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V Summary

RNA binding proteins (RBPs) associate with target ribonucleic acids (RNAs) through
conventional or unconventional RNA-binding domains to regulate messenger RNA
(mRNA) biogenesis and metabolism. Under certain settings like cellular stress,
membrane-free cytoplasmic aggregates, termed stress granules (SGs), are formed,
which enclose RBPs and untranslated or stalled RNA transcripts. In organs with a high
and complex RNA metabolism like the brain or the lungs, the task of RBPs and SGs
becomes even more complex. The complex role of RBPs has been elegantly studied in
the field of neurodegeneration, but their role in lung diseases remains poorly
understood. Idiopathic pulmonary fibrosis (IPF) is a life-threatening, chronic lung
disease that is characterized by alveolar epithelial cell injury and severe fibroblast
proliferation, thus resulting in disturbed epithelial-mesenchymal crosstalk and,

ultimately, fibrosis.

The goal of this study was to better understand the role of RBPs and SGs in lung
fibrosis. For this, explanted lungs and interstitial fibroblasts isolated from IPF patients
or healthy donors, mouse model of fibrosis as well as an in vitro amiodarone induced
lung fibrosis model were employed. In general, a differential regulation of several RBPs
including transactive response DNA binding protein 43 kDa (TDP43), fused in
sarcoma/translocated in liposarcoma (FUS/TLS), serum response factor (SRF),
muscleblind-like splicing regulator 1 (MBNL1) and polyadenylate-binding protein 1
(PABPC1) was encountered in IPF and in the amiodarone model. Of interest, some
RBPs, namely FUS, TDP43 and PABPCI1, were observed to be particularly increased in
the interstitial fibroblasts of IPF patients. In addition to this, overexpression of FUS in
healthy primary fibroblasts resulted in an increase in the cell proliferation marker
proliferating cell nuclear antigen (PCNA), indicating that the increase in FUS is
sufffcient to trigger their proliferation. Further, decreased staining for both FUS and
PABPCI1, was observed in IPF precision cut lung slices (PCLS) which were treated ex
vivo with the anti-fibrotic drug pirfenidone. This indicated that pirfenidone may exert
its anti-fibrotic effects, at least in part by targeting RBPs like FUS and PABPCI1. Taken
together, our study, for the first time, documents strict cell specific and altered
expression and localization of RBPs and SG proteins in IPF. Our results also imply, that

patient lungs and therapeutic targeting of RBPs may prove beneficial in IPF.
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VI Zusammenfassung

RNA bindende Proteine verkniipfen sich mit ihren Ziel-RNAs iiber herkdmmliche oder
unkonventionelle RNA-Bindungsdoménen und regulieren hierliber die mRNA-
Biogenese und den mRNA-Metabolismus. Unter bestimmten Bedingungen, wie z. B.
zelluldren Stress, bilden sich membranfreie cytoplasmatische Aggregate, sogenannte
Stress Granula (SG), die RBPs und nicht-translatierte oder blockierte RNA-Transkripte
einschlieBen. In Organen mit hohem und komplexem RNA-Metabolismus wie dem
Gehirn oder der Lunge, sind die Aufgaben von RBPs und SGs noch komplexer. Die
wichtige Rolle von RBPs wurde ausfiihrlich im Gebiet der Neurodegeneration
untersucht, ihre Rolle bei Lungenerkrankungen ist jedoch nach wie vor unbekannt. Die
idiopathische pulmonale fibrose (IPF) ist eine lebensbedrohliche chronische
Lungenerkrankung, die durch Verletzung des alveoldren Epithels und starke
Proliferation von Fibroblasten gekennzeichnet ist. Dies fiihrt zu einem gestorten

epithelialen-mesenchymalen Crosstalk und letztendlich zu Fibrose.

Das Ziel dieser Studie war es, den Einfluss von RBPs und SGs auf Lungenfibrose zu
verstehen. Zu diesem Zweck wurden explantierte Lungen und extrahierte interstitielle
Fibroblasten von IPF-Patienten und gesunden Spendern, ein Mausmodell der
Lungenfibrose, sowie ein Modell der in vitro-Amiodaron-induzierten Lungenfibrose
genutzt. Im Allgemeinen wurde eine unterschiedliche Regulation verschiedener RBPs,
einschlielich TDP43, FUS, SRF, MBNL1 und PABPCI, im IPF und im Amiodaron-
Modell festgestellt. Interessanterweise wurde beobachtet, dass die RBPs FUS, TDP43
und PABPCI in interstitiellen Fibroblasten von IPF-Patienten besonders erhoht sind.
Dariiber hinaus fiihrte die Uberexpression von FUS in gesunden primiren Fibroblasten
zu einem Anstieg des Zellproliferationsmarkers PCNA, was darauf hinweist, dass der
Anstieg von FUS ausreicht, um deren Proliferation auszuldsen. Ferner wurde eine
verringerte Farbung sowohl fiir FUS als auch fiir PABPCI1 in IPF-precision cut lung
slices (PCLS) beobachtet, die ex vivo mit dem Antifibrotikum Pirfenidon behandelt
wurden. Dies deutete darauf hin, dass Pirfenidon seine antifibrotischen Wirkungen
zumindest teilweise iiber eine Beeinflussung von FUS und PABPCI ausiiben kann.
Zusammenfassend zeigt unsere Studie erstmals eine strikte, zellspezifisch verénderte
Expression und Lokalisierung von RBPs und SG-Proteinen in IPF-Lungen. RBPs bieten

sich daher als therapeutisches Ziel zur Beeinflussung des Verlaufs einer IPF an.
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1. Introduction

1.1 Aims and Objectives

The complex role of RBPs and SGs has been elegantly studied in several human
pathologies, but their role in lung diseases remains poorly understood. Especially under
conditions of IFP, the regulation and role of RBPs and / or SGs is completely unclear.
We therefore hypothesized that under conditions of IPF RBPs are differently regulated
and may affect the cellular fate in IPF. To test this, we identified the following aims for

this study:

1. To characterize known RBPs as well as SG proteins in lung fibrosis. For this, we
first aimed to analyze the regulation of RBPs in the lung tissues of IPF versus
donors, in primary fibroblasts of IPF and donor lungs, and also in animal models

of lung fibrosis, especially the amiodarone induced model of lung fibrosis.

2. To perform gain and / or loss of function study of the altered RBP(s). Pending
on the readouts obtained in 1, we aimed to either overexpress or knockdown the
identified RBP(s) in in vitro models of lung fibrosis in order to understand the

cellular fate as a result of such alterations, for example cell survival.

3. To understand if standard of care drugs for IPF may interact with RBPs. To
study this, we aimed to treat precision cut lung slices of IPF patients with the
known IPF standard of care drug, pirfenidone, and to identify its effects on the

regulation of RBPs.



1. Introduction 2

1.2 RNA-binding proteins (RBPs) & stress granules (SGs)

As the name suggests, RBPs uniquely interact with RNAs (Davidson, 1945) to control
several facets of the RNA life cycle, thereby making them critical players in post-
transcriptional events (Helder ef al, 2016). Classically, two conserved domains have
been ascribed to RBPs: the hydrophobic, glycine rich domain, which mediates
reversible aggregation of these proteins, and RNA binding domains (RBD) that
predominantly regulate their RNA binding. These RBDs recognize either a sequence or
a structural motif to associate with their target mRNAs. Based on their RBDs, RBPs are
further grouped as proteins with: 1. RNA recognition motif (RRM), 2. zinc-finger
domain (ZnF), 3. K-homology (KH) domain and 4. double stranded RNA-binding
domain (dsRBD) (Brinegar & Cooper, 2016; De Conti et al, 2017; Helder et al., 2016).
However, the functions of RBPs cannot be deduced based on the information of their
binding sequences, as many RBPs display more than one RBD. There are certain
auxillary domains that have been referred to as disordered protein regions that mediate
both specific and non-specific interactions with RNA (De Conti et al., 2017). This is
supported by recent pioneering work where several RBPs, without the presence of a
specific binding motif, have been identified by Castello & colleagues (Castello et al,
2013). In any case, the interaction of RBPs with RNAs (including coding, non-coding,
untranslated or miRNAs (microRNA)) results in dynamic functional units called
ribonucleoprotein (RNP) complexes. Through these RNP complexes, RBPs may either
remain bound to the RNAs right from their synthesis to degradation or may be

selectively bound to specific RNAs in a temporal fashion (Achsel ef al., 2016).

RBPs have diverse functions depending upon their cellular localization. In the nucleus,
they regulate mRNA maturation that includes RNA splicing, RNA polymerase
elongation, RNA helicase activity and nuclear export. In the cytoplasm RBPs regulate
translation, silencing, RNA transport and degradation (Heyd & Lynch, 2011; Wolozin
& Apicco, 2015). Pioneering studies in the past revealed that RBPs create RNPs out of
mRNA - protein and protein - protein interactions to achieve their functions by forming
discrete cytoplasmic granules which are the sites of transport and translational
regulation. Depending upon the metabolic state of the cell, mRNA in these granules
may be activated or directed for degradation. These could be the motile RNA granules
which transport RNA (Bashkirov et al, 1997; Sheth & Parker, 2003b; van Dijk et al,

2002), stress granules (SGs) that are formed in response to stress and contain translation
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initiation factors, RBPs, non-RBPs and untranslated RNA (Loschi et al, 2009; Thomas
et al, 2005) or P-bodies (processing bodies) that contain a mRNA decay machinery like

decapping enzymes and nonsense mediated decay enzymes (Loschi ef al., 2009).

SGs are assemblies of untranslating messenger ribonucleoproteins (mRNPs) that form
in the cytoplasm and nucleus of eukaryotic cells (Protter & Parker, 2016) (Sheinberger
& Shav-Tal, 2017). Cytoplasmatic SGs contain mRNAs stalled during the initiation of
translation and proteins including numerous types of RBPs (Chen & Liu, 2017). They
are non-membranous, liquid-liquid phase separations (LLPS) which are bound together
through conventional protein-protein interactions, RNA binding domains from RBPs
and interactions involving intrinsically disordered regions (IDR) of proteins (Protter &
Parker, 2016) (Jain et al, 2016). SG assembly is a response to cellular stresses that
represses MRNA translation like viral infections, heat, oxidation and starvation
(Sheinberger & Shav-Tal, 2017) and they affect mRNA function and localization. This
translational arrest leads to the accumulation of stalled translation preinitiation
complexes (Kedersha et al, 2005) (Kedersha et al, 1999) (Panas et al, 2016) (Dang et al,
2006) (Mokas et al, 2009) thereby preventing the assembly of polysomes (Gebauer &
Hentze, 2004).

There are three main functions of SGs:

Firstly, SGs allow cells to adapt to diverse environmental stressors and safeguard key
cellular components (Cao et al, 2020). Furthermore, SGs contain a high local
concentration of diverse proteins and mRNAs, which allows for the increased efficiency
of certain reaction kinectics under stress conditions, in turn helping cells to survive. For
instance, the concentration of mRNAs and translation factors in SGs may promote
interaction and accelerate the formation of translation initiation complexes (Cao et al.,

2020) (Buchan et al, 2008).

Secondly, SGs play a role in signal transduction pathways in response to stress
conditions. Several signaling factors are sequestered in SGs transiently in response to

stress, affecting downstream signal transduction pathway (Kedersha et a/, 2013).

The third function of SGs is temporary storage and protection of mRNAs and proteins
from autophagy and proteasomal degradation under stress conditions (Cao et al., 2020).
This allows a rapid resumption of translation and other signaling pathways upon the

release of the stress condition (Guzikowski et al, 2019) (Cao et al., 2020).
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The generation of SG’s is based on a high concentration of macromolecules in order to
reach a critical treshhold to start LLPS, thereby forming aggregates (Cao et al., 2020).
When liquid conglomerates convert into gel-like or solid-like fibrillar aggregates, the
interaction of the components with the surrounding is significantly reduced (Alberti &
Dormann, 2019; Molliex et al, 2015b) (Patel et al, 2015a). Such pathological
assemblies, which arise in this way, can lead to several diseases including amyotrophic
lateral sclerosis (ALS), Alzheimer’s disease and Parkinson’s disease (Alberti &
Dormann, 2019; Falahati & Haji-Akbari, 2019). For instance, in vitro at physiological
concentrations, the RBP FUS seperates into dynamic liquid compartments, in case of
cellular stress its concentration is increased and the liquid phases transform into gel-like

aggregates, thereby leading to a change in its properties (Cao et al., 2020).

Under cellular stress, the nucleus exports nontranslating mRNPs including mRNA and
translation initiation factors like eukaryotic translation initiation factor 4 G (eIlF4G) and
PAB1/PABPI1 form physiological SGs into the cytoplasm. This process is driven by
RBPs acting as primary nucleators such as Ras GTPase-activating protein-binding
protein 1 (G3BP1) and T-cell intracellular antigen-1 (TIA1) and leading to a dynamic
state where components of SGs dissociate from the complexes and cytoplasmic
components bind to the SGs with a residence time of a few seconds (Sheinberger &
Shav-Tal, 2017) (Chen & Liu, 2017). This fact contradicts the model of SGs as mRNP
storage granules and rather indicates them as a dynamic point of maintainance from
RNPs during stress conditions (Sheinberger & Shav-Tal, 2017). SG themselves persist
for minutes to hours and their assembly takes more time than their disassembly. This
equilibrium is maintained by multiple ATP (Adenosinetriphoshpate)-driven machineries
(Jain et al., 2016). For instance, ATP-driven disaggregases are needed, which dissolve
SGs and prevents the fusion of P-bodies and SGs. P-bodies are also cytoplasmatic RNA
granules (Aizer et al, 2008) (Aizer & Shav-Tal, 2008), which contain protein factors
involved in mRNA degradation, translational repression and gene silencing (Zheng et
al, 2008). Moreover DEAD-box helicases were found in the cores of SGs that are
responsible for ATP-binding, ATP hydrolysis and RNA-binding (Cherry &
Ananvoranich, 2014). Furthermore, they are important for SG assembly by increasing
the binding affinity to elF4, thereby repressing the translation (Hilliker et al/, 2011).
Another important role in the equilibrium of SGs is played by ATPases, which promote
the targeting of SGs to autophagy (Buchan et al, 2013).
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Severe oxidative stress (ROS), ageing and cellular surveillance systems influence SG
clearance even in resistant cells like neurons and muscle cells. It is well-known that
oxidative stress leads to the oxidation of proteins and in fact to changes in their tertiary
structure and protein aggregation (Squier, 2001) (Mirzaei & Regnier, 2008).
Simultaneously, early stage protein aggregates generate hydrogen peroxide and other
ROS (Tabner et al, 2005) which leads to a circle of oxidation and SG assembly.
Persistent oxidative stress induces the Oligomerization of pathological RBPs like
TDP43 and FUS and they are recruited into SGs, where their transition to pathological
amyloid-like SG is enhanced (Chen & Liu, 2017) (Figure 1).
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Figure 1: Assembly of physiological SGs and transformation into pathological SGs due to
persistant oxidative stress combined with autophagy defects and amyloid formation-promoting

mutations (modified from Chen & Liu, 2017).
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1.2.1 SG and autophagy

Autophagy is a lysosome dependent cellular quality control mechanism. Proteins and
organelles are targeted to lysosomal degradation via double-membraned structures
called autophagosomes (Buchan et al., 2013). Likewise, SGs and P-bodies can be
targeted to vacuoles/lysosomes for degradation by autophagy, this process is referred to
as granulophagy (Buchan et al., 2013). Stress granule accumulation can be caused by
mutations which inhibit autophagy at stages prior to an autophagosome-vacuolar
membrane fusion. Such view is consistent with a continuous SG clearance by an
autophagic process. Moreover, several mutations that disrupt autophagy lead to an
increase in SGs, which are then usually associated with P-bodies (Buchan et al., 2013).
Buchan et al observed the accumulation of PAB1-GFP and Edc3-mCh (P-body marker)
in an intravacuolar compartment (IVC) in an autophagy-disrupted mutant (atgl5 A
mutant). Atgl5 is a vacuolar lipase involved in opening of vesicles targeted to the
vacuole from autophagic trafficking pathways (Teter et al, 2001). Consequently, these
results support the view that SG and P-bodies accumulate in the cytosol of strains

defective in autophagy (Buchan et al., 2013).

There are several mechanisms that regulate the clearance of P-bodies and SGs. First, the
translation initiation can reduce P-bodies and SGs by promoting the return of mRNAs to
translation (Bhattacharyya et a/, 2006; Brengues et al, 2005). Second, decapping and 5°
to 3¢ degradation can reduce the mRNAs present within P-bodies (Sheth & Parker,
2003a). Third, targeting of SGs and possibly P-bodies to autophagy regulates the
clearance of these structures (Buchan et al., 2013). Since these pathways are dependent
on each other, decrease in one of these pathways increases the other. Buchan et al
confirmed that a decrease in decapping or 5° to 3¢ exonucleolytic degradation that leads
to the accumulation of P-bodies, SGs and a pool of non-degraded mRNAs results in an
increased flux of mRNPs into the autophagy pathway (Buchan et al., 2013; Buchan et
al., 2008; Sheth & Parker, 2003a).

Normally mRNPs can return to translation from SGs and might play an important role
especially durig prolonged cellular stress. This is however not the case when SGs and P-
bodies are targeted to autophagy. The mRNPs within them cannot return to translation

once their autophagy is initiated (Buchan et al., 2013).



1. Introduction 8

These observations imply that aberrant forms of SGs, which accumulate in some
degenerative diseases such as ALS (Amyotrophic lateral sclerosis), FTLD
(frontotemporal lobar degeneration), IBM (inclusion body myositis) and MSP
(multisystem proteinopathy), may also be cleared by targeting them to the lysosomal
pathway for degradation. TDP43 is the most consistenly observed component of
pathological cytoplasmatic inclusions in ALS, FTLD and MSP and is preferentially
cleared by autophagy (Wang et al, 2012; Wang et al, 2010). Consequently, mechanisms
to enhance the autophagy of SG and related RNPs may have potential as therapies to
treat various degenerative diseases (Buchan et al., 2013, Cao et al, 2020). The
hypothesis that ALS, FTLD and some related pathologies are driven by hyper-formation
or stabilization of SGs is strengthened by these findings. Mutations in the SG
components TDP43, FUS and Atx2 enhance their self-assembly or aggregation and may
be causative for these diseases in addition to causing the accumulation of SG and

related RNPs (Dewey et al, 2012; Ito & Suzuki, 2011; Kim et a/, 2013).

1.2.2 SG and ageing

The regulation of SGs also plays a role in the process of ageing. Ageing is a ubiquitious,
irreversible process which predominantly can include different pathomechanisms:
genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion and altered intercellular communication (Lépez-Otin et al, 2013). The
classic SG proteins PAB1 and TIAR-2 can form aggregates in aged C. elegans and
higher levels of SG component aggregation is associated with smaller animal size,
reduced fitness and a shorter lifespan (Lechler & David, 2017). Based on this, it has
been suggested that SG protein aggregaton may accelerate ageing and reduce lifespan.
Oligomeric aggregates disturb cellular processes, as they trigger aggegration of other
normally folded monomeric proteins, sequester cell membrane or organelles, and are
more effectively transported from initially affected brain regions to other regions,
compared with fibrillar aggregates (Cao et al., 2020; Jay et al, 2005; Langer et al,
2011). In addition some cytosolic amyloid-like protein aggregates such as TDP43 have
been shown to disturb nuclear integrity and nucleocytoplasmic transport by sequestering

nucleo-cytoplasmatic transporters (Cao et al., 2020; Gasset-Rosa et al, 2017; Woerner
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et al, 2016). A consequence of these mechanisms can potentially be an acceleration of

ageing and the onset of neurodegenrative diseases.

Another aspect of ageing is that cells enter into a senescene state, which means that they
are in cell cycle arrest (Lopez-Otin et al., 2013). It has been revealed, that cellular
senescence impairs the proper formation of both canonical and non-canonical SGs in
kidney cells (Moujaber et al, 2017). The depletion of transcription factor Spl
(specificity protein 1) leads to reduced canonical SG formation by a modified
abundance of the SG-nucleating proteins G3BP1 and TIA1/TIAR (Moujaber et al.,
2017). This suggests that the transcription factor Spl as an essential SG protein can
work as a direct ageing related target when cells enter into the senesence state. This can

cause significant deficiencies in SG production (Cao et al., 2020).

Ageing is associated with a reduction in the ability to regulate gene expression and
protein homeostasis (Figure 2, b) (Cao et al, 2020). Walther et al. report that the
nematode C. elegans shows extensive proteome remodeling and imbalance during
ageing, with a large amount of proteins increasing or decreasing, in addition to
widespread protein aggregation and impaired SG formation (Walther et al/, 2015).
Under these conditions, cells are frequently exposed to chronic stress, such as constant
oxidative stress (Denoth Lippuner et al, 2014). Oxidative stress leads to the the
induction of SG formation (Figure 2, c) and is a key factor of neurodegenerative
disorders (Federico et al, 2012; Gandhi & Abramov, 2012; Patten et al, 2010). During
ageing, mitochondrial structure and function changes dramatically (Hughes &
Gottschling, 2012; Lam et al, 2011; McFaline-Figueroa et al, 2011; Scheckhuber et al,
2007; Veatch et al, 2009). Mitochondria produce the majority of the cell’s ATP via
oxidative phosphorylation, thus mitochondrial dysfunction is known to impact energy
production and normal metabolism. Recent studies showed that SG assembly,
dynamics, disassembly, and clearance occur in an energy-consuming manner (Buchan
et al., 2013; Cherkasov et al, 2013; Jain et al., 2016; Kroschwald et al, 2015; Loschi et
al., 2009). Therefore, it is speculated that when cells are young, their active
mitochondrial metabolism supports the assembly and health dynamics of SGs in the cell

(Figure 2, d) (Cao et al., 2020).

The protein quality control (PQC) system is an integrated network of chaperones, the

ubiquitin-proteasome-system (UPS) and autophagy, which selectively degrades
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misfolded proteins and dysfunctional organelles (Amm et al, 2014; Boya et al, 2013).
Ageing leads to disruption of the PQC system and the protein homeostasis (Josefson et
al, 2017). It has been shown that there is an age-dependent decrease in the amount of
proteasomes or UPS subunits, as well as proteasomal activity during the ageing process
(figure 2, e) (Baraibar & Friguet, 2012; Bulteau et al, 2002; Kastle & Grune, 2011; Saez
& Vilchez, 2014). Inhibition of the UPS induces SG formation, although this is not
because of the failure of degradation of SG assembly factors (Cao et al., 2020; Mazroui
et al,2007).
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related circumstances may lead to limited control of this process and aberrant SGs (b-d). Under
normal conditions aberrant SGs can be cleared by autophagy, but an age disturbed protein
quality control system can have a negative effect on the removal of aberrant SGs (e) (modified

from Cao et al., 2020).

1.2.3 Structure and formation of SG

SGs are not uniform structures, they contain internal sub-structures with higher
concentrations of proteins and mRNAs (Jain et al., 2016), which are called “cores”.
They are sorrounded by a less concentrated and more dynamic shell, which ensures the
rapid exchange with the cytoplasm, while the core region is less dynamic. Studies
revealed that the core regions are 200nm in diameter and constitute higher levels of
G3BP1, PABPCI and polyA RNA (Jain ef al, 2016) than the shell. SG can be
described as a network of multivalent weak interactions and are defined by the on-off
rates of their components. As previously described, the shell regions have a high
exchange rate with the cytoplasm or P-bodies and these fast off-rates lead to liquid
assemblies, whereas the core structure with the more stable elements have solid phases.
The formation of SGs occurs through the cross-linking of untranslated mRNAs, which
provides a scaffold for multiple RBPs (Protter & Parker, 2016). RBPs have different
possibilities to interact with mRNAs, one pathologically significant binding is the one
through intrinsically disordered regions (IDR), also described as low complexity
sequences (LCS) which contain prion-like domains (PrLD). Their amino acid
composition is similar to fungal prion proteins with high cross-beta zipper forming
abilities (Decker et al, 2007) (Kato ef al, 2012). This has particularly been shown in the
human TIA1 protein (Gilks et al, 2004), affecting its IDR regions and other RNP
granules (Hanazawa et al, 2011). The mechanism behind the promiscious interactions of
IDRs can be described with various backgrounds. The first variant refers to Short Linear
Motifs (SLiMs), which can get access through IDRs. SLiMs are short protein sequences
that typically fit into bindig sites on other well-folded domains, investigated at P-bodies
(Jonas & Izaurralde, 2013). Moreover, IDRs can build weak interactions between each
other, this is shown for the RBP FUS (Patel et al, 2015b) and leads to a liquid-liquid-
phase (LLPS) interaction. This interaction is initially dynamic and liquid-like but over
the time high concentration of IDRs within the LLPS can lead to stronger interactions,

like amyloid-like structures (Lin et al, 2015) (Molliex et al, 2015a) (Patel et al., 2015b)
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(Zhang et al, 2015a) (Xiang et al, 2015). Besides, IDRs can contain regions which
directly bind to RNA (Lin et al., 2015) (Molliex et al., 2015a).

SG assembly consists of multiple steps and can be controlled by post-translational
modifications and RNP remodelling as shown in defects in the CCT (chaperonin
containing tailless complex) in yeast, leading to a higher number of SGs. The CCT
complex limits nucleation by remodeling interactions between mRNPs or by limiting
misfolded proteins and if this complex is inhibited more SG assemble (Jain et al., 2016)
(Cherkasov et al., 2013) (Wallace et al, 2015) (Kroschwald et al., 2015) (Cherkasov et
al., 2013). The size of SG increases over time while the number of SGs per cell
decreases caused by fusion events (Fournier et al, 2010), this merging-step is
microtubule dependent (Chernov et al, 2009) (Loschi et al., 2009) (Nadezhdina et al,
2010).

1.2.4 Stress granule markers

SG constituents and SG formation differ depending on the type of stress. For instance,
SGs induced by glucose starvation contain eukaryotic initiation factor 4 (elF4E),
mRNAs and the poly(A)-binding protein 1 (PAB1) (Chen & Liu, 2017) (Brengues &
Parker, 2007) (Buchan et al, 2008), whereas oxidative stress induced SG have the SG-
nucleating protein TIA-1 as a major component (Chen & Liu, 2017) (Arimoto-
Matsuzaki et al, 2016). But beside the SG inducing effects, oxidative stress may also
supress SG formation (Chen & Liu, 2017) by oxidating TIA-1. Hydrogen peroxide
directly oxidizes this RBP, abolishing its interaction with target mRNA’s and hence
suppressing SG assembly (Gilks et al., 2004). The two SG components USP10
(Ubiquitin specific peptidase 10), an antioxidant ezyme, and its cofactor G3BP1 are
responsible for the antioxidant activity of SGs (Chen & Liu, 2017). Under steady state
conditions, G3BP1 can mask USP10 activity. Under oxidative stress conditions,
however, G3BP1 is inactivated, thereby activating USP10 and thus results in a decrease
in ROS production and apoptosis. Moreover, USP10 interacts with proteins like PABPs
which are localized at polysomes (Chen & Liu, 2017) (Sowa et al, 2009) and is thus

most likely involved in redox control by influencing the fate of the responsible mRNAs.
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1.2.5 RBPs and SGs in disease

RBPs are critical players in mRNA maturation, translation and degradation. Under
healthy situations, specific RBPs are destined to bind to drive nonsense mediated decay,
thereby preventing toxic protein buildup. The pathological role of RBPs has been best
described in neurodegenerative diseases, followed by cancer. Several RBPs have been
indicated to aggregate in different neurodegenerative diseases. Classical RBPs namely
TDP-43 (Gebauer et al., 2004) and FUS/TLS (Kedersha et al., 2009) belong to the
group of best studied proteins. These proteins have diverse RNA targets that are
involved in critical cellular functions and are currently being considered as targetable
options for neurodegeneration (Cao et al., 2020) (Buchan et al., 2008). In addition,
accumulation of TDP-43 inclusions in amyotrophic lateral sclerosis (ALS) as well as in
frontotemporal lobar degeneration (FTLD) has been shown to be associated with SGs
(Gebauer et al., 2004) (Kedersha et al., 2009) (Li et al, 2013) (Ramaswami et al, 2013)
(Klar et al, 2013). In these diseases, SG markers (TIA1, G3BP1, PABP) colocalized
with pathological lesions (Kedersha et al., 1999) (Kedersha et al, 2000) (Tourriere et al,
2003). Persistence of SGs, due to stable, irreversible beta-amyloid structures built by the
prion-like domains, and the acccumulation of these hyper-stable SGs can trigger cell
death by altering the regulation of RNA biogenesis and function, misregulation of
signaling pathways and transport of mRNPs (Ramaswami et al., 2013) (Freibaum ef al,
2015) (Ling et al, 2013) (Zhang et al, 2015b). In ALS and FTLD, SGs can be located by
visualizing TDP43 positive lesions (Liu-Yesucevitz et al, 2010), that aggregate because

of the loss-of-function mutation of PGRN (progranulin) (Kumar-Singh, 2011).

SGs are also involved in tumor progression (Anderson et al, 2015). Formation of ,pro-
survival® SGs in cancer cells result in their resistance to chemotherapy (Fournier et al.,
2010) (Anderson et al., 2015) (Arimoto et al, 2008) (Fujimura et al, 2012)
(Woldemichael et al, 2012) (Mason et al, 2011) (Kaehler et al, 2014). For instance,
cells treated with Borezomib (against multiple myeloma) show a high number of SGs
and a strong resistance to apoptosis. Furthermore, SG assembly interferes with
radiotherapy by inhibiting the translation of angiogenic factors in hypoxic tumor cells
(Moeller et al, 2004). This also leads to enhanced metastasis (Somasekharan et al,
2015). Besides chemotherapeutic stress, SGs also appear in response to viral infection
(Onomoto et al, 2014). For example, HIV2 (Human immunodeficiency virus) induces

SG formation and its genomic RNA is stored in SGs until virus packaging commences
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(Soto-Rifo et al, 2014). Another virus that interacts with SGs is hRSV (human

respiratory syncytial virus) (Santangelo ef al, 2009).

Based on several intersections between SGs and failure of treatments, therapies to
reverse pathological SGs and to perhaps delay the progression of disease are currently
developed (Wolozin, 2012) (Vanderweyde et al/, 2012). In this regard, the first approach
was to target the SG pathway by inhibiting elF2alpha phosphorylation during
neurodegeneration (Moreno et al, 2012). Besides this, TDP43 aggregates were
endeavored to reduce (Boyd et al, 2014) oxidative stress and to increase the antioxidant

answer (Fujita et al, 2012).
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1.3 Idiopathic pulmonary fibrosis

1.3.1 Interstitial lung diseases

Interstitial lung diseases (ILDs) or diffuse parenchymal lung diseases (DPLDs) classify
more than 200 pulmonary parenchymal disorders, with the majority classified as rare
diseases (Flaherty et al, 2017; Mikolasch & Porter, 2014). All three compartements of
the lung, the pulmonary interstitium, the alveolar epithelium and the capillary
endothelium are affected by ILDs. The characteristic feature of ILDs is the increased
connective tissue production leading to fibrosis, reduced lung compliance and impaired
gas exchange (Chapman, 2004; Maher, 2012; Kramer, 2017). ILDs represent an
important cause of morbidity and mortality worldwide, with respiratory failure being
the most common cause for fatal outcome of the disorder. In the late stages of the
disease patients develop a cor pulmonale (American Thoracic Society, 2002; Kramer,

2017). Figure 3 shows an overview of the general classification of ILDs.
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The herterogenity of the disease leads to a high complexity of ILD classification. Some

ILDs lack a well-defined cause, other IIPs could arise from an obvious origin, e.g.
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inhalational (e.g., asbestosis), drug induced (e.g., amiodarone) or granulomatous (e.g.,
sarcoidosis) etiology. ILDs are also frequently observed in association with systemic
disorders such as vasculitis, reno-pulmonary syndromes and collagen vascular diseases
(CVD) (Flaherty et al., 2017; Kramer, 2017). The classification of Idiopathic Interstitial
Pneumonias (IIPs) combines clinical, imaging and histopathological information and
distinguishes between major IIPs, rare IIPs and unclassificable IIPs. The major IIPs
usually have a progressive-fibrosing phenotype and include idiopathic pulmonary
fibrosis (IPF), non-specific interstitial pneumonia (NSIP), smoking related IPs
comprising respiratory  bronchiolitis-interstitial lung disease (RB-ILD) and
desquamative interstitial pneumonia (DIP). Additionally, acute/subacute IIPs exist
including cryptogenic organizing pneumonia (COP) and acute interstitial pneumonia

(AIP) ( American Thoracic Society, 2002; Kramer, 2017).

It is demanding to make a precise diagnosis of ILDs and disease progression is often
difficult to prognosticate (Cottin et al., 2018). Multiple clinical and pathophysiological
features are shared between IPF and other fibrosing ILDs that may present a progressive
phenotype (Kreuter et al, 2017; Solomon et al, 2013; Wells et al, 2018). The fibrotic
commonalities of ILDs suggest a potential for a common, antifibrotic treatment
modality. Some ILDs show a combination of inflammation and fibrosis and therefore
offer for an additional immunomodulatory therapy, the efficacy of which greatly varies
between conditions. The existant therapies most likely stabilize and slow down disease
progression, for example in NSIP and connective tissue disease-associated ILD (CTD-
ILD) (Flaherty et al., 2017), but resolution of ILD may also be seen. Pulmonary fibrosis
is regularly associated with disease progression, and prognosis is then limited (Cottin et

al., 2018).

A multidisciplinary approach is required for safe setting of the diagnosis of ILDs,
usually involving pulmonologists, radiologists and pathologists (De Sadeleer et al,
2018). Finding a diagnosis includes clinical presentation, specific history assessment,
smoking status, lung function evaluation, serological test results, imaging and, in some
cases, a lung biopsy (Martinez et al, 2017; Raghu et al, 2011b; Travis et al, 2013). Most
often, the initial diagnosis is made using a high-resolution computed tomography
(HRCT). Here ground-glass opacities in absence of traction bronchiectasis show high
inflammatory activity. Trough serological testing it can be figured out, whether there is

an underlying autoimmune disease or autoreactive component (Raghu et al., 2011b). In
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a minority of cases flexible bronchioscopy with bronchoalveolar lavage (BAL) and
transbronchial biopsy (TBB) are performed. As goldstandard, Video-associated thoracic
surgery (VATS) may be performed. VATS bears the risk of complications, including
acute exacerbations of the underlying disease. New methods exist, such as
transbronchial cryobiopsy which may be associated with reduced risks. Even though it
may not be required in definite IPF, bronchoalveolar lavage (BAL) can be useful in
diagnosing IPF (Raghu ef al., 2011b). Pulmonary function tests and blood gas analysis
are often unable to provide precise information in terms of differential diagnosis,
because all ILDs with fibrosis have a restrictive lung capacity and abnormal gas
exchange (Buzan & Pop, 2015, Cottin et al., 2018). Nevertheless, the severity of the
disease and the prognosis can be better evaluated with those tests (du Bois et a/, 2011;
Flaherty et al, 2003; Gimenez et al, 2018; Jegal et al, 2005; Park et a/, 2009) and lung
function tests (particulary forced volme vital capacity (FVC)) are regularly used to
monitor disease progression (Buzan & Pop, 2015). Table 1 shows the important
subtypes of idiopathic intersitial pneumonias and their different clinical courses and

diagnostic criteria.

Subtype IPF DIP RB-ILD AIP NSIP

Progress slow slow slow acute slow to acute

Nicotine yes yes yes, always no no

consumption

relevant

BAL Neutrophilia Normal or Normal or Neutrophilia Neutrophilia

unspecific Neutrophilia and/or
Lymphocytosis

HR-CT results | Peripheral, Peripheral, diffuse diffuse Peripheral,

localisation basal, basal basal,
subpleural subpleural

Ground-glass | barely yes spotty yes yes

opacity in HR-

CT

Response to low yes yes low yes

steroids

Mean survival | 2-3 years 12 years No 1-2 month 17 years

time information
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Differential- Sarcoidosis, EAA, DIP, NSIP, Pneumonia, UIP, EAA, DIP
diagnosis collagenosis, Pneumocystis- | EAA pulmonary

exogenous jiroveci- edema, ARDS,

allergic pneumonia, eosinophilic

alveolitis RB-ILD penumonia

(EAA)

Table 1: Important subtypes of idiopathic interstitial pneumonia and their differences (modified

from Hellmich, 2017).

1.3.2 Idiopathic Pulmonary Fibrosis: Definition and Epidemiology

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive disease of the lung
parenchyma (Raghu et al, 2015) (Wilson & Wynn, 2009) (King ef al, 2011). It is the
most common type of idiopatic intersitital pneumonias (Hutchinson ef a/, 2015) with a
mean survival rate of 2 to 3 years after diagnosis in absence of treatment (Raghu et al.,
2015) (King et al., 2011). The incidence of IPF varies between 4,6 cases per 100.000
people per year (study from England (Gribbin et a/, 2006)) and 6,8 — 16,3 patients per
100.000 people per year (study from USA (Raghu et al, 2006)). The incidence seems to
be lower in Asia and South Africa, where it is estimated to range between 0,5 and 4,2
cases per 100.000 individuals per year. The disease is more common in men and people
older than 50 years (median age at diagnosis around 65 years (Raghu et al, 2011a)
(Raghu et al., 2006)) and is associated with a positive smoking history (Raghu et al.,
2015) (Wilson & Wynn, 2009) (King et al., 2011). The prevalence ranges between 2 to
29 cases per 100.000 people (Raghu et al., 2015).

1.3.3 Clinical appearance

Clinical signs of IPF are characterized by chronic dyspnea and dry cough. On physical
examination, inspiratory crackles can be auscultated over the lung bases in 90% of the
cases and at the inspection of the extremities, clubbed fingers and other dyspnea signs
like cyanosis can be seen in 30% of the cases (King et al, 2001). Pulmonary function
tests reveal that IPF is a restrictive disease, with a decreased total lung capacity,
decreased vital capacity, decreased compliance and is accompanied by abnormal gas

exchange (lowered capacity for carbon monoxide diffusion) (Raghu, 2011). If
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pulmonary function tests are performed in early diesease or in cases with coexisting
emphysema which pseudonormalize volume, normal spirometry and plethysmography
results come up and only an isolated reduction in diffusion is displayed. The diagnosis
is often made in advanced states of IPF. Progression of the disease my be individually
different: In some cases a high rate of exacerbations is observed and in other cases there
is slow progression (Raghu et al., 2015) (King et al., 2011). After the onset of fibrosis, a
progressive deterioration of the status of health appears until death due to respiratory

failure or complications of comorbidities.

A high-risk group for rapid progression wih frequent exacerbations are men with a
positive smoking history. This group amounts 5-20% of patients and severe
hypoxaemia, with many newly appeared alveolar infiltrates, can be observed in case of
exacerbation (Raghu et al., 2015) (King et al., 2011). Acute exacerbations with severe
respiratory deterioration often occur together with fever and influenza like symptoms,
which are idiopathic and not explainable by infections or other comorbidities (Collard et
al, 2007). During an acute exacerbation new bilateral diffuse ground-glass opacities

arise and previous symptoms deteriorate.

To confirm IPF, imaging via high-resolution computed tomography (HRCT) is
performed. Signs which affirm the diagnosis IPF are subepithelial, basal retractions,
traction bronchiectasis and clusters of subpleural, multilayer, cystic airspaces of similar
diameters (3-10mm); defined as honeycombing. These hallmark characteristics, also
called definite usual interstitial pneumonia (UIP) pattern, are predominantly found in
the bilateral, peripheral and basal regions (Raghu et al., 2011a) (Hansell et al/, 2008)
(Travis et al., 2013) (Hunninghake et al, 2003). If still unconclusive, a histopathological
investigation of tissue from 2 to 3 lung lobes is usually considered. Histologically, also
a UIP pattern is observed, where regions of patchy interstitial fibrosis are found
adjacent to healthy appearing areas and destruction of alveolar architecture. A typical
histopathological feature of UIP are fibroblastic foci. There are no known biomarkers

which prove the presence of IPF (Xaubet ef al, 2017).

1.3.4 Pathophysiology of IPF
The cause of IPF remains unknown, but it is thought to be a consequence of multiple

interacting genetic and environmental risk factors and repetitive local micro-injuries. In
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the following course of events, aberrant epithelial-fibroblast communication is initiated,
with the induction of matrix-producing myofibroblasts and extracellular matrix
accumulation, resulting in a remodeling of the lung interstitium (Richeldi et al., 2017)

(figure 4).
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Figure 4: Pathophysiology of IPF including dysfunctional epithelium, fibrogenesis, fibrosis and
aberrant remodelling (modified from Richeldi ez al., 2017).
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Inflammatory processes can also be seen but they are usually mild and the interstitial
infiltration of lymphocytes is not causative for the severe symptomes of IPF and for
disease progression (Raghu et al., 2015) (Wilson & Wynn, 2009) (King et al., 2011).
Causative factors are rathrer particulate inhalation (cigarette smoke, metal and wood
dusts, agricultue and farming, viruses (Raghu et al., 2011a) (Hubbard, 2001) (Taskar &
Coultas, 2006)) and genetic susceptibility (Raghu et al., 2011a) (Armanios et al, 2007,
Cogan et al, 2015; Kropski et al, 2012; Nogee et al, 2001; Stuart et al, 2015; Tsakiri et
al, 2007; Wang et al, 2009). Genetic polymorphisms were found to increase the risk of
IPF. The development of IPF is associated with mutations in surfactant protein C,
surfactant protein A2, and genes that stabilize telomere length. Deficiency of surfactat
protein C could lead to recurrent atelectasis, lung injury, and inflammation (Nogee et al,
2001). Taken together, these mutations cause a small proportion of the population risk
of IPF (Seibold ef al, 2011). Moreover single-nucleotid polymorphisms (SNPs) of
MUC5B (Mucin 5 B) and TOLLIP (Toll interacting protein) (both located on
chromosome 11) are more often found in IPF lungs than in healthy donor lungs (minor
allele of MUCS5B detected in 38% among IPF lungs and 9% among controls) (Seibold et
al, 2011). Bonella et al. investigated that the minor allele of TOLLIP indicates a worse

survival and more rapid disease progression of IPF (Bonella et al, 2021).

Maladaptive repair processes

As described in the chapter above, injuries of the lung require effective repair processes
to ensure its physiological functions. In case of IPF, chronic dysregulation of alveolar
epithelial cells Type 2 (AECII) lead to maladaptive repair processes, since these cells
also function as stem cells and are responsible for the renewal of AECI cells during
homoeostasis or injury (Desai et al, 2014) (Rock et al, 2011). Moreover, abnormal
AECII are found especially attached to the typical fibroblast foci (Selman et a/, 2001)
and both, fibroblasts and myofibroblasts are subepithelially located at the transition
between healthy lung tissue and fibrotic parts (Raghu et al., 2015) (Scotton &
Chambers, 2007) (King et al., 2011). In particular, there is premature shortening of
AECII telomers and a resistance against apoptosis, which consequently leads to
remodeling and fibrosis in mouse models (Naikawadi et al, 2016) (Alder et al, 2008)
(Kropski et al, 2015). Activated dysregulated AECII secrete fibrogenic growth factors
and cytokines like Transforming Groth Factor B (TGFB) and Platelet Derived Growth
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Factor (PDGF) consequently, which leads to aberrant epithelial mesenchymal cross-talk
and ultimately results in the recruitment and activation of myofibroblasts (Horowitz &
Thannickal, 2006). Myofibroblasts play a central role in the pathogenesis of IPF since
they produce a large amount of extracellular proteins, especially myofibrils. The
extracellular matrix depots transform into scar tissue which further disrupts gas
exchange and the normal alveolar architecture (King et al.,, 2011). Recruitment of
myofibroblasts is implemented largely through transdifferentiation from a local resident
mesenchymal cellpool called lipofibroblasts; to a minor degree also by recruition of
lung interstitium pericytes, circulating fibrocytes; epithelial-mesenchymal transition and
endothelial-mesenchymal transition (Rock et al., 2011). Another central process leading
to IPF is the bronchiolization of alveolar tissue. Basal cells, which are stem cells located
in the conducting airways are suspected to play an important role in this process
especially when the alveolar progenitors are exhausted. In response to the damage of the
alveolar epithelium they activate developmental pathways (Chilosi et al, 2003) which
result in re-epithelisation of alveolar tissue (Boers et al, 1998) (Hong et al, 2004)
(Chilosi et al, 2002) (Korfei et al, 2015).

1.3.5 Therapy

Depending on the stage of the disease there are different types of therapy (Fig 5).
Antifibrotic treatment with one of the authorized drugs Nintedanib or Pirfenidone
nowadays represent the most important medical treatment modality, which slows down
disease progression and prolonges survival times. At later stages palliative care
becomes more important. Lung transplantation should be offered to suitable conditions
early, but is undertaken only in a minority of subjects (Anstrom et a/, 2012) (Noth et al,
2012).
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Figure 5: Therapy of IPF depends on the progression of the disease (modified from Richeldi et
al.,2017)

Nintadanib is a tyrosine kinase inhibitor, which suppresses multiple signaling receptors
like the fibroblast growth factor receptor, platelet-derived growth factor receptor and the
vascular endothelial growth factor receptor (Hilberg et al, 2008) (Chaudhary et al,
2007). The precise mechanism of Pirfenidone is not fully understood yet. However, it is
an orally admistered pyridine and shows combined anti-inflammatory, anti-oxidant and
anti-fibrotic effects, broadly explained by the regulation of TGFR in vitro and inhibition
of fibroblast- and collagen synthesis in animal models (Schaefer et al, 2011). Both
drugs have similiar effects on the rate of decline in forced vital capacity over 1 year and
reduction in mortality (Richeldi et al, 2014) (King et al, 2014) (Noble et al, 2011).
Moreover, both therapies have acceptable tolerability and require regular monitoring of
liver function. To slow down the irreversible destruction of lung tissue, the disease

modifying therapy is started as early as possible.
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Besides the treatment of the lung fibrosis itself, complications like pulmonary
hypertension are under discussion for treatment. However, there is no clinical evidence
yet showing a therapeutic effect of pulmonary vasoactive drugs in IPF, with the
exeption of inhaled Iloprost in advanced IPF. However, long term oxygen therapy is

recommended (Hellmich, 2017).

A radical treatment is performing a lung transplantation, which has a 5 year post-
transplantation survival rate of about 50% (Raghu et al., 2011a) (Kistler et al, 2014).
There are many comorbidities which develop as a result of the pathogenesis of IPF
which may exclude transplantation, therefore this possibility is considered early in
disease. Another column of disease treatment is symptom focused therapy. This
includes opiates, which may reduce anxiety, dyspnea and cough (Bajwah et al, 2013)
and other therapies including pulmonary rehabilitation (Ryerson et al, 2014), education

programmes, supplemental oxygen therapy and palliative care (Richeldi et al., 2017).
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2. Material and Methods

2.1 Material

2.1.1 Equipments

27

Instrument

Manufacturer

Analytical balance

IKA®

Cell culture hood

Heraeus-Thermo scientific

Cell culture plates (10cm)

Satstedt, Germany

Cell culture plates (6 well)

Sarstedt, Germany

Centrifuge (table top) Hettich 200

8-well chamber slides VWR

Cooling centrifuge Hettichmikro 200R
Centrifuge (rotina 380R) Hettich

Falcon tubes

BD Falcon, USA

Glass slides for IHC

Langenbrinck, Germany

Cell culture incubator, Hera cell, 1501

Thermo scientific

Magnetic stirrer

Heidolph, Germany

Cell Scraper

Sarstedt, Germany

Plate reader for determination of protein

concentration

Tecan

SDS gel apparatus

Keutz labor technic

Transfer chamber

Bio-rad

Chemiluminischence imager

INTAS, Germany

Imager-Software

INTAS, Germany

PVDF transfer membrane Thermoscientific
Water bath Julabo

Thermo mixer IKA®

Shaker Grant-bio

Light-microscope

Nikon eclipse Ts-100

pH-Meter

Hanna instruments

IHC slide scanner

Hamamatsu
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Fluorescence microscope

Leica, Germany

Vortex machine

VWR, Germany

Precellys vials and Bulk Beads

Peqlab, Germany

Homogenizor Peqlab, Germany
Pipette Eppendorf, Germany
Pipette boy Eppendorf, Germany
Pipette tips Biozym, Germany

NDP view software

Hamamatsu Photonics, Germany

Image J software

National institute of health, USA

Graph Pad Prism

Graphpad software, Inc.

Advanced
Fluorescence (LAS AF) software

Leica  application  suite

Leica, Germany

Spin down

VWR, Germany

Table 2: Instruments/Manufacturer

2.1.2 Reagents

2-(4,2-hydroxyethyl)-piperazinyl-1-
Ethansulfonate (HEPES)

Sigma Aldrich, Germany

2-amio-2-hydroxymethyl-1,3-propanediol
(TRIS)

Roth, Germany

2-mercaptoethanol

Sigma Aldrich, Germany

Acrylamide solution, Rotiphorese Gel 30

Roth, Germany

Agarose (DNA electrophoresis)

Carl Roth

Ammonium persulfate (APS)

Roth, Germany

Amiodarone

Sigma Aldrich, Germany

Bleomycin

Hexal

Bovine Serum Albumine (BSA)

Roth, Germany

Dimethyl-Sulfoxide (DMSO)

Sigma Aldrich, Germany

D-MEM-F12 medium (Dubecco’s modified

eagle’s medium)

GIBCO Invitrogen, Germany

Dulbecco’s phosphate buffered saline (PBS)

PAA, Austria

Ethanol 70%, 95%, 100%

Fischer scientific, Germany
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Ethylenediamine-tetraacedic acid (EDTA) Sigma Aldrich, Germany

Fetal calf serum (FCS) Roth, Germany

Glycerol mountig medium Dako cytomation, Gemany

Glycerol Roth, Germany

Haemalaun Roth, Germany

Hydrochloric acid (HCI) 32% Roth, Germany

Methanol Fuka Chemie, Switzerland

Milk powder Sigma Aldrich, Germany

NaCl (Sodium chloride) Roth, Germany

Normal donkey serum Johnson Immuno
N,N,N’,N’-tetramethyl-1,2-diaminomethane | Sigma Aldrich, Germany

(TEMED)

Penicillin/Streptomycin PAA, Austria

Pierce ® BCA protein Assay Kit Thermo scientific, USA

PMSF (Phenylmethylsulfonylfluorid, | SERVA Electrophoresis GmbH,
Proteinase Inhibitor) Germany

Protease inhibitor cocktail complete Merck

Sodium dodecyl sulfate (SDS)

Sigma Aldrich, Germany

Sodium hydroxide (NaOH) Sigma Aldrich, Germany
Triton-X-100 Sigma Aldrich, Germany
Trypsin/EDTA PAA, Austria

Tween 20 Sigma Aldrich, Germany

Table 3: Chemicals and Reagents

2.1.3 Antibodys

Primary:
Primary antibody | origin dilution Company/catalog
number
TDP43 rabbit 1:100 (IHC, IF) Cell Signaling, A260
rabbit 1:1000 (WB) Protein Tech, 10782-2-AP
rabbit 1:500 (WB) Sigma, SAB420223
FUS mouse 1:50 (IHC) Santa Cruz, 4H11
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rabbit 1:250 (WB), 1:50 | Thermo  Fisher, PAS-
(IF) 27531
SRF rabbit 1:500 (WB), 1:250 | Invitrogen, 720240
(IF, IHC)
MBNLI1 rabbit 1:50 (IF) Genetex, GTX33335
mouse 1:50 (WB) Santa Cruz, Sc47740HRP
PABCI1 rabbit 1:50 (WB) Proteintech, 10970-1-AP
TIA1-HRP mouse 1:100 (WB) Santa Cruz, sc166247
GAPDH (14C10) rabbit 1:30.000 (WB) Cell signaling, 2118s
B-Actin rabbit 1:30.000 (WB) Abcam, ab8227
pro SP-C rabbit 1:500 (IF, IHC) Millipore, AB3786
Alpha-SMA rabbit 1:100 (IHC) Abcam, ab5694
Lamin Bl chicken 1:300 (WB) Abcam, ab90169
LAMPI1 rabbit 1:50 (IF) Abcam, ab24170
Table 4: Primary antibodies
Secondary:
Secondary origin dilution Company
antibody
Polyclonal ~ Rabbit | rabbit 1:2000 Dako, Denmark
anti Mouse, HRP
Polyclonal =~ Swine | swine 1:2000 Dako, Denmark
anti Rabbit, HRP

Table 5: Secondary antibodies

2.1.4 Buffer

-Protein extraction: 50 mM Tris, pH=7,5

5mM EDTA
150 mM NaCl

1% (w/v) Triton x-100
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0,5% (w/v) Na-Deoxycholat
1 mM PMSF
-Western Blot analysis:

e Seperating Gel buffer: 1,125M Tris
e pHSS

e 30% Saccharose

e Stacking Gel buffer: 0,625M Tris
e pH68

e SDS Running buffer (PAGE): 25 mM Tris
e 192 mM Glycin
e 0,1% SDS

e 4x SDS-loading buffer: 5 g SDS
e 40 ml glycerin
e 25 ml stacking gel buffer
e 0,01 g bromophenolblue

For a final volume of 100 ml

e Transfer buffer: 20 mM Tris
e 159 mM Glycine
e 20% MeOH

e Wash-buffer (TBS-T 10x): 1M Tris
e 4M NaCl
e 1% Tween-20
e pH7)5
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¢ Block solution: Skim Milk powder 5%
e TBS-T Ix

e Stripping buffer: TBS-T 1x
e 2% SDS
e 100 mM B-Mercaptoethanol

-IH and IF:

o Citrate buffer: 2,94 g Trisodium citrate dihydrate
e 1000 ml H20 dest
e pH6
e 0,5% [v/v] Tween-20

32

2.1.5 Gels
Separating Gel

8% 9% 10% 12% 15%
Rotiphorese 5,31 ml 6,0 ml 6,66 ml 8 ml 10 ml
Dest. H20 7,74 ml 7,06 ml 6,4 ml 5,06 ml 3,06 ml
10% SDS 200 pl 200 pl 200 pl 200 pl 200 pl
Separating 6,66 ml 6,66 ml 6,66 ml 6,66 ml 6,66 ml
gelbuffer
10% APS 100 pl 100 pl 100 pl 100 pl 100 pl
Temed 40 pul 40 pul 20 ul 20 ul 20 ul

Table 6: Separating Gel
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Stacking Gel

Rotiphorese 1,33 ml

Dest. H20 6,57 ml

10% SDS 100 pl
Stacking-buffer 2 ml

10% APS 100 pl

Temed 10 pl

Table 7: Stacking Gel

2.1.6 Kits

Product Manufacturer

Zytochem AP fast red kit, broad spectrum

Zytomed systems, Berlin, Germany

BCA protein assay kit

Pierce, Germany

Nuclear and cytosolic extraction kit

Invitrogen

Table 8: Kits
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2.2 Methods

2.2.1 Human lung tissue and primary cells

Lung tissue samples were attained from 11 patients with sporadic IPF (mean age + SD:
57.64 £ 7.3 years) and 10 non-diseased control subjects (organ donors, mean age + SD:
49.42 + 16.4 years) under informed consent (European IPF Registry and Biobank, V54
— 19 ¢ 20 15 (1) GI 20/20 Nr. 109/2011). Explanted lungs were obtained from the
Department of Thoracic surgery, Vienna, sampled and stored at the biobank of the
Universities of Giessen & Marburg Lung Center (UGMLC), GieB3en. All IPF cases were
diagnosed as stated by the American Thoracic Society/European Respiratory Society
consensus criteria (2000). The study protocol was approved by the Ethics Committee of
the Justus-Liebig-University School of Medicine (111/08 and 58/15). Primary human
lung fibroblasts were isolated from explanted IPF (n=5) and control lungs (n=5)
followed by an outgrowth technique as described before (Conte et al, 2013) and were
cultured in Dulbecco’s Modified Eagle Medium (DMEM F12) supplemented with 10%
FCS, 1% pencillin/ streptomycin, 1% L-Glutamine and 1% non-essential amino acids.

All experiments with primary cells were carried with cells between passages 3 and 5.

2.2.2 Precision cut lung slices (PCLS)

About 2-3 PCLS from each IPF patient were pooled and PCLS from three IPF patients
were used. Fresh 300 pm thick PCLS were received from the UGMLC biobank from
three IPF patients (Mean age of 56.0 = 8.2 years (SD)). PCLS were maintained in
culture medium containing phenol red free RPMI (Roswell park memorial institure
1640 medium), 10% FCS, 1% pencillin / streptomycin. 1 M Pirfenidone (Sigma) stock
solution was prepared in sterile filtered DMSO (Dimethylsulfoxid). Each PCLS was
treated with vehicle (DMSO) or with 2.7 mM Pirfenidone every day for 48 hours. On
the third day, PCLS were fixed in formalin and embedded in paraffin. Embedded blocks

were sectioned (3 pm thickness) using a microtome.

2.2.3 Mice
Intratracheal administration of vehicle or amiodarone (0.8 mg/kg body weight, Sigma-

Aldrich, Germany) was performed in C57BL/6 mice as established in our lab and as
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described before (Mahavadi et al, 2014). The treatment of the mice was performed with
standard lab procedures as described before (Mahavadi et al, 2010). The study protocol
was approved by both the University Animal Care Committee and the Federal
Authorities for Animal Research of the Regierungspraesidium Giessen (Hessen,

Germany) (Proposal Nr. GI 20/20-Nr. 109/2011).

2.2.4 Cell culture

Mouse lung epithelial cells (MLE12) were cultered in DMEM-F12 medium supplied
with 10 nM Hydrocortisone, 10 nM Hydrobeta estradiole, 50 pg/ml Insulin, 10 pg/ml
Transferrin, 30 nM Na-Selentine, 10 nM HEPES, 2 mM L-Glutamine, 2% FCS and
Penstrep. They were grown in an incubator with 95-100% air-humudity and 5% CO2 at
37°C. Upon reaching confluency, cells were washed with 1xPBS to remove magnesium
since this inhibits the action of trypsin. Next, trypsin was added and the cell plates were
incubated for 2 min in 37°C to enable the detachment of the cells. Afterwards trypsin
was removed and 2 mL of fresh culture medium was added. By pipetting the medium
up and down, cells were stripped and transferred into a falcon and were freshly plated

depending on the desired dilution.

2.2.5 Treatment of MLE12 cells with amiodarone

MLE 12 cells were treated with 10 mg/ mL (14.6 nM) amiodarone. For this, 5 mg of
amiodarone hydrochloride (Sigma) was dissolved in 5 mL sterile cell culture grade aqua
dest as described before (Mahavadi ef al., 2014). The tube was then warmed to 65°C for
10 minutes and the final volume was made up to 50 mL using warm growth medium
and vortexed. Vehicle was prepared in the same way with the exception of amiodarone.
I mL of this stock solution was added to a 10 cm culture dish with MLE12 cells

containing 9 mL medium. Cells were then harvested at the indicated time points.

2.2.6 Protein extraction and quantifiction from cells

After treatments, cells were shockfrozen and stored at -80°C. To extract proteins,
protein extraction buffer was prepared with fresh phenylmethylsulfonyl fluoride
(PMSF) (1:100). Cells were scraped and crude lysates were transferred to Eppendorf

tubes. In order to shear the DNA, the crude lysates were sonicated followed by
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centrifugation at 15000 RPM for 15 min at 4°C. The supernatant was collected in a new
tube and the pellet was discarded. Protein concentration was determined by
Bicinchoninic acid (BCA) method, a colorimetric detection system using cuprous
cations. Formation of BCA and copper complexes results in a linear absorbance at 562
nm that increases with increased protein concentration. A serial dilution was created
using bovine serum albumine (BSA). A standard curve was created using 2000 pg/ml
BSA, follwed by 1500 pg/ml, 1000 pg/ml, 750 pg/ml, 500 pg/ml, 250 pg/ml, 125
pg/ml, 62,5 pg/ml, 31,25 pg/ml, 15,625 pg/ml and 7,813 pg/ml. The protein probes
were diluted 1:10 in NaCl and were pipetted in duplicates in a 96 well plate besides the
BSA solutions. After adding 200 ul of the BCA working reagent (1:50) the probes were
incubated for 30 min at 37°C and the absorbance was measured at 565 nm in an ELISA
(Enzyme-linkedmmunosorbent Assay) plate reader. With the aid of the standard curve,

the corresponding protein concentrations were calculated.

2.2.7 Nuclear and cytosloic fractions from cells

Following vehicle/amiodarone treatments, cells were scraped on ice and transfered into
a falcon tube. Tubes were centrifuged for 5 min at 4°C at 1000 rpm. The pellet was
resuspended in 1.5 ml icecold PBS and followed by centrifugation for 5 min at 4°C with
1000 rpm. The supernatant was discarded and the pellet was stored in -80°C. The next
day, the nuclear and cytosolic fractioning kit (Invitrogen) was used and further steps
were carried according to the manufacturer’s instructions. Briefly, in the first step, NEI
(nuclear extract) was 1:10 diluted in A. dest. together with 1 ul DTT (Dithiothreitol)
and 1 ul PIC (protease inhibitor cocktail Complete ™). The pellet was resuspended in
100 pl of this buffer and incubated on ice for 10 min. Next, the sample was vortexed for
10 s and centrifuged at 12000 rpm and the supernatant was transferred into a new tube
which is the cytosolic fraction. The pellet was resolved in NE2 buffer and was kept for
15 min on ice. Next, the sample was vortexed every 3 min for 5 s. Nuclear fraction was

enriched by centrifuging this sample at 14000 rpm at 4°C.

2.2.8 Protein extraction from human lungs and mouse lungs
Frozen lung tissue in liquid nitrogen was cut and filled into precellys vials together with

Bulk Beads and buffer consisting of protein extraction buffer and PMSF. The vials were
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placed into a homogenisator which downsizes the lung tissue-particles. To ensure that
the cell walls and the DNA were destroyed, an additional treatment with the sonicator
was performed. The samples were then centrifuged at 4°C for 10 min at 15000 rpm and
the supernatant was saved two times and inbetween again centrifuged with the same
settings. Before using the lysates for Western Blots, protein concentration was measured

with the BCA method.

2.2.9 Polyacrlyamide Gel Electrophoresis of Protein (SDS-Page)

Lung- or cell-homogenates were mixed in ratio 1:3 with buffer containing 10% B-
Mercaptoethanol to reduce disulfide bridges to thiols and 4x SDS-loading buffer to
charge the polypeptides negatively. Proteins were denaturated by heating up to 98°C for
12 min and afterwards collected by brief centrifugation and stored in -20°C. Now the
protein extracts were able to be seperated by SDS polyacrylamide gelelctrophoresis.
The negative charged polypeptides migrated to the positive electrode and the mobility
of the polypeptides increased linearly according to the protein size. Consequently the
pieces with a smaller molecular weight went further than the ones with a higher
molecular weight. After the stacking and seperating gels were prepared, samples were
loaded and electrophoresis was performed. In the presence of SDS running buffer and at
95 V, proteins migrated and were stopped when the bromphenolblue reached the bottom

of the seperating gel.

2.2.10 Immunoblotting

After separating the proteins in the SDS polyacryamide gel, they transferred to a
polyvinylidene fluoride (PVDF) membrane. The transfer was prepared by activating
PVDF membrane with methanol and stacking the transfer equipment onto the
electroblotting chamber. The first two layers were Whatmann 3 mM filter paper,
followed by activated PVDF membrane. Both were washed with transfer buffer and
encased with a sponge. The next layer was formed by the gel and two other sheets of
filter paper, also washed with transfer buffer. Immunoblotting was performed at a
constant voltage of 100 V for 90 min at 4°C. Afterwards, the membrane was blocked
with 5% milkbuffer (blocking solution) for 1 h at RT (room temperature) and then
incubated overnight at 4°C with the primary antibody diluted in 5% milkbuffer. The
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next day the membrane was washed 4 times with 1x TBST for 15 min each, before it
was incubated with the respective secondary antibody at RT for 1h. It was washed 4
times for 15 min with 1xTBST again and then the polypeptide bands were detected by
ECL (Enhanced Chemi-luminescence) treatment. Therefore, the membrane was
exposed to ECL films in the dark and bands on the film were visualized by dipping
them in developing and fixing solutions. If necessary, the membranes were stripped and
re-probed by washing them 2 times in IxXTBST for each 5 min and then putting them
into 0,2M NaOH solution 2 times for each 15 min. Afterwards the membranes were
cleaned with A. dest and then blocked again for 1 h in blocking solution and then the
appropiate first antibody was added and they were treated like described above.

2.2.11 Densitometry

Densitometry was performed with Image J, Excel and Graph Pad Prism. Image J was
used to measure the size of the bands and the results were transferred to Excel where the
average of one group was built in relation to GAPDH values. To visualize the data
Graph Pad Prism was used by employing Mann-Whitney U-test or Kruskal-Wallis post

test.

2.2.12 Immunohistochemistry

Immunohistochemistry (IHC) was performed in order to visualize the location and the
amount of the proteins of interest directly on the sections. This involved working with
labeled antibodys, which enter specific antigen-antibody interactions that are visualized
by a marker. Serial sections have been used, where the same cells are represented and
stained at different sections, which allows a control of the expression of the cell type

and the protein of interest (dertermine AECII cells: pro-SP-C, fibroblasts: alpha-SMA).

For all the immunohistochemical stainings Zytochem-AP fast red kit from the company
Zytomed Systems (Berlin, Germany) was used. The paraffin embedded sections of lung
tissue had been entparaffinized and rehydrated after they were heated to 60°C for 90
min. Therefore, the sections had been immersed for 10 min in a Xylol-bath and
afterwards in a descendig alcohol series consisting of 99,6% Ethanol, 96% Ethanol,
80% Ethanol, 70% Ethanol, 50% Ethanol each for 3 min. Sections were washed in 1x

PBS to remove traces of alcohol and antigen retrieval was performed by heating up the
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sections with a microwave while they stood in the citrate buffer. Following this, the
sections were blocked for 10 min with blocking solution and washed before and
afterwards with 1xPBS. The primary antibody dilutions were prepared in 3% BSA
solution and additionally a negative control was prepared, where the primary antibody
was omitted and only the BSA solution was applied. The sections were incubated with
the primary antibody overnight at 4°C in a humid chamber. Before the secondary
bioethinylated antibody was added, the sections needed to be washed 5x with PBS.
After 10 min incubation at RT they were washed and an enzyme conjugate
(streptavidin/alcalic phosphate conjugate) was dropped on the tissue and washed away
after 10min with 1xPBS. For developing, developing tablets from the Zytochem-AP fast
red kit were solved in substrate buffer (naphtol phosphate buffer) and this solution was
applicated on each section. The development of a colourbuilding in the dark was
constantly monitored under the light microscope. The reaction was stopped for all of the
sections by putting them into A. dest. when a sufficient colour was registered in one of
the sections. This required between 3 and 15 min depending on which first antibody was
used. Counterstaining with Haemalaun for 2 min was done to stain the nuclei, followed
by washing the slides under running tap water. The sections were fixed with mounting

medium and then were allowed to dry.

2.2.13 Immuofluorescence mikroscopy
The aim of immunofluorescence microscopy is to portray the localisation of proteins in
the cell. For closer analysis we did costainings with the protein of interst and a marker

(alpha-smooth muscle actin) for fibroblasts.

Random IPF and Donor sections or IPF PCLS sections were used and they were treated
the same way as described in the immunohistochemnistry protocol until the the antigen
induced heat retrieval. Afterwards the cells were blocked for 30 min with 5% donkey
serum at RT and were then washed 3 times with 1xPBS. The second blocking step was
performed with 3% BSA for 1 h at RT and then the first antibody was diluted in 3%
BSA and was afterwards added overnight at 4°C. At the next day the sections were
washed properly 5 times with 1xPBS and then treated with secondary fluorescing
antibody (Alexa Flur 555 nm, 488 nm) and then incubated for 1 h in the dark. The slides
were washed again with 1xPBS and then the sections were fixed with VECTASHIELD
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mounting medium, that contains DAPI and stains the nuclei. For analysis Leica

Application Suite Advanced Fluorescence (LAS X) software was used.

2.2.14 Transfection of primary fibroblasts

Interstitial fibroblasts were available from the UGMLC biobank. Cells were cultured
and upon reaching confluency, transfection of empty GFP plasmid or FUS-GFP was
performed using Xtreme gene DNA transfection reagent (Sigma) as per manufacturer’s
instructions. Transfection mixture was prepared using 2 uL of transfection reagent and 2
pg of plasmid in 100 pL serum free medium mixed gently and was incubated at room
temperature for 15 minutes. The transfection mix was then added in a drop wise manner
in respective wells containing 2 mL of culture medium, then cells were harvested 24

hours post-transfection.

Turbo-GFP tagged human FUS plasmid (Ref. sequence: NM_004960.2, NP_004951.1)
was ordered from Origene. Plasmid purification was performed using endotoxin free

plasmid purification kit from Qiagen.

2.2.15 Mikroskopy

For Immunfluorescence images the Leica M205 FA fluorescent stereoscope (Leica
Microsystems) equipped with a Leica DFC360 FX camera was used. We were capturing
the images using an 60x objective lens. Afterwards Immunofluorescence images were
analyzed with Leica Application Suite Advanced Fluorescence (LAS AF) software,
version 4.3. For IPF fibroblast immunofluorescence we used n=5 slides for each protein
of interest and alpha SMA as a costaining. We performed Pirfenidone IPF PCLS IF and
used n=2-3 slides. For every slide we took at least 3 fields of views and used the most

representative one for our results.

IHC slides were microskoped and scanned with Hamamatsu scanner (Nanozoomer 2.0
RS; HamamatsuPhotonics, HamamatsuCity, Japan). For Donor and IPF tissue and AD
and vehicle treated mice we used the material of each n=5-6 patients/mice. We captured
images with the magnification x 400 and then used NDP.view 2.0 software for

analyzing the images.
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2.2.16 Statistics

For statistical comparison all data are expressed as means, £ SD. For every analysis
there were at least 2 independent experiments performed. The programs ImageJ and
GraphPadPrism 5.0 were used. Statistical significance was applied using one-way
Anova followed by Kruskal-Wallis post test for comparison between multiple groups

and Mann—Whitney U test for comparing two groups. P value summary: *P<.5,
*¥*P<0.01, ***P<0.001.
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3. Results

3.1 Investigating expression of RBPs in healthy and fibrous lung tissue

Firstly, we prepared total homogenates of lungs from donors as well as IPF lungs.
Denatured lung homogenates were then subjected to western blotting for known RBPs:
SRF, FUS, MBNLI1, TDP43, PABPCI, and SG markers: TIA-1 and G3BP1. Significant
differences in the levels of these proteins were not observed between donor and IPF

lung tissues (Figure 6).
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Figure 6: RBPs are not significantly elevated in human lungs from IPF patients

(A) Representative Western Blot images for SRF, FUS, MBNL1, TDP43, PABPC1, TIA1 (IPF
n=6 and Donor n=5), G3BP1 and GAPDH as a loading control (IPF n=8 and Donor n=6) from
human lung homogenates. (B) Densitometry analysis of RBP and GAPDH (loading control).
Target protein*100/GAPDH ratio was calculated and depicted as bar graphs. **p < 0,01, *p <
0,05, ns — no significance.
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3.2 RBP homeostasis is also altered in AECII cells of IPF patients

We then asked if altered RBP homoestasis is also observed in other important cell types
like the AECII of IPF patients. For this, we performed immunohistochemistry for
specific RBPs and SG-markers as well as for the AECII marker, pro SP-C on serial lung
sections of IPF and organ donors. We observed a prominent nuclear as well as
cytoplasmic staining for TDP43 in IPF versus Donor AECII (Figure 7A, B). FUS
protein, on the other hand, was only slightly increased in AECII and fibroblasts of IPF
patients (Figure 8A, B). SRF is not altered in AECII of IPF patients compared to Donors
(Figure 9A, B). Results until this point indicate that RBP homeostasis is disturbed in
both, fibroblasts a well as in the AECII of IPF patient lungs.
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Figure 7: TDP43 is increased in AECII and fibroblasts of IPF patients
Immunohistochemical analysis of serial sections of IPF and donor lungs. (A) Overview of
IPF and Donor sections. Scale bar=100 um (B) Figure of representative cells, in the upper
row IPF cells and in the lower row Donor cells. SP-C staining indicates AECIl and a-SMA
fibroblasts and arrows highlight representative cells on serial sections. Scale bar= 50 pm, n=5
Donors, n=6 IPF patients. Original magnification: x40
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Figure 8: FUS is slightly increased in AECII and in fibroblasts of IPF patients.
Immunohistochemnical analysis of serial sections of IPF and Donor lungs. (A) Overview of
IPF and Donor sections. Scale bar=100 um (B) Figure of representive cells, in the upper row
IPF cells and in the lower row Donor cells. SP-C staining indicates AECIl and a-SMA
fibroblasts and arrows highlight representative cells of the serial sections. Scale bar= 50 um,
n=5 Donors, n=6 IPF patients. Original magnification: x40
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Figure 9: SRF is not altered in AECII of IPF patients compared to Donors.
Immunohistochemnical analysis of serial sections of [PF and Donor lungs. (A) Overview of
IPF and Donor sections. Scale bar=100 um (B) Figure of representive cells, in the upper row
IPF cells and in the lower row Donor cells. SP-C staining indicates AECII and arrows
highlight representative cells of the serial sections. Scale bar= 50 wm, n=5 Donors, n=6 IPF
patients. Original magnification: x40
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3.3 RBPs and stress granule markers are elevated in human fibroblasts from IPF
patients

We next sought to study how RBPs or SGs are regulated in a cell specific manner under
IPF conditions. To study this, we performed western blots for RBPs, namely SRF, FUS,
TDP43, PABPC1, MBNL1 and TIAl in lysates prepared from interstitial lung
fibroblasts of IPF patients as well as from organ donors (Figure 10). Out of all these
RBPs analyzed, we observed a significant increase in FUS, TDP43 as well as PABPCI
in IPF fibroblasts as compared to donor fibroblasts (Figure 10A, quantification Figure
10C). We next performed immunofuorescence for the RPBs alongside with a-smooth
muscle actin (a-SMA), a marker for activated fibroblasts. We observed prominent
staining for both FUS (Figure 11B), PABPCI1 (Figure 12B) as well as TDP43 (Figure
16B) in a-SMA fibroblasts of IPF patient lungs as compared to the fibroblasts of donor
lungs. In fact, in IPF patient fibroblasts, we observed increased nuclear and cytoplasmic
FUS deposition, enhanced cytoplasmic staining for PABPCI1 and increased nuclear
staining for TDP43. Mislocalization of RBPs, especially FUS protein to the cytoplasm
clearly indicates there is an imbalance in RBP homeostasis in IPF fibroblasts. Immuno
staining for other major RBPs namely SRF, MBNL1 or G3BP1 did not show prominent
stainings in IPF patient lung fibroblasts (Figure 13B, 14B, 15B).
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Figure 10: RBPs and SG markers are increased in fibroblasts from IPF patients

(A) Representative Western Blot images for SRF, FUS, TDP43, PABPC1 (IPF (n=5) and Donor
(n=5)), (B) Representative Western Blot images for MBNLI1, TIA1 (IPF (n=5) and Donor (n=4))
and GAPDH (loading control) from isolated fibroblasts of IPF and Donor lungs. (C) Densitometry
analysis of RBP and GAPDH (loading control). Target protein*100/GAPDH ratio was calculated
and depicted as bar graphs. **p < 0,01, *p < 0,05, ns — no significance.
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Figure 11: FUS is increased in fibroblasts from IPF patients and is located in the
cytoplasm and the nucleus of fibroblasts in fibrotic lungs

(A) Overview of IPF and Donor sections. Scale bar=25 um (B) Immunofluorescence
analysis of Donor (upper row) and IPF lungs (lower row). Costaining of a-SMA (green) to
indicate fibroblasts and FUS (red). Nuclei are stained with DAPI (blue). Scale bar=25 pum.
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Figure 12: PABPC1 is extensively increased in fibroblasts from IPF patients and is
located mostly in the cytoplasm of fibroblasts in fibrotic lungs

(A) Overview of IPF and Donor sections. Scale bar=25 pm (B) Immunofluorescence analysis
of Donor (upper row) and IPF lungs (lower row). Costaining of a-SMA (green) to indicate
fibroblasts and PABPC1 (red). Nuclei are stained with DAPI (blue). Scale bar=25 ym.
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Figure 13: SRF is not significantly increased in fibroblasts from IPF patients and is
located in the cytoplasm and partly in the nucleus of fibroblasts in fibrotic lungs

(A) Overview of IPF and Donor sections. Scale bar=25 um (B) Immunofluorescence analysis
of Donor (upper row) and IPF lungs (lower row). Costaining of a-SMA (green) to indicate
fibroblasts and SRF (red). Nuclei are stained with DAPI (blue). Scale bar=25 pm.
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Figure 14: MBNL1 is not significantly increased in fibroblasts from IPF patients and is
located mostly in the cytoplasm of fibroblasts in fibrotic lungs

(A) Overview of IPF and Donor sections. Scale bar=25 n (B) Immunofluorescence analysis
of Donor (upper row) and IPF lungs (lower row). Costaining of a-SMA (green) to indicate
fibroblasts and MBNL1 (red). Nuclei are stained with DAPI (blue). Scale bar=25 um.
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Figure 15: G3BP1 is not significantly increased in fibroblasts from IPF patients and is
located in the cytoplasm of fibroblasts in fibrotic lungs

(A) Overview of IPF and Donor sections. Scale bar=25 um (B) Immunofluorescence analysis
of Donor (upper row) and IPF lungs (lower row). Costaining of a-SMA (green) to indicate
fibroblasts and PABPC1 (red). Nuclei are stained with DAPI (blue). Scale bar=25 um.
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Figure 16: TDP43 is increased in fibroblasts from IPF patients and is located mostly in the
nucleus of fibroblasts in fibrotic lungs

(A) Overview of IPF and Donor sections. Scale bar=25 um (B) Immunofluorescence analysis of
Donor (upper row) and IPF lungs (lower row). Costaining of a-SMA (green) to indicate fibroblasts
and TDP43 (red). Nuclei are stained with DAPI (blue). Scale bar=25 pm.
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3.4 RBPs are elevated in amiodarone (AD) induced fibrous mouse lungs and are located
in AECII

In order to better understand the changes in RBP regulation as encountered in human
IPF we conducted additional investigations in established animal models of lung
fibrosis. For this purpose, we used the murine AD model of lung fibrosis established in
our group. Vehicle or AD was administered to C57BL/6 mice intratracheally, every
fifth day, as described before (Mahavadi et al., 2014). Mice were harvested at days 7,
14, 21 and 28 post AD treatment or 28 days post vehicle treatment that served as
controls. Lungs were either formalin fixed and embedded in formalin for histological
assessment or were shock frozen for molecular and biochemical analysis. Shock frozen
lungs were homogenized and the protein concentration was determined. Western blots
analysis of the total lung homogenates revealed significantly elevated levels of SRF in
AD treated mice at day 7 until day 28 as compared to vehicle treated mice (Figure 17A,
quantification in B). On the other hand, TDP43, PABPCI1, FUS and MBNL1 did not
show considerable differences in protein levels between AD and vehicle treated mice
(Figure 17A, B). Immunohistochemistry on serial lung sections of AD and vehicle
treated mice lungs showed that MBNLI1 is located in fibroblasts (shown by a-SMA) and
increased in fibrotic lungs (Figure 19A, B) and revealed a positive stianing for TDP43
in AECII as shown by pro SP-C staining (Figure 18A, B, C) and in fibroblasts (shown
by a-SMA) fully supporting our observations from the IPF lungs.
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Figure 17: Levels of SRF differ from healthy vehicle lungs to AD indued fibrotic mice
lungs

(A) Representative Western Blot images for SRF, FUS, TDP43, MBNL1, PABPCI and
GAPDH (loading control) from AD induced fibrotic mice lungs. Exposure time of AD was 7
days, 14 days (upper row of the bands), 21 days, 28 days and the vehicle exposure time was also
28 days (lower row of bands). Each AD exposure time was performed with n=5 mice and the
vehicle treatment were completed with n=4 mice. (B) Densitometry analysis of RBP and
GAPDH (loading control). Target protein*100/GAPDH ratio was calculated and depicted as bar
graphs. **p < 0,01, *p < 0,05, ns — no significane.
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Figure 18: TDP43 is located in AEC 1l and in fibroblasts and is increased in fibrotic lungs
Immunohistochemnical analysis of serial sections of AD and Vehicle treated lungs. (A) Figure of
representive cells, in the upper row cells with 7 days of AD treatment and in the lower row cells
with 14 days of AD treatment. (B) Figure of representive cells, in the first row cells with 21 days
of AD treatment and in the second row cells with 28 days of AD treatment and in the third row
cells with 28 days of vehicle treatment. SP-C staining indicates AECIl and a-SMA staining
fibroblasts. Arrows highlight representative cells of the serial sections. Scale bar= 50 um, each
exposure time of AD/Veh n=5. Original magnification: x40 (C) Overview of AD and Vehicle
treated sections. Scale bar=100 pym
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Figure 19: MBNL1 is located in fibroblasts and is increased in fibrotic lungs
Immunohistochemnical analysis of serial sections of AD and Vehicle treated lungs. (A) Figure of
representive cells, on the left side cells with 7 and 14 days of AD treatment and on the right side
cells with 21 and 28 days of AD treatment and in the third row cells with 28 days of vehicle
treatment. a-SMA staining indicates fibroblasts. Arrows highlight representative cells of the serial
sections. Scale bar= 50 um, each exposure time of AD/Veh n=5. Original magnification: x40 (B)
Overview of AD and Vehicle treated sections. Scale bar=100 pm

3.5 RBPs and stress granule markers show no difference in AD treated MLE12 cells and
vehicle treated ones

Further, in vitro, mouse lung epithelial cells (MLE12) were treated with AD or vehicle
for 4, 8, 16 and 24 hours. Western blots for RBPs revealed no differences between AD
and vehicle treated cells in total cell lysates (Figure 20A). Since phenotypic changes in
AD treated cells were already observed from 30 mins of AD treatment (Unpublished),
we were questioning whether RBPs may be differentially regulated at early time points.
For this, we treated MLE12 cells with AD or vehicle for 30 mins, 1, 2 or 3 hrs and
analyzed RBPs via western blotting (Figure 20B). Interestingly, RBPS regulation did
not differ between AD and vehicle treated cells. First, we performed the experiments
with n = 1 to see if there was a tendency for the RBPs to increase in the amiodaron
treated cells. Since there was no sign of any change here, we dispensed with a larger

sample size and further statistical analyzes and concentrated on further experiments.

We further performed nuclear and cytosolic extracts from MLEI12 cells treated with AD
or vehicle. The enrichment of fractions was confirmed by western blotting for GAPDH
for cytosol and Lamin for the nucleus. However, differences in the protein levels of

RBPs were not observed between AD and vehicle treated groups (Figure 21A, B).
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Figure 20: Levels of RBPs remain unaltered in AD treated cells in vitro
(A) Representative Western Blot images for SRF, FUS, TDP43, MBNL1, PABPCI, TIA1,
B-Actin (loading control) from AD treated, vehicle treated and untreated MLE 12 cells.
Exposure time of AD and vehicle solution was 4 h, 8 h, 16 h and 24 h. (B) Representative
Western Blot images for SRF, FUS, TDP43, MBNL1, PABPC1, TIA1, GAPDH (loading
control) from AD treated, vehicle treated and untreated MLE 12 cells. Exposure time of AD

and vehicle solution was 30 min, 1 h, 2 hand 3 h.
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Figure 21: Distribution of RBPs in nucleus and cytoplasm of Veh or AD treated cells
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(A) Representative Western Blot images for SRF, FUS, TDP43, MBNLI1 from AD treated
and vehicle treated cells and whole cell lysates as a control. GAPDH functions as a marker
for the cytosolic fraction and Lamin for the nuclear fraction. Exposure time of AD and
vehicle solution was 8 h. (B) Densitometry analysis of RBP and GAPDH/Lamin (loading
control). Target protein®*100/GAPDH ratio was calculated and depicted as bar graphs. **p <
0,01, *p < 0,05, ns — no significance.
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3.6 FUS overexpression drives fibroblast proliferation

Since we observed an increase in FUS expression in IPF fibroblasts, we asked if FUS

overexpression alone could influence the fate of this cell type. For this, we

overexpressed empty GFP or turboGFP tagged human FUS in donor primary lung

fibroblasts. Upon transfection, fibroblasts overexpressing FUS showed a significant

increase in the proliferation marker, PCNA (proliferting cell nuclear antigen) (Figure

22A, B), suggesting that overexpression of FUS alone in healthy fibroblasts is sufficient

to increase their proliferation.
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Figure 22: Overexpression of FUS drives fibroblast proliferation. (A) Primary interstitial
fibroblasts from healthy donor lungs were left untransfected or transfected with empty GFP or
FUS-turbo GFP for 24 hours. Cells were lysed and subjected to western blotting for the indicated
proteins. (B) Densitometric quantification of PCNA is shown. Analysis was performed from two
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independent experiments from interstitial fibroblasts of two donor lungs. *P<0.05.
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3.7 Pirfenidone treatment leads to a decrease of RBPs and SG markers in fibroblasts of
fibrotic lungs

Pirfenidone is a potent, clinically prescribed anti-fibrotic drug. It is known to suppress
lung fibrosis in IPF patients in part by attenuating the transcription of pro collagen,
TGF-B mediated extra cellular matrix (ECM) deposition and fibroblast migration. We
investigated whether pirfenidone exerts its anti fibrotic effects via influencing FUS,
PABPC1 and SRF protein levels and thereby affecting the function of its target
mRNAs. For this, we undertook ex vivo studies emplying precision cut lung slices
(PCLS) from IPF lungs. As described in the methods section, we cultured 300 um IPF
lung sections and incubated them with vehicle (DMSO) or with 2.7 mM pirfenidone for
48 hours. Following this, we fixed treated PCLS in formalin and embedded them in
paraffin. 5 um sections were generated and immunofluorescence staining was
performed for FUS as well as for PABPCI1. Pirfenidone treatment shows no decrease in
the staining for SRF in fibroblasts in human lung PCLS slides (Figure 25 A, B). As
indicated in Figure 23 and Figure 24, pirfenidone treatment resulted in a decrease in the
staining for FUS as well as PABPCI1 proteins, indicating that the anti-fibrotic activity
elicited by pirfenidone is, in part, mediated by the RBPs FUS and PABPCI1, which, in
turn, affects its binding affinity to its target RNAs in IPF fibroblasts.
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Figure 23: Pirfenidone treatment resulted in a decrease in the staining for FUS in
fibroblasts in human lung PCLS slides

(A) Overview of IPF and Donor sections. Scale bar=25 um (B) Immunofluorescence analysis
of untreated (upper row) and pirfenidone treated PCLS slides on human lungs (lower row).
Costaining of a-SMA (green) to indicate fibroblasts and FUS (red). Nuclei are stained with
DAPI (blue). Scale bar=25 um.
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Figure 24: Pirfenidone treatment resulted in a decrease in the staining for PABPC1 in
fibroblasts in human lung PCLS slides

(A) Overview of IPF and Donor sections. Scale bar=25 um (B) Immunofluorescence analysis
of untreated (upper row) and pirfenidone treated PCLS slides on human lungs (lower row).
Costaining of a-SMA (green) to indicate fibroblasts and PABPCI1 (red). Nuclei are stained with
DAPI (blue). Scale bar=25 um.
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Figure 25: Pirfenidone treatment shows no decrease in the staining for SRF in fibroblasts in

human lung PCLS slides

(A) Overview of IPF and Donor sections. Scale bar=25 um (B) Immunofluorescence analysis of
untreated (upper row) and pirfenidone treated PCLS slides on human lungs (lower row).

Costaining of a-SMA (green) to indicate fibroblasts and SRF (red). Nuclei are stained with DAPI
(blue). Scale bar=25 pm.
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4. Discussion

4.1 Interpretation of our results

In the current study, we document that out of all the RNA binding proteins analyzed,
FUS and PABPCI1 are significantly elevated in fibroblasts and AECII of IPF patients as
compared to donors. Of note, ex vivo treatment of IPF PCLS with the anti-fibrotic drug
pirfenidone resulted in a reduced staining of both FUS and PABPCI, in the fibroblasts
of IPF patients, indicating that pirfenidone directly or indirectly affects the expression
of RBPs and thereby their target RNAs. The following table (Table 9) summarizes the
experiments and the results of this study, and our interpretations of the observations are

illustrated in the figure below (Figure 26).
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Table 9: Summary of the results of this study. Especilly FUS, TDP43 and PBPCI are
altered in fibrous or Amiodaron treated tissue.

Fibroblasts /
Myofibroblasts

A FUS L
4‘ PABPCL I— Pirfenidone

FUs4 Other RBPs ?

Lung Fibrosis

Figure 26: Cartoon summarizing the findings of this study. Depicted here is a simplified
version of molecular events observed in IPF lungs in the context of RNA binding proteins. An
increase in FUS protein is observed in both alveolar epithelial cells type II and fibroblasts and
overexpression of full length FUS in vitro in healthy primary fibroblasts is sufficient to elicit
fibroblast proliferation. PABPCI is increased in IPF fibroblasts and treatment of IPF PCLS
with anti-fibrotic drug pirfenidone decreases both FUS and PABPC1. AECII on the other hand
show strong nuclear as well as cytosolic localization of TDP43 and FUS. Regulation of other
RBPs and their role in quality control and cell fate mechanisms in IPF still remains to be
elucidated.

4.2 Strengths and limitations of our study

This study provides a comprehensive overview of differentially regulated of RBPs, a
very first study to report such observations in the context of lung fibrosis. Our study
also hints towards the potential of RBPs as druggable candidates in IPF. However, it is
apparent that this study lacks a concrete pathomechanistic understanding. Some
pertinent questions could not be answered in this study, owing to the limited and
stipulated time frame of this study, which is a little over six months. Such questions
include: what are the target RNAs of the identified RBPs in different cell types of IPF
lungs or in animal models of lung fibrosis and to what extent can the RBPs serve as new
therapeutic candidates? Further long term investigations are required to answer these

questions that may open up new therapeutic concepts for lung fibrosis.



4. Discussion 71

4.3 Current state of research on RBPs in lung fibrosis and other diseases

4.3.1 FUS & TDP43

Nuclear exclusion of the RBPs FUS and TDP43 and subsequent cytoplasmic deposition
leads to progressive disorders like Amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD) (Archbold et a/, 2018) (Hanson et al/, 2012). Both, FUS
and TDP43, are ubiquitously expressed proteins. Mutations in the FUS gene cause loss
of motor neurons and are associated with juvenile ALS. It was originally identified as
an oncogene that is fused with the transcription factor / repressor C/EBP homologous
protein 10 (CHOP), a potent ER stress molecule that is severely upregulated in the
AECII of human IPF patient lungs. Its overexpression in vitro was sufficient enough to
elicit apoptotic pathways, altogether indicating the key role of CHOP protein in
maladaptive ER stress response and subsequent fibrosis (Klymenko et al/, J Mol Med,
2019). Interestingly, the FUS-CHOP chimeric protein is formed by transcription of FUS
gene that is then joined to CHOP exons by RNA splicing and this fused chimera was
also translocated into the cytoplasm of liposarcoma cells (Rabbitts et al, 1993).
Although FUS (in this study) and CHOP (Klymenko et al, 2019) proteins have been
studied separately under conditions of IPF, it is still unclear if FUS-CHOP chimeric
RNA or the resultant fusion protein is also differentially regulated under conditions of

IPF.

Several studies report that TDP43 is cleaved, mis-localized, hyperphosphorylated or
ubquitinated under different pathological conditions. Mutations in the glycine-rich C-
terminal domain of TDP43 gene are associated with about 3% of familial cases of ALS
(Daoud et al, 2009, Valdamnis et al, 2009). UV-cross-linking-immunoprecipitation-
sequencing (CLIP-seq) analysis for TDP43 in mouse brain tissues revealed the
interaction of TDP43 with more than 6,300 RNAs: its depletion resulted in alternate
splicing of more than 900 mRNAs (Polymenidou et al, 2011). Due to its role in
nonsense-mediated mRNA decay, the protein level of TDP43 is tightly maintained in
healthy cells and has been suggested to be a critical RBP in cellular homeostasis. Its
overexpression on the other hand may result in asymmetric interaction between TDP43
and its nascent RNA, stalling RNA polymerase II (RNA Poll) thereby leading to
transcript degradation and autoregulation of TDP43 protein level. In fact, in primary

neurons, overexpression of TDP35, a splice variant of TDP43, results in cytoplasmic
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aggregation and neuronal cell death. Further, in response to stress, TDP43 translocates
from nucleus to the cytoplasm where it binds to 14-3-3 proteins, relieving several
transcription factors which then translocate into the nucleus to regulate stress response
genes (Salih & Brunnet, 2008; Zhang et a/, 2014). In addition, cytoplasmic localization
of TDP43 as observed in stressed neuronal cells also plays a major role in stress granule
(SG) kinetics and dynamics which are critical to cell survival (Aulas et al, 2012).
Although such pathomechanistic relevance has been identified for these RBPS, their
role in lung pathologies including IPF remains unstudied. We identified that both these
RBPs are increased the lungs of IPF patients. In that, total protein levels of FUS were
increased in fibroblasts of IPF patients and interestingly, its localization was also
increased in both, the nucleus and the cytoplasm of these cells. On the other hand,
intensive staining for TDP43 was observed in both nuclear and cytosolic compartments
in the AECII of IPF patients as compared to donor lungs. This indicates strict cell
specific regulation of these RBPs under conditions of IPF. Future studies will reveal if
such increased FUS and / or TDP43 levels may initiate cytoplasmic inclusions and, in
parallel, influence the expression and splicing of their target RNAs in the lungs of IPF

patients, as previously shown in other organs and diseases.

4.3.2 SRF and MRTF

Altered RBP regulation has been documented in many neurological diseases. Some
examples include Spinal Muscular Atrophy (SMA), Oculopharyngeal Muscular
Dystrophy (OPMD), Myotonic Dystrophy type 1 (DM1) and 1l and Spinocerebellar
Ataxia Type 1l (Hanson et al., 2012). DMI, for instance, is an autosomal dominant
disorder that is characterized by a highly variable phenotype and is caused by an
unstable tri-CTG repeat expansion in the 3 untranslated region (UTR) of the dystophia
myotonics protein kinase gene (DMPK) and greatly correlates with the malfunction of
the RBP MBNL1 (Huin ef al, 2013). The RBP SRF transcriptionally regulates the
expression of contractile genes in smooth muscle cells (SMC) and a lack of SRF leads
to hypo motility of smooth muscles, for example in the gastrointestinal tract (Lee ef al,
2017). Reduced nuclear translocation of SRF is additionally associated with skeletal
muscle atrophy in chronic obstructive pulmonary disease (COPD) (Ma et al, 2017). Ma
et al established a cigarette-smoke induced mouse model where they investigated the

role of SRF as a transcription factor which is critical in myocyte differentiation and
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growth. In mice exposed to cigarette smoke, nuclear localization of SRF diminished
along with its cytoplasmic accumulation and the SRF target genes involved in muscle
growth and nutrition were downregulated subsequently leading to skeletal muscle
atrophy (Ma et al., 2017). Since COPD often coexists with IPF, and was found to be
upregulated in IPF lungs, and since previous studies have implicated SRF/MRTF
(Myocardin-Related Transcription Factor)-mediated signaling pathways in fibroblast
differentiation and collagen production in idiopathic lung fibrosis (Sisson et al, 2015)
(Zhou et al, 2013) (Sandbo et al, 2011) (Johnson et al, 2014) (Haak et al, 2014) (Penke
et al, 2014), SRF was considered to be an interesting marker for RBP regulation in our
study. As described in the introduction, myofibroblasts are crucial to the pathogenesis
of tissue fibrosis. In the context of organ fibrosis, fibroblasts consistently differentiate
into a myofibroblast phenotype, as defined by the formation of F-actin containing stress
fibers, the increased expression of alpha-smooth muscle actin (SMA) and elaboration of
extracellular matrix proteins, including fibronectin and collagen. Moreover,
myofibroblasts exhibit an increased resistance to apoptosis (Sisson et al., 2015) (Hinz et
al, 2012). Due to their stress fiber formation, myofibroblasts exert contractile forces on
their environment, thereby accentuating a typical fibrotic architectural distortion
(Follonier et al, 2008) (Hinz et al, 2001) (Tomasek et al/, 2002). The induction of
fibroblast-to-myofibroblast transition depends on the activation of intracellular
signaling pathways. One of these pathways is dependent on the release of MRTF from
stress fibers, it functions as a transcriptional coactivator of SRF and together they
regulate the expression of myofibroblast genes, including alpha-SMA and collagen
(Sisson et al., 2015) (Thannickal et al, 2014) (Tsou et al, 2014) (Sandbo & Dulin,
2011). SRF/MRTF signaling is intricately regulated by actin polymerization in case of a
depolymerized actin MRTF is bound to the globular form and sequestered in the
cytoplasm. During the polymerization from globular actin into F-actin in stress fibers
MRTF is released and enabled to translocate into the nucleus (Sisson et al., 2015). In
fibroblasts, nuclear translocation of MRTF is induced by TGF-B1 (Follonier et al.,
2008) (Scharenberg et al, 2014) (Small et al, 2010), by lysophosphatidic acid and by
mechanotransduction pathways activated by stiff matrix substrates(Zhou et al., 2013)
(Johnson et al, 2013) (Sakai et al, 2013). Known antifibrotic mediators counter-regulate
this pathway. Especially the anti-fibrotic eicosanoid prostaglandin E2 prevents TGF-81-
mediated myofibroblast differentiation and increases myofibroblast susceptibility to

Fas-mediated apoptosis by blocking nuclear localization of MRTF and preventing the



4. Discussion 74

fusion with SRF (Penke et al., 2014) (Ajayi et al, 2013) (Sisson et al, 2012) (Huang et
al, 2009) (Maher et al, 2010) (Kolodsick et al, 2003). The elimination of myofibroblasts
via apoptosis is crucial for the resolution of wound repair and the restoration of tissue
homeostasis after injury (Tomasek et al., 2002) (Thannickal & Horowitz, 2006), but
these cells characteristically display a phenotype of apoptosis resistance (Sisson et al.,
2015) (Zhou et al., 2013). Our results showing increased SRF in IPF lungs are in line
with those of Sisson et al, who investigated the SRF/MRTF pathway and observed that,
by blocking the nucleation of MRTF with the specific inhibitor CCG-203971, the
myofibroblast differentiation is inhibited and fibrosis is reduced in two distinct murine

models of lung fibrosis (Johnson et al., 2013).

4.3.3 PABP and TIA1

RBPs also importantly contribute towards the assembly of stress granules (SG).
Mutations that affect SG formation or persistence lead to neurodegenerative diseases
including ALS, FTLD and some myopathies (Protter & Parker, 2016). Of interest is the
poly(A)-binding protein (PABP), that binds to the poly(A) tail on the 3’end of mRNAs
and stimulates the activity of polyadenylate polymerase by increasing its affinity
towards RNA. It is also present during stages of mRNA metabolism including nonsense
mediated decay and nucleocytoplasmic trafficking. PABP also protects the poly-A tail
from degradation and ascertains regulated mRNA production (D.Voet & Voet, 2010).
Mutations in PABP can cause Oculopharyngeal muscular dystrophy (OPMD)
(Shoubridge C, 2000), but the involvement of lungs in this context remains unknown.
Another important SG assembly protein that was also investigated in the current study is
the T-cell intracellular antigen-1 (TIA1). In contrast to PABP, role of TIAlin lung
disease has been described, and especially in the context of pulmonary sarcoidosis.
Navratilova et al reported that the mRNA level of TIAl is decreased in the
bronchoalveolar lavage (BAL) fluids of patients with sarcoidosis and idiopathic
interstitial pneumonias (IIPs) as compared to healthy donors and as compared to COPD
and asthma (Navratilova et al/, 2016). The pathogenic pattern of sarcoidosis includes a
polarization of chronic inflammation to Th1 with elevated secretion of interleukin (IL)-
2, IL-8, IL-12, Interferon (IFN) gamma and Tumor necrosis factor (TNF). A
pathomechanistic relevance for Th2 cytokine profile (e.g. IL-4 and IL-6) has been
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suggested for advanced sarcoidosis (Navratilova et al., 2016) (1999) (Patterson et al,
2012). The inflammatory responses in these conditions are modulated at post-
transcriptional level under the involvement of RBPs and microRNAs (Kafasla et al,
2014) (Gerstberger et al, 2014) (Ivanov & Anderson, 2013) (Gubin et al, 2014). We
now show that TIA1 protein levels are not significantly different in IPF lung tissues or
interstitial fibroblasts as compared to respective donor lungs. This could be because our
study focused on the analysis of intracellular protein levels of TIA1 as compared to the
study of Navaratilova et al, who reported protein levels of TIA1 in broncho alveolar

fluids of IIP patients.

4.4 Conclusion

Our knowledge on the regulation of RBPs under conditions of lung fibrosis is scarce.
Although preliminary, this is a first study that characterized the expression of different
RBPs in the lungs of IPF patients. This study shows that RBPs are differentially
regulated in a cell type specific manner in IPF patient lungs. The data obtained in this
study encourages us to further study if some RBPs play a functional role in the
development of lung fibrosis and identify if they may represent novel diagnostic,

prognostic, and therapeutic targets for lung fibrosis.
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