturen in Kombination mit lentivirusbasiertem Gentransfer zeigten wir, dass
die Uberexpression von BHLHE40 in menschlichen Basalzellen deren Differenzierung in
Club-, Becher- und Zilienzellen erhohte. Im Einklang mit den Uberexpressionsergebnissen
verringerte der Knockdown von BHLHE40 in den ALI-Kulturen die Differenzierung der
Basalzellen. Interessanterweise demonstrierten wir, dass der BHLHE40-vermittelte Verlust
der Basalzellen durch eine verstirkte Differenzierung in den frilhen Kulturtagen mit einer
Zunahme der Notch-Signalgebung am Tag 5 einherging. Friihere Studien haben gezeigt, dass
die Aktivierung des Notchl-Signals in Basalzellen des murinen Atemwegepithels mit einer
Herabregulierung der Basalzellgene und einer Hochregulierung von Markern der luminalen
Differenzierung verbunden ist. Dariiber hinaus fiihrte die Uberexpression von N1ICD in
primdren Epithelzellen des menschlichen Mamma Epithels zu einer Reduktion der TP63-
Expression. Zusammenfassend konnten wir zeigen, dass der BHLHE40-induzierte Verlust
von Basalzellen und der Ubergang zu einem intermediéiren Zustand durch Notch-Signaling

vermittelt wird.

Um die molekularen Mechanismen der BHLHE40-induzierten Basalzellen-zu-intermediéren
Zellen-Transition zu untersuchen und seine direkten Transkriptionsziele zu identifizieren, die
an der Aktivierung der Notch-Signalgebung beteiligt sind, fiihrten wir eine dreistufige
Selektion durch, indem wir eine vergleichende Analyse von drei Datensédtzen vornahmen: die
Daten der veroffentlichten BHLHE40 AS549 ChIP-Sequenzierung, unsere differentiell
exprimierten Transkriptionsfaktoren in dem Differenzierungverlauf der submukosalen
Driisen (SMGs)-dhnlichen Basalzellen, hin zu sekretorischen Zellen und unsere RT (real

time) qPCR-Analyse von transduzierten A549-Zellen, die entweder GFP oder BHLHE40-
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GFP iiberexprimierten. Wir identifizierten 8 potenzielle BHLHE40-Ziele: FOS, HIFI«,
MYC, HMGA2, BNC1, ZFP36L1, FOSLI und SOX9. Um zu bestitigen, dass es sich bei
diesen um Transkriptionsziele von BHLHE40 in unserer pHBECs-abgeleiteten ALI-Kultur
handelt, verwendeten wir CUT&RUN DNA-Anreicherung in Kombination mit einer
Genexpressionsanalyse von transduzierten Zellen, die BHLHE40-GFP an Tag 14 der ALI-
Kultur iiberexprimierten. Wir zeigten, dass BHLHE40 an den Genomregionen von HIF I,
BNCI, FOSLI, MYC, HMGA2 und ZFP36LI gebunden war, jedoch nur die BNCI-
Genexpression unterdriickte, ohne die anderen Ziele zu beeinflussen. Konsistent damit zeigte
sich, dass die Uberexpression von BHLHE40 die Anzahl der BNC1-exprimierenden Zellen in
der Basalschicht reduzierte und dass die BNC1-Expression exklusiv in Basalzellen auftrat,
was die BHLHE40-vermittelte Transkriptionsrepression von BNC1 in Basalzellen weiter

bestitigte.

Friihere Studien haben gezeigt, dass BNC! eine selektiv hohe Expression in Basalzellen des
Hautepithels aufweist, die in den suprabasalen und differenzierten Schichten abnimmt. In
Ubereinstimmung ~ damit, wurde seine Reduktion mit dem Auftreten von
Differenzierungsmarkern der Keratinozyten in Verbindung gebracht, was auf seine Rolle bei
der Aufrechterhaltung des undifferenzierten Basalzell-Zustands hinweist. Im Einklang mit
unseren Ergebnissen zeigen wir eine Korrelation zwischen der Herabregulierung von BNC1,
der Reduktion von Basalzellmarkern und der Zunahme der epithelialen Differenzierung nach
Uberexpression von BHLHE40 an Tag 14. Zusammengefasst deuten unsere Daten darauf hin,
dass BHLHEA40 die BNCI1-Expression transkriptionell repressiert, was wiederum den Verlust
von Basalzellen und deren Differenzierung induziert. Wir nahmen an, dass BNC1 das einzig
transkriptionelle Ziel von BHLHE40 ist, das notwendig ist, um den undifferenzierten
Basalzell-Zustand durch negative Regulation der Notch-Signalgebung in Basalzellen
aufrechtzuerhalten (z. B. durch Aktivierung des Notch-Inhibitors). Die Gesamt-RNA-
Sequenzierung von sortierten BHLHE40-GFP-Zellen aus der ALI-Kultur am Tag 14
identifizierte LFNG, einen Basalzell-spezifischen Notch-Inhibitor, als potenzielles
downstream Ziel von BNC1, da dessen Expression nach Uberexpression von BHLHE40
abnahm. Es bleibt jedoch unklar, ob LFNG oder andere Mediatoren zur BHLHE40-BNC1-

induzierten Transition von Basalzellen zu intermedidren Zellen beitragen.

Da die TP63-Expression durch mehrere Signalwege, einschlieflich der Notch-Signalgebung,

reguliert wird, sind zusitzlich weitere Untersuchungen erforderlich, um unser Verstdndnis der
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molekularen Mechanismen zu vertiefen, die den BHLHE40-BNC1-vermittelten Verlust von
TP63+ Basalzellen antreiben. Dabei sollte der Fokus auf der Identifikation von BNCI-
regulierten Zielgenen liegen, die unsere Ergebnisse als vielversprechenden Ausgangspunkt
identifizieren konnte. Dies konnte erkldaren, wie BNC1 die TP63-Expression im menschlichen
Atemwegepithelium aufrechterhélt und ob die Notch-Signalgebung ausschlieBlich in die

BHLHE40-vermittelte Regulation der Basalzell-Differenzierung involviert ist.

Im Hinblick auf unsere pHBECs-abgeleitete ALI-Kultur als Modell fiir Regeneration legen
unsere Daten nahe, dass BHLHE40 das Potenzial besitzt, die Regeneration des menschlichen
Atemwegepithels nach Atemwegsverletzungen durch verstirkte Differenzierung zu fordern.
Unsere Einzelzell-RNA-Sequenzierung und Pseudotime-Analyse der differenzierenden ALI-
Kultur deuteten ebenfalls darauf hin, dass BHLHE40 in dem Differenzierungsverlauf der
SMGs-dhnlichen Basalzellen hin zu sekretorischen Zellen eine Rolle spielt. Da gezeigt
wurde, dass Basalzellen der SMGs zur Regeneration des Oberflichen-Atemwegepithels
(SAE) nach Verletzungen beitragen, besitzt BHLHE40 eine potenzielle Rolle bei der
Forderung der Regeneration durch verstirkte Differenzierung der basalen Vorliduferzellen,
sowohl im SAE als auch in den SMGs, vor. Dementsprechend konnte BHLHE40 als Ziel fiir
therapeutische Strategien dienen, die auf die Forderung der Gewebeheilung und Regeneration

im Atemwegepithelium abzielen.
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