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Introduction

1 Introduction

1.1 Idiopathic Pulmonary Fibrosis

IdiopathicPulmonaryFibrosis (IPF) isa chronicandprogressive lung diseabelonging

to the group ofdiopathiclnterstitialPneumonia (11P), one of the most fregat forms of
Diffuse Parenchymal Lung DiseadePLD). Theetiologyremairs unknown but several
agerelated factorsas well as harmful environmental factossich assmoking play a
major role inthe pathogenesi#PF is a devastating diseas®stly affectingthe elderly
with a median survival rate ovo to threeyears after diagnos[Barkauskas, C.E. et al.
2014] Currentlythere arewo drugsavailable for the therapy of IRpirfenidone and
nintedanib They may slow down diseasgrogressionbut do not reverse the disease
processAt present,ling transplantatiors the onlycurative treatment for IPfKalchiem-
Dekel, O. et al. 2018]Consequently median survivalremains quite low. The
pathogenesisf IPFstill remains to be fully elucidated, but chroaieeolar epithelial cell
type 1l (AECII) injury and apoptosisdisturbed epitheliamesenchymal crosstalk,
activation of fibroblasts ah excessive collagen depositiorpresent major events
[Kalchiem-Dekel, O. et al. 2018, Klymenko, O. et al. 2019, Lawson, W.E. et al. 2008,
Selman, M. et al. 2004, Selman, M. et al. 2008jith regard to AECII injury,
fima | a d a, ppto-apgpeotic, endoplasmicreticulum (ER) stress- in part due to
induction andhuclear overexpression of CHORavebeen reported in AEC3bf patients
with sporadic and familial IPfKorfei, M. et al. 2008, Lawson, W.E. et al. 2008]

Progressive decline in lung functipfirst duringexercise, lateon at restis observed in
all IPF patientsThis is a very general symptom whictay results froncardiac or other
lung diseases as well, leadingtisdiagnosigAmerican Thoracic Society. 20Q@ther
common symptoms in additida dyspnearedry, norproductive cough as well éismger
clubbing Somelate stagepatientsshow signs ofight ventricular failure which could
lead tothe development of pulmonary hypertensiofLynch, D.A. et al. 2018] As
mentioned beforeagingis onemajorrisk factorfor the pathogenesd IPF[Selman, M.
et al. 2010]

Histologically, IPFlungsshowa pattern oflUsuallnterstitialPneumoni@&(UIP) which is
characterizedby hyperplasticalveolar epitheliumnext to dense fibrosistypically
characterized byibroblastic fo¢ heterogeneity witHibrotic areasdirectly adjacent to
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normal appearing tissue, and loss of alveolar archite¢iigeire 1) [Lai, C.K. et al.
2006, MuellerMang, C. et al. 2007, Wolters, P.J. et al. 20lflammatory changes may

be seen, but are usually not prominent.

Figure 1 Histologic features of UIP
For details se¢ext[Mueller -Mang, C. et al. 2007, Wolters, P.J. et al. 2014]

As alreadymentionedpathogenesis of IPE still elusive. There are two main hypotheses
of IPF pathogeniesan older inflammatory hypothesis amdmore recent alveolar

epithelial cell injury hypothesis.

The inflammatory hypothesisroposedhat chronig uncontrolledinflammationwould
lead to proliferatiorof fibroblass, promotingfibrosis The cause and the mechanisof
suchchronic inflammatiorhave notbeenfully understoodNoble, P.W. et al. 2005]
Severalstudiessuggestedherpesvirus infectiomas atrigger offibrosis [Lok, S.S. et al.
2002} Also, such theoryvassupported bybvious sign®f inflammationin computed
tomography (CT)in histologicalsamplesandin bronchoalveolar lavag@AL). On the
otherhand,conventionalantrinflammatorytherapiesdid not elicitbeneficialeffects in
clinical trials d IPF. All this indicatedthatinflammationmay havdittle or noimpacton

the pathogenesis of IHReane, M.P. et al. 2006]

According to a more recent theomgpeated, prolonged alveolar epitheliajury and
aberrant wound healing could lead to [Rierican Thoracic Society. 2000, Barkauskas,
C.E. et al. 2014]njury to AECIIs leads to proliferation of interstitial fibroblasts and their
differentiation into myofibroblastfLi, X. et al. 2017] These fibroblastproduce an
excessive amount of collagen and other extracellular matrix (ECM) componemésthat
to the development ofibrotic patchesKim, K.K. et al. 2006] This epithelial injury
concept is supported by several studiearimmal modelsvhereAECs have been shown
to bevulnerableto apoptdic stimuli, leading tolung injury and subsequent fibrogjB
Moore, B. et al. 2013, Braakman, I. et al. 2011, Gunther, A. et al. 20h2]most
frequently usednimal modelof lung fibrosisis the bleomycin (BLM)induced injury
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model, with either singé or repetitive doseghat result in AECII hyperplasia, DNA
damagepxidative stress and ER stresspportinginflammation and ECM deposition
[Korfei, M. et al. 2008, Tanjore, H. et al. 2012]so the amiodarone (AD) murine model
shows AECII hyperplasia, AECII apoptosis and both lysosomal and ER $Medmvadi,

P. et al. 2014, Mahavadi, P. et al. 201&hotheranimalmodelis theasbestosisnodel
displaying histopdtological signs of UIP as welkalveolar epithelial injury after single
intratracheal applicatiofiSanchez, V.C. et al. 20Q9The fuorescein isothiocyanate
(FITC) model displag AECII injury, additional FITC conjugates can be visualized by
fluorescence[Roberts, S.N. et al. 1995]Taken together all these animiadodels
supportedAECII injury in lung fibrosisiMoore, B.B. et al. 2008]To be mentionedhe
administration of silica particlesiay alsolead to the development of interstitial lung
fibrosis in murine lungsyeferred to as silicosifbavis, G.S. 1986]It is not a AECII
injury model, but it isused to study the innate immune responses in fibrotic lung injury.
Intratracheal application of silica leads to a persistent, toxic and inflammatory response
[Barbarin, V. et al. 2005]

1.2 The Pulmonary Surfactant

The dveolar surfaces coveredby two types of epithelial cellalveolar cells types |
(AECI) and AECII. The vast majorityof the surface is covered BAECI. These are
flattened cellghatmaintaina thin barier beéween blood andir. Their main feature i®
facilitate gas exchang®ECII are cuboidal epitheliatells and theimain function ighe
synthesis, storage asdcretion of th@ulmonarysurfactanfAndreeva, A.V. et al. 2007]
Compounds of the innate immune defence systezalso produce by AECIIs. Genetic
lineagetracing experimentfiave showed that surfactant protein gbsitive SFTPG
positive) AEQI canselfrenewandtransdifferentiate intéECI [Barkauskas, C.E. et al.
2013] Indeed, AECIIs have a high poteto proliferatgUhal, B.D. 1997] Pulmonary
surfactant is a complexixture of lipids and proteinsvhich prevens alveolar collapse
by redudng surface tensiomat the air-water interphaseln premature infants with
respiratory distress syndrome (RD& lack of surfactanhas beendentified tocause
respiratory failure Biochemically, pulmonary surfactambntainsapproximately 90%
lipids, mainly amphiphilicphospholipids Some of them are produced the ER of the
AECII. 10% of surfactant is represented proteirs, namely thesurfactam proteirs SR
A, SRB, SRC and SFD [Griese, M. 1999]
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SRPB andSRC aresmall and light proteins, which aextremely hydrophobjovhereas
SPA and SPD are big, hydrophilic collectinlike glycoproteins SRC is the only
surfactant protein which is expressed exclusivelABEZ Il in lungs and therefore serge
as a marker for AECIIThe surfactanproteins argrocessd andstored inthe lamellar
bodiesin the AECII. Theselysosone related organellesare then secretd to release
surfactantvia exocytosis[Weaver, T.E. et al. 2002AImost two thirds of theentirely
surfactant pool is found within alveolar space, where it lowers the surface tension at the
air-liquid interfae [Committee on Fetus and Newborn et al. 20lirfactantcan be
found in large amoustin the bonchoalveolar lavage (BALjluid. BAL therefore
represents main source to study surfactant composifidahavadi, P. 20095ome lipid
componentgan be recycled by AECfrom uptaken surfactafHaller, T. et al. 1998,
Weaver, T.E. et al. 2002]

In the ER of AECII,SP-C is synthesized as a RDa propeptide (pro SE) including
peptide domainen both the amineandthe carboxytterminal end®f the mature protein
[GUnther, A. et al. 2012Feveral poteolyticcleavagerocessesf thepropeptidewhich
take place during the journey of the protein through tolgi network, multivesicular
bodies and laminar bodiegsult in a3.7 kDa mature SF thatwill be cesecreted with
the lipids vialaminar bodiesnto the alveolaspace[Conkright, J.J. et al. 2001, Gunther,
A. etal. 2012, Solarin, K.O. et al. 2001]

1.3 Familial Interstitial Pneumonia

While IPFmayoccur sporadicallyit may also develom the context oheritable genetic
predispositions. Hman genetic studidsmvereveakdassociations between mutations in
genes encoding surfactant protef8&TPA&, SFTPQ and the development &amilial
Interstitial Pneumonia (FIP)Clinical, radiological as well as pathologic@lazacteristics

of FIP areindistinguishable from those ¢®F excep for a younger age of onset for FIP
[Thomas, A.Q. et al. 2002 Also mutations in telomerase or telomeetated genes
(TERG TERT) have been ascribetb underlie FIP [Armanios, M.Y. et al. 2007]
Telomeres are associated proteins of repetitive sequence (TTAGGG) stabilizing the ends
of chromosomegyildirim, H. et al. 2020] The £lomeresequences shortenedafter every

cell cycledue to the activity of the DNA polymeragseweverthe telomerase elongates
the telomeres bye novoaddition of TTAGGG repeat sequences to the telomere ends
[Greider, C.W. et al. 1989]The telomerase consists tifie telomerasereverse
transcriptase (TERT) and tltelomerase RNAcomponent (TERC) which is used as a
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template[Gavory, G. et al. 2002]Mutations in the gerseof these subunitead to a
defective function of the telomerase and therebtekmmereshortening This has been
reported to be a reason forcreasd susceptibilityto lung fibrosisand other clinical
syndromes/conditions such as aplastiaeama or dysceratosis congenigsfter getting
expo®d to an injurious stimulusshortened telomerepromote lungfibrosis due to
development of replicative senescenodimpairedtissue repaifBilgili, H. et al. 2019]

Lung fibrosis may also develop due to mutations in gemeoding components of
several lysosomal cargoprotein complexes in patients with Herman$kydlak
syndrome (HPS). HPiS agroup of autosomal recessidisorderswhich clinically show
occulocutaneous albinismlatelet sorage pool deficiency, cerolgbofuscinosis and an
early death caused by severe fibrotic lung diseaseme forms. The cause of this severe
disease could einctionally impairedysosome related organelles (LROs), but stkd

to befully elucidated Patients with HPS type 1, 2 and 4 mutatialisplay pathological
featuressimilar to those of IPF patientand are grouped togetheas HPS associated
interstitial pneumonia (HPSIRfFulton, A.B. 1999, Pierson, D.M. et al. 2006]

Mutationsin the BRICHOS domaionf the SRPC gene inpatientswith familial interstitial
lung disaséhave been describedmin, R.S. et al. 2001, Brasch, F. et al. 2004, Cameron,
H.S. et al. 2005, Nogee, L.M. et al. 200Ihe BRICHOSdomain isa highly conserved
homologous regioin several poteins thatbelongs tahe British and Danisheinentia
(BRI) family as well asto proteins likeCA11, Chondromodulinl (ChM-I) and SPC.

The BRICHOS domainonsistof around 100 amo acids[Mulugeta, S. et al. 20054t

this stagemore than 60 mutations of $SPhave been reportédlulugeta, S. et al. 2015]
Loss of function mutationsf the SPB genelead tofatal neonatal respiratory disease,
SRA and SPC deficiency have been associated wiitterstitial lung diseas@heseSP

C gene mutationg the BRICHOS domaiteads toalternate splicing of SE mRNA,
resulting in structurally alteredcarboxyl terminaland misfolded proteis. These
misfolded proteingannot be cleaved to generate matureCSRAs a consequence, the
misfolded preSRC accumulates in the ER of the cell or it will be transferred to the
cytosolleading to a toxic gain of function, maladaptive ER stress response andtbnally
chronic injuryof AECII. It also appears that the misfolded preGEan bind to wiltype
SRC invitro, leading to aggregation and loss of functionalC3Figure 2) [GUnther, A.

et al. 2012, Nogee, L.M. et al. 2001]
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Figure 2 Surfactant protein (SP)}C mutations lead to protein misfolding
SRC mutationleads to alternatesplicingof SRC mRNA, resulting indefective proproteinThis in turr

leads to accumulation and seems to causepoptotic ER stres&daptedfirom [GUnther A et al. 2012
These findings strongly suggest an important rofethese two proteins in normal lung
function In 2003, Bridges et alhave generateda transgenicmouse model with
SRCA®M mutationto studylung development. These midisplayed defectivéung
morphogenesis resulting in fetal deafhis study confirmed that mutation in the-SP
gene leads tprotein misfolding and albeant surfactant processing, which is essential for
proper lungnorphogenesi@Bridges, J.P. et al. 2003} nothermutation ofthe SPC gene
(SFTPQ leads to an SE deficiencyandalsodemonstrateabnormal lamellar bodies
[Azuma, A. 2005]Nurekiet al.havedeveloped knockin mouse moddbr the SRC'"3T
mutation In this SPC missense varianhe substitutiory.1286T>C resultéh a change
of isoleucine to threoninat position 73 in the SE proprotein (SFC'"3T) [Nureki, S-I.

et al. 2018] This SFTPCmutation is associated witimterstitial lung disease (ILD)
[Cameron, H.S. et al. 200%hese mice display accumulation mfsprocessed proSP
C'"3T proteinresulting inearly mortalityafter four to seven days. These mice atfted
multiple features of human IRarked by diffuse parenchymal lung injuryflammation
alorgside to AECII stresas well asfibrotic tissue remodelingin addition altered
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autophagy was observed in AECII after induction ofGB" mutation by tamoxifen
[Nureki, S:I. et al. 2018] Nureki et alhave demonstratetthat mutation in S gene

especially theSTFPC”3T mutationdrives AECIlinjury and aberrant repair

Early studies of gtients with mutations iBP-C give a hint towards ER stress as a main
trigger in pulmonary fibrosis. In 200Mogeeet al.reported eheterozygous substitution
of A for G in the first base of intron 4 of the humanGSBene (c.460+1A>Gatcauss

a lackof matureSP-C proteinin infants with nonspecific intestitial pneumonigHamvas,

A. et al. 2004, Nogee, L.M. et al. 200This mutationresultedin alternate splicing of
the SPC mRNA leading to a deletion of exofi 4ee X).d'msdin turn leads to misfolding
of pro SRC by removal of conserved structures in the BRICHOS domathanG
terminus of pro S¥. The BRICHOS domain is important for the effective translocation
to the ER. Thereformutationsn the BRICHOS domain lead mutant proteins thatre
left in the cytosol of the cell and accumulate tresaggresomefRusso, S.J. et al. 1999]
SR.C proteinis known to form bmomes. In thatmutant formis not only able tdind to
other SPC mutant molecules but also wild-type pro SFRC (SRCVT) leading to
aggresome formatioandimplying a dominarinegative effecon the trafficking owild-
type proSP-C [Kabore, A.F. et al. 2001, Wang, W. et al. 2003]

In vitro studies othege x 0 n 4 ImaverevdaledoER stress andspase 4 mediated
apoptosis in AECII like cell lineA549, MLE12) [Beers, M.F. et al. 1998, Mulugeta, S.
et al. 2007] As mentionedpreviously the transgenic mouse modef SFTPCPe x ©n 4
mutationunder humarSFTPCpromotor showed abnormal lung morphogendsisng
lung developmentvith abnormal surfactant processing awtumulation of misfolded
proteins in the ERresulting infetal deathBridges, J.P. et al. 2003j\nother transgenic
mouse modeémployinga teton systenfor conditional expressionf L188Q SFTPC
mutationspecifically in alveolar type Il cellsvas generatedMice with this mutation
displayed modest ER stress in AECII, btibis did not lead to AECII apoptosis or
pulmonary fibrosisOnly adlitional treatment with low doses bleomycin resutd in
extensive AECII death via activation ofsp@se4 andin development ofung fibrosis
[Lawson, W.E. et al. 2011By a second hit with an additional stresgw AECII undergo
full apoptosis resulting in pulmonary fibrosis. The findings in familial cases didRé&
pointedtowards a important role oAECII injury in the early stage of IPFFurthermore
ER streshiasalsobeenobservedn IPF patientlungswithout SFTPCmutationgKorfei,

M. et al. 2008, Lawson, W.E. et al. 2008]
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Two quality controlsystems are affected ISRC®® X °mhdtation:the unfolded protein
respons€UPR), which is activated by ER overload of anauated misfolded proteins;
andtheubiquitin/proteasome systefdPS), whichubiquitinates and degraslmisfolded
and damaged protein via the proteas@Rigure 3) [Mulugeta, S. et al. 2005]

Uibiquitin

Transcription Proteasome
factors ~UER
(XBP-1)
n
&6
; “ 240
Target Gene Expression \Rc
G // 'hﬁﬁ
BiP/GRP 78  HDJ-2HSP40 Abnormal ok
Protein-Protein  aggreqate /8 &
Interaction ion FTED
ER Stress l-jcfmatlon ; a 3
: "“'-.,_h g o 5
i s a
A
Caspase3 Activation e

Apoptosis

Figure 3 Dual effect of the SPC BRICHOS domain mutant leading to cellulai
dysfunction.

At least two separate subcellular systems are affected by BRICHOS domain mutant expression
and UPS pathway®Reprinted with permission of the American Thoracic Soci€ypyright© 202
American Thoracic Society. All rights reservédom[Mulugeta S et al. 2005]

Under normal conditionspropeptide of secretory or transmembrane proteins are
modified and propdy folded in the ER and translocated to the Golgi apparat
Misfolded proteindiowever,areinitially retained in the ERo facilitate proper folding.
When the misfolded proteins accumulate, ER stress qdeading to UPR activation.
Whenthe capacity for ER accumulationegceedegdthe ER cannot keep the misfolded
proteirs any longer, so it proteintranslocag to the cytosb This overwhelms the UPR,
whichis no longerable to degrade all misfolded protgimesulting inthe accumulation

of mutantSP-C in the cytosol and the formation of aggresomesnd the indudion of
caspase 3and finally apoptosis.These aggregates can interact with different cellular
targets and @y interfere in normal cell processe&dditionally, nonfunctional
heteromeric aggresomes of mutant-GRvith SRCWT can bind ubiquitinleading to
inhibition of ubiquiin-mediated signaling functioand disturb the UPS systell this
interferencewith cellular quality controlmechanismdead toa disruped cell function
and finally, cell death[Bridges, J.P. et al. 2003, Johnston, J.A. et al. 1998]
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1.4 Unfolded Protein Response (UPR)

TheERis responsible foproper foldingand posttranslatia modificatiors of secreted
and membrane proteins, production of steroids, synthesis of lipidsgstand production
of glycogenand calcium homeostagBerridge, M.J. 2002]Initial proteins which are
supposed to be secretade delivered to the EBy polypeptide chaisithat acias a signal
anchor In the ER polypeptideswill be folded correctly into threedimensional
conformationfor properfunctions of the protein Proteins are furthemodified, e.g.
glycosylated, and then pressedhrough the secretory pathwaphe chaperonbased
process of protein folding requires high’Clevels This Ca* is typically storedinside
the ER lumenn the sarcoplasmic reticulum (SEBraakman, I. et al. 2011Thefolding
of proteins in the ER isupportedby chaperone proteidke immunoglobulin binding
protein (BiP), also known as gluesegulated proteiii8 (GRP78).Under stress
conditions like calcium depletion, metabolicstress, reduced energy stores
accumulation of unfoldedmisfolded or mutant proteinsBiP is dissociatedfrom its
receptor and initiatethe unfolded protein responggPR). PersistntER stress activate
the ER-associated degradation (ERAPathway which usually results inmproved
protein folding acceleratedremoval of misfolded proteinsreducel ER burden,
maintairedcellular homeostasis arnlderebyavoid once ofcell deatfHetz, C. 2012]

Thecause of ER stress in IBEIl remainselusive butcommon environmental exposures
such as herpesviruses, inhaled particulates, and cigarette anedi@®wn tanduce ER
stressandcontribueto AECII vulnerability [Baumgartner, K.B. et al. 1997, Bonner, J.C.
2007] The main function of the UPR i® restoe ER capacity thereforeactivating
transcription factorswhich reduce protein translation and enhance ER chaperone
production to improve protein folding as well as metabolism and redox proteins. The UPR
also promotes protein degradation via ERAD amaintairs cellular homeostasito
prevent apoptosis through accumulation of misfolded preteimch disturb cellular
functions[Lee, A.S. 2005, Zhang, L. et al. 201When these UPR mkanisms faibnd
correct protein folding is not achieder if ER stresgersiss, the cell undergoes cell
death[Han, J. et al. 2013]

The UPR pathwaysan be activateby three ER transmembrane stress sensors:IRKiER

ER kinase (PERK; also known as EIF2ZAK3), ac
andinositor equi ring enzyme 1U ([BRdkB,etah2083p known :
Under normal coritlons the stress sensors are hdtothe chaperone BiP (GRP7&nd
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arehence in an inactivate states mentioredbefore BiP/GRP78 ione of the majoER
chaperong andbelongs to the family of heat shock proteiltanediateproperprotein
folding in the ERIf proteins ardoldedcorrectly, theygetdissociatedrom BiP andwill

be transfered to the Golgi apparatusUpon accumulation of misfolded proteins, the
boundBiP dissociates from the three stress receptors PERK, ATF&RaBdltd facilitate
proper folding.The now freesensors are activated astartsignalingcascadeglager, R.

et al. 2012] These three pathways are describelbw in more detail

The ativation of PERK leadsto its autophosphatiation and dimerizatiofLiu, C.Y. et
al. 2000] PERK therphosphorylates arttierebyinactivateghe U-subunit of eukaryotic
translational initiation factor 2 (elER The elF2 compleis required for thénitiation of
protein synthesijs therefore inhibition elF2J | eta gp®tein synthesis arrest.
Phosphorylate@lF20 a | s o theexpredsiant oA EF3 and C/EBP homologous
protein (CHOP)yia ATF4 [Brush, M.H. et al. 2003, Harding, H.P. et al. 2000hder
persistentER stressATF4 induce growth arrest and DNA damage inducible gene 34
(GADD34) leads to dephosphoryladn of elF2U[Gorman, A.M. et al. 2012, Novoa, . et
al. 2001] When BIP is released from ATF6 during ER strédsanslocate@ATF6 to the
Golgi apparatus, where it deaved bysite 1 and site 2 proteag&hen, J. et al. 2004]
The cleaved product passages into nineleus where it binds to e&cting ER stress
response elements (ERSE) aadtivatesthe transcription of ER proteifolding
chaperones such as BiP, GRP&dInexinas well a=R-associated protein degradation
(ERAD) component§Wang, Y. et al. 2000]In mammalian cellATF6 exists in two
isoforms, ATF&J and ATF®. It inducesX-box binding protein 1 (XBHR) expression
which is anatranscription fator, that isactivated by IRELU[Gorman, A.M. et al. 2012,
Yoshida, H. et al. 2001]The ransmembrane proteiflRE-1U i dntriresin serine/
threonine kinasemeaning that itphosphorylate proteins vith threonine or serine
residues and also haadonuclease activityvhich will be activated under ER strebs.
mammals two homologues of IREexist, IREUand IRE b, which homodimerize upon
BiP release After dmerization IRE-1 displays an RNaseactivity, which cleaves 26-
nucleotiddongintron sequence from the transcription factor XBFSpliced XBP1 then
translocateso the nucleusind bindso ERSEand promotes the transcription ®BRAD
target genegFigure 4) [Gorman, A.M. et al. 2012, Hiller, M.M. et al. 1996]
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Figure 4 The UPR is mediated by three ER stress sensor

Schematic illustration of ERtressand UPRAdapted fronfGorman AM et al. 2012,

If ER stress response prolonged then ERAD pathwaywill be activated The exact
mechanism by which ERAD recognizes and degrades misfolded proteinyét cletir:

But it is known that it takeplace in five differensteps:1) Recognition of misfolded
proteins by chaperones like calnexin (CNX) or BiP; 2-ER gr adat i on enhanc:
mannosidaséke protein (EDEM) facilitate the release of the misfolded protein from
calnexin and target them for degradationp®jtein disulfide isomerase (PDI) facilitates
the retretranslocation of misfolded proteins from the ER into the cytosol via translocons;
4) Then misfolded proteins will be ubiquitinated via enzymatic reactions mediated by E1
(ubiquitin activating enzyme):2 (ubiquitin cojugating enzyme), and E3 (ubiquitin
ligase); and 5) transport of ubiquitinated proteinmito the protesome for their
degradatiofYoshida, H. 2007]

UPR pathways induced tattenuate ER stress and protect the cell. However, prolonged
or severe ER stress can result in cellular apoptosis through extrinsic and intrinsic
pathwaygGorman, A.M. et al. 2012]in the case of amtrinsic pathway, stimullike
calcium influx from the ER to the cytoschuss the release of cytochrome c from the

mitochondria into cytosol. In the cytosol cytochrome ¢ forms a complex known as the
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apoptosome with Apat and procspae9 in the presence of ATP/dATP to process and
activae initiator caspase[Wang, X. 2001] In the case of aaxtrinsic pathway ligand
binds todeath receptors like Fas, TNFR1 or DR3 it the help of adaptor proteins
like Fasassociated protein with death dom@ifDD). Activation of these cell surface
receptors leads$o recruitment of initiator prospae8 which will be cleaved by a
complex that inducscaspase 8 [Ashkenazi, A. et al. 1998Dnce activated, the upstream
initiator caspases cleave and activate downstream effectspaas such as spase-3,-6
and-7, which in turn cleave death substraaad inducepoptosigearnshaw, W.C. et al.
1999] The extrinsic pathways linked togetherwith the intrinsic pathway through
caspase8 cleavage of BH®nly protein Bid that activates the mitochondrial pathway
orderto induceapopbsis[Wang, X. 2001] Both pathways require calcium infldsom
the ER to the cytosals well as the activity ahflammatorycaspae4. Under ER stress
initiator caspase 9 cleave procaspase 3 and effector cgpase 3 in turnmediates cell death
pathwaygZhang, L. et al. 2017]

CHOP s another transcription factahat isinvolved n ER stress inducedpoptosis
CHORP can be activated by all thid®Rsensor recepterATF4, ATF6 and XBP1 have
binding sites ithe CHOP gene promotfvia, Y. et al. 2002, Zinszner, H. et al. 1998]
Our groupshowedan increasedA\ECII apoptosis and fibroblast proliferation as well as
extensive collagen production as a resulC6fOP overexpressiomn vitro in alveolar
epithelial cellgKlymenko, O. et al. 2019After induction CHOP is translocated into the
nucleus andbound onan ERSE element in order tepregulatepro-ap@totic genessuch
as BH3 only protein Bin[Puthalakath, H. et al. 200@hd downregulatanti-apoptotic
genesnamelyBCL2 [McCullough, K.D. et al. 2001]Tanakaet al. havedemonstrated
transient increase of CHOP mRNA expression as well as protein expresaioarly
phase irbleomycininduced pulmonary fibrosis mice modii addition, Chop knochkut
(KO) mice display significant decrease wfflammation apoptosis and fibrosim
bleomycin induced pulmonary fibrosisompared with the WT miceThese results
suggest that CHOP plays a role in the development and exacerbaBaMeinduced

pulmonary fibrosis in micenodels[Tanaka, Y. et al. 2015]

In human IPF lung tissue our grotmes demonstratedapoptotic proteins in the same
AECII fibrotic region which also expressed ER stress markers including K@i,
M. et al. 2008] This studysuggest induction of ER stress matyigger profibrotic
phenotyperia enhanced AEC injury and dedttawson, W.E. et al. 2011, Lin, J.H. et al.
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2008] Recently, a study by Baek et fBaek, H.A. et al. 2012hasrevealed that UPR
activation may also be involved in myofibroblast differentiation of lung fibroblasis
confirms the link betweeBR stress and profibrotic cell phenotyp&aken togetheit is
known thatER stress lead® AECII vulnerability, which are thesensitive to additicad
environmental injury, whicleads to aéerrantepithelial repailandall together promotes
fibrosis Figure 5) [Tanjore, H. et al. 2012]
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Figure 5 Schematicpresentation of proposed mechanisms by which ER stress m
contribute to the development of pulmonary fibrosis Adaptedfrom [Tanjore H et al. 2012]
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1.5 Autophagy in the pathogenesis of IPF

Another mechanism through which cells capth ER stress is autophaf'chir, W. et

al. 2014] Autophagy is a majocell quality processit degrads proteins, cellular
components and organelles ‘e lysosomal pathway. Autophagy is also involved in
recycling processetn the case aflegradation of misfolded protein, autophaugirectly
regulaescdl survival. Till now, three types of autophagy are knowmacroautophagy,
microautophagy and chaperemediatedautophagy(Figure 6) [Murrow, L. et al. 2013,
Wirawan, E. et al. 2012]

S

o
&
F I
&

Autophagosome

Microautophagy

Figure 6 Schematic representation of the different types of autophagy

Chaperonanediated autophagy sequesters cytosolic proteins selected by KH&ERQotif and directly
targeted them to the lysosomes for degradation. During microautophagy the engulfed cytoplasmic
are invaginated by lysosomal membranes and thekebrdown. Macroautophagy is a process in wh
the proteins are engulfed in specialized vacuoles, called autophagosomes, which transport the pi
the lysosomesAdapted fronfWirawan E et al. 2012]

During Chaperonenediated autophagy (CMA) cytosolic proteins are individually
selected by a pentapeptide recognition motif (KFER® motif) [Yorimitsu, T. et al.

2005] Chaperones like the heat shagnate protein 70 (HSC 70) recognize the motif
and bind to it. After binding the substrate is translocated to the lysosomal surface, where
it interacts with the lysosorressociated membrane protein type 2A (LAMP R29ervo,

A.M. et al. 1996] HSC 70 and other chaperones mediated unfolding of the protein to
facilitate the translocation into the lysosomal lumen, whereisi degraded.
Microautophagy is non-selective degradation procesgherethelysosomal membrane
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directly invaginates proteins, which are engulfed by cytoplasmic cargo. This process is
mediated by autophagic tubes, which are present at the menjbravé et al. 2012]

During macroautophagy, mainly referred as autophdlgg,substrate is engulfed by a
isolation membrane called phagophore. The phagophore forms double membrane vesicles
known as autophagosomes. These autophagosmes fuse then with the lysosome forming
autolysosomes to degraded enclosed subgfater, C.M. et al. 2009Autophagycan

be induced byallular stress conditions including nutrient starvation, hypoaraitions,
invading microbestumor formationandlong-lived proteins that accumulate in the ER
[Deegan, S. et al. 2013]

Recent studies hawkemonstrated thalhat autophagys involvedat various levele the
pathogenesis of pulmonary fibrodishas beerdemonstratethat autophagy isithernot
activatedor insufficienty in patients with IPHAraya, J. et al. 2013, Patel, A.S. et al.
2012] They also have shown thattime bleomycin mouse modehe administration of
rapamycin, an autophagy inducer, leads to significant reduction of lung fifiPaded,
A.S. et al. 2012]Other studies have reveal#itht thecytokinestransforming growth
factor betal (TGFDb1) and interleukin 17A (IL17A) have been attributed to inhibition
of autophagy and therefore promotes chronic inflammation and progression of lung
fibrosis [Mi, S. et al. 2011, Patel, A.S. et al. 2012hother study revealed decreased
expression of the B& binding protein Beclin 1 in IPF fibroblagRicci, A. et al. 2013]
These and other studisaggesthatregulation ofautophagy activity may also be a new
target for the treatment of pulmonary fibrogiaspel, J.A. et al. 2011The lung tissug

of IPF patientshowa decreasén the number odutophagosomeaccumulation of p62
and deceased LC3B level as well asgbiquitinated proteins suggestinga blocked
autophagic flux andhsufficientautophagylt appears as idutophagosomare not able

to fuse with the lysosomia IPF (Figure 7) [Kesireddy, V.S. et al. 2019, Kota, A. et al.
2017, Lv, X. et al. 2020, Mahavadi, P. et al. 2015, Patel, A.S. et al..Z0aa{ the same
line, Kesireddy et al. haveeportedthat MAP1LC3B knockout micearesusceptible to
lung injury and fibrosiswhich indicates the pathologic relevance of autophagy in the
development of lung fibrosiKesireddy, V.S. et al. 2019]

Severalstudieshave linked ER stress to autophd@ng, W.-X. et al. 2007, Hayer
Hansen, M. et al. 2007, Khaminets, A. et al. 2015, OK{.Set al. 2009] As a
compensatory cell survival mechanissmtophagycan be activated byild to moderate
ER stresswhereaslue tosevere or prolonged ER strefise adaption program switches
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to cell deathprogram[Rashid, H-O. et al. 2015]However, it is not clear whether ER
stressmediated autophagy protects cells from undergoing apopfasize data suggest
that itmayalso induce cell deafl®gata, M. et al. 2006, Schroder, M. et al. 2005]

Autophagic flux flux blocking aggregation

|

Missfolded protein
clearance

1

Acute Chronic
inflammation inflammation

( Normal ] {Autophagic J E Missfolded protein

— Pulmonary fibrosis

Figure 7 Blocking autophagic flux promotes pulmonary fibrosis

Normal autophagy promat¢he clearancef damagegroteinsand inhibit acute inflammatory response
However, wherpulmonary fibrosis occurs, acute inflammation gradually turns into chronic inflamme
This results inblockageof autophagic fluanddamaged proteins antle extracellulamatrix cannot be
removedpromotingpulmonaryfibrosis. Adapted fronjLv X et al. 2020]

1.6 Mitochondrial alteration sin the pathogenesis of IPF

Mitophagy targets mitochondria fournoverand removes damaged and dysfunctional
mitochondria thatanlead to cellularstressand apoptosi$Ding, W.-X. et al. 2012]
Mitophagy occurs through PTENduced putative kiase 1 (PINKIParkinsignaling
PINK1 sensesnitochondrial membrane depolarization aedruitsParkin, which labels
the dysfunctional mitochonidrfor trafficking to the autophagosonfi€oule, R.J. et al.
2011] Defective mitophagyand altered mitochondrial biogenesias been associated
with IPF (Figure 8) [Bueno, M. et al. 2015, Sosulski, M.L. et al. 2015, Zank, D.C. et al.
2018] Mora et al. havediscoveredPinkl deficiercy, resulting in anaccumulation of
dysmorphic and dysfunctional mitochondimeAECIIs from human IPF lungBViora,
A.L. et al. 2017]Thishasbeenassociated wittheupregulation oER stress markers and
low expression of PINK1, the regulator of mitochondrial homeosfBsisno, M. et al.
2015] ER stress has been shown to induce expression of ATF3, a transcriptional
repressor of PINKL, iECII [Bueno, M. et al. 2018]Furthermore Bueno et al. have
demonstrated th&INK1-deficient miceshowincreased susceptibility to apoptosis and
lung fibrosis developing similar dysmorphic and dysfunctional mitochorain@that ER
stress is linked to mitochondrial functionthe AECIIs[Bueno, M. et al. 2020]Studies

by Patelet al.confirmedthis by showing thaPINK1-deficient miceexhibitedincreased
apoptosian AECII [Patel, A.S. et al. 2015RAlso, Parkin deficiency is associated with
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impaired mitophagy in IPF fibroblasts under profibrotic conditidhgpporting these

data, Parkirdeficient mice develop more severe lung fibr¢gemnk, D.C. et al. 2018]
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Figure 8 Schematic of profibrotic pathways mediated by mitochondrial dysfunctio

Decrease PINKiIn AECII from fibrotic lungs has been associated witlitochondrial dysfunction anc
increased activation of TGB. Profibrotic macrophageshowsincreased mitopdigy and resistance ti
apoptosisTGFb af fects mit oc ho tastythreugh décreasiog RINKE and Rark
Adapted from{Zank DC et al. 2018]

Otherstudies have also confirmélde roleof mitochondrialalterationsin lung fibrosis.
Hawkins et al. havelemonstrated tha norBRICHOS SR-C mutations(SRC'"3T),
which is alsdinked to familial pulmonary fibrosjscauss disrupted mitophagwvithin
AECII. This results in an accumulation of dysfunctioaatl dysmorphienitochondria
[Hawkins, A. et al. 2015Dn the contrary, pulmonary macrophages isolated from IPF
lungs showedincreased mitophagy as well as increased level of Pinkl and Parkin
[LarsonCasey, J.L. et al. 2016]

1.7 Mitochondria-associated ER membranes (MAMS)

ER andmitochondria form tight physical junctioksownas mitochondria associatE®R
membranes (MAMs)About 20% of themitochondrial surface is in direct contact with
the ER This junction is stabilized btethering complexethat areproteirs anchored in
the ER and mitochondrial outer membramhis strongconnection enables dynamic
and highly regulated communicatioattveen the ER and mitochondfiizzuto, R. et al.
1998] The transfer of calciumQa*) and other metabolitebetween the ER and
mitochondria is a major functiasf MAM contacts(Figure 9) [Vannuvel, K. et al. 2013]
The transfers facilitated by MAM proteinsinositol 1,4,5trisphosphate recept@iP3R),
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Figure 9 lllustration of the interactions of MAM proteins
IP3R3 and VDAC1 mediate the transport of €afrom the ER to the mitochondridPACS2 is

multifunctional protein, anchored in the ER membranes, that tethers the ER with mitochaddptec
from [Vannuvel K et al. 2013]

which is located at the ERynd voltagedependent anierelective channglVDAC),
which islocalizedon mitochondrid outer membrang®ravo, R. et al. 2011, Vannuvel,
K. et al. 2013]Sigma1l receptorwhich isalsolocated in the ERstabilizes IP3R ansgo
promotesCa* exchangdrom ER to mitochondrian case ofCa* depletionin the ER
C&* depletion of the ER as well asitochondria C&f* overloadareboth critical factors
for cell death Therefore thesélAM proteins are important for maintaining cellular
homeostasis by controllifgRi mitochondrial C& transferfvan Vliet, A.R. et al. 2014]
As mentioned befor@thermetabolitesincluding lipids are also transferred between the
ER and mitochondria through ERitochondria contact§Bravo, R. et al. 2011,
Vannuvel, K. et al. 2013JAnother ER-localized MAM -protein is phosphofurin acidic
cluster sorting protein @ACS2, which is associated witthaperone calnexiand fixed
to the ER luminal face of MAMPACS?2 is important for MAMormation andstability
andtherdby alsofor thebalance between homeostasis eellldeathIn addition Simmen
et al. have shown that PACS2 depletionis not only associated with decreddeR-
mitochondri interference, bumay also inducesnitochondrial fragmentatioria a B
cell associated protein 3BAP31), leading tophysical dissociationf the mitochondria
from the ER[Simmen, T. et al. 2005]
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Disruption of the interaction betwe&R and mitochondrianduces ER stresélso, ER
stress can lead to disrupted MAM contact siesensuchER stress cannot be resolved,
PACS2 initiatesapoptosisby translocang from the ER to mitochondrjatherdoy
promoing the formation of tBid which in turnreleass cytochrome ¢ followed by
activation of capae 3 [Simmen, T. et al. 2005, Werneburg, N.W. et al. 20T2je
multifunctional proteinPACS2 could also play a role in the retention of chaperones in
MAMSs, as itis known thatPACS2bindsthe nonphosphorylateadtalnexinand therby
kees it in placeat the MAMs [Myhill, N. et al. 2008] Some recent studies also show
that prolonged pro-apgtotic ER stresscan induce morphological changes of the
mitochondrial networklue to the close proximitjRainbolt, T.K. et al. 2014]

As mentioned beforeCa* is a key regulator of apapgis[Shi, J. et al. 20153nd MAM
proteirs facilitate Ca2* exchangébetween ER and mitochondrith is also known that in
dying cellsmitochondriaundergadynaminrelated proteiri (Drpl) dependentontrolled
fission resulting intheir punctate distributiofBrito, O.M. de et al. 2010, Frank, S. et al.
2001, Hom, J.R. et al. 20QNlitochondrid permeabilization is a complex mechanism
and depends on a distinct balance of antiapoptotic membeBs tig# lymphoma ZBcl-

2) andB-cell lymphoma 2Zxtralarge (Bcl-xL), or pro-apgtotic members such &8H3
interactingdomain death agonigBid), Bcl-2 homologous antagonist killéBak) and
Bcl-2-associated X protei(Bax) [Su, J. et al. 2014Hom et al.haveexposed rat liver
cell lines to thapsigargin, a weknown ER stress inducdsy inhibition of SR/ER C&-
ATPase (SERCA). This led tofeagmentation of mitochondridue toincreased Ca
uptakeby the mitochondria This effect seems to be reversibbut under prolonged
thapsigargirtreatment the fragmentation ofitochondria beconsarreversibledue toa
depletion of C# in the ERanda mitochondrial C& overloadHom, J.R. et al. 2007]n
the case ophysical rupture of mitochondtigro-apgototic proteinssuch as cytochrome
c and procapasesare releasetto the cytoso[Pradelli, L.A. et al. 2010]This in turn

triggers apoptosis

ER stress can also induce mitochondrial strésading to aloss of mitochondrial
membrane potentiahnd thus to mitochondrialragmentation anddegradationvia
autophagythe so callednitophagy[Ding, W.-X. et al. 2012] Damaged mitochondria
activatePINK1, which is sensitive for voltage changes. PINKin binds to Parkin
leading tothe induction of autophagy of those mitochondfinder normal conditions,
PINK1 is continuouslyprocessed and importeteading to itsdegraction During
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mitochondrial fragmentationor mitochondrial sess, which results imitochondrial
membrane depolarisatipRINK1 is translocateanto the outer mitochondrial membrane
(OMM) [Matsuda, N. et al. 2010The accumulation &?INK1 on the outemitochondrial
membraneleads to recruitment oParkin, an E3 ligasewhich in turn ubiquitinates
mitochondrialproteinslike Mitofusin 1 and 2IFN1/2) and VDAC[Gegg, M.E. et al.
2010} Ubiquitinated proteinsecruitp62, which thermactivaesautophagosomformation
and finallydegradation of damaged mitochondfikatsu, K. et al. 2010Mitophagycan
also be activated through tR&ERK ATF4 pathway othe UPR[Bouman, L. et al. 2011]

1.8 ER and MAMs are a source of autophagosome formation

Autophagy is a crucial survival mechanism for the cell under stress conditions like
starvation. Autophagy is initiated at the isolation membrajpdagophore)and this
membrae is expanded to fortie autophagosonjeamb, C.A. et al. 2013]In contrast

to other biological pathways, the autopbsgme is not always present in the cell, its
formation will be initiated by activation of autophagy and will be degraded soon
afterwardqdRubinsztein, D.C. et al. 2012The source of autophagosome formation has
been an unsolved riddle. Some studies show ghaeralautophagic proteinsan be
identifiedat the ERsuggestingt as a source ofreautophagosome formatigNoda, T.

et al. 2011]According to Utrastructural analyseautophagosome formation takes place
near a specific regioof the ER[YIl&-Anttila, P. et al. 2009]This ER subdomain in the
intracellular site is called omegasefiiayashiNishino, M. et al. 2009]DoubleFYVE
domainrcontaining protein (DFCPXerves as a specific marker of omegasfre, E.L.

et al. 2008] The ULK1 complex, a scaffold of AG proteins, isalso located in the
omegasorminitating autophagosome formation in ttadulovesicular regionsf the ER
[Karanasios, E. et al. 201&TG2 alongwith ATG8 andATG18 binds to ER subdomain
forming the phagophorfKotani, T. et al. 2018]OtherER membrane protescalled
TMEM41band VMP1 aralso presumed toe involved irthis proces$Moretti, F. et al.
2018]

Next, it has been suggested tMAMs are the sorce of autophagosomal membranes
[Hamasaki, M. et al. 2013By employing several methods, it wdemonstratedhat
autophagy related prots ATG14L and ATG5 which are necessary for autophagosome
formation accumulatat the MAM under stress conditions. Furthermétamasaki et al.
havedemonstrated that geetion of PACS2 oMFN2 leadgo a disruption of the contact
site andtherebyalso to a defective autophagosome formatinyrinhibition of ATG14L)
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and LC3B formation and lipidatidilamasaki, M. et al. 2013, Shibutani, S.T. et al. 2014]
Accordingly, Itakura et alhaveidentified syntaxin 1{STX 17) an ER located soluble
N-ethylmaleimidesensitive factoattachment receptor (SNARRJotein, to be involved

in autophagy by controlling the fusion of the autophagosme with the lysosome. STX 17
relocated ATG14L to the MAM membrane under starvaimmuced autophagytakura,

E. et al. 2012] Nevertheless, besides tipathologic contribution of ERti®ess and
mitochondrial dysfunction, there is not much known abkaltéred ERmitochondrial
communicationin disease pathogenesisspecially in IPF[Senft, D. et al. 2015,
Vannuvel, K. et al. 2013]
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2 Aim of the study

The pathophysiologpf IPF is not fully understood, but is well known thatchronic
AECII injury, disturbed epitheliamesenchymal crosstalk, activation of fibroblasts and
excessive collagen depositiame key factas for driving IPE The concept of AECII
injury is supported bcientificallyappealing observations like severe andagoptotic

ER stresssignaling and shortened telomere length in AE@il familial (e.g. SRC
mutations) and sporadic IPF cases. Recent sthdiesalso unddmedthe importance of
defective autophaggnd dysfunctional mitochondria in driving alveolar epithelial cell
apoptosis and thereby lung fibrosis. Although the distinct functions of the ER and
mitochondria in AECII death are ascertained, slgnalingnetwork between these two
dynamic organelles antieir crosstalk with each otharestill poorly understood itPF.

We hypothesize that the ERitochondrial crosstalk is severely altered under a)
experimentalER stress and b) in lung fibrosis, where AECII display persisfent,

aptotic ER stressTlo test this hypothesigje identified the following objectives:

1. Fully understand theignalingmechanisms between ER and mitochondrieer
ER stress conditions and in lung fibrosis: Heve,plan to(i) exploit ourin vitro
model of inducibleChopoverexpression in mouse lung epithelial (MLE 12) cells,
(if) study MAM protein expression in lung tissues of IPF pasesampared to
organ donors an(lii) generate stable cell lines overexpressing full ler#C
or SRC®e X ABRICHOS domain mutation)

2. Investigatehe effectof altered MAM protein®n cellularfate as well as cellular
quality control mechanisms the alveolar epithelial cell§:o study this, we plan
to perform gain / loss of function experiments for the identified MAM(s) from

objective 1 and analyse the subsequent effects on apoptosis as well as autophagy.

3. Therapeutically target the ERitochondrial crosstalk: For this, we plan to
identify drugs that may target one or more of the MAMs or associated proteins.
Therapeutic efficacy of such drugs will be tested in precision cut lung slices
(PCLS) from IPF patigriungsand downstream pathways will be studied.
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3 Materials

3.1 Reagents

Products

Company

b-Estradiole
2-(4-(2-Hydroxyethyl}1-piperazinyl}
ethansulfonic acid (HEPES)
2-Mercaptoethanol

4 Npid&nidin-2-phenylindol (DAPI)
Aceticacid

AcrylamidéBisacrylamide (30%/0.8%)
solution, Rotiphorese® Gel 30
Agarose

Albumine, Bovine Serum Fraktion V (BSA)
Alexa FIuoE 488 Antibody Labeling Kit
Ammoniumperoxodisulfate (APS)
Ampicillin sodium salt

BactoTM Agar

BactoTM Tryptone

BactoTM Yeast extract

Bafilomycin A 1

Brillant Blue G

Bromphenol blue

Capsaicin

Chloroquine diphosphate salt
CutSmart® Buffer

D-(+)-Glucose

D-(+)-Saccharose

Dako Fluorescer¥iounting Medium
Dako Glycergel Mounting Medium
Dimethylsulfoxide (DMSO)

Di-Sodium hydrogenphosphate dehydrate
(Na2HPO4A2H20)
DMEM-F12

Sigma Aldrich, Germany
Roth, Germany

Sigma Aldrich, Germany
Sigma Aldrich, Germany
Merck KGaA, Germany
Roth, Germany

Roth, Germany

Roth, Germany
InvitrogenAG, USA
Roth, Germany

Sigma Aldrich, Germany
BD,USA

BD,USA

BD,USA

InvivoGen, France
Sigma Aldrich, Germany
Merck KGaA, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany

New England BioLabs, USA

Roth, Germany

Roth, Germany

Dako, USA

Dako, USA

Roth, Germany

Merck KGaA, Germany

Gibco, Germany
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Donkey Serum

Doxycyclinhyclat

Dul Phosphat e
Duolink® In Situ Orange Starter Kit
Goat/Rabbit

Dynabead8 M-280 Tosylactivated
(30mgmL)

EndoFree® Plasmid Maxi Kit (10)

EpiQuik Nuclear Extraction Kit |

Ethanol 70%

beccods

Ethanol 96%

Ethanolabsolut

Ethylenediaminetetraacetic acid (EDTA)
Fetal Bovine/Calf Serum (FB/CS)

GelRed® Nucleic Acid Stain 10,000X in wate

Gertticin (G-418)Sulphate

Gibco DMEM-F12 Medium

Gibco RPMI 1640 Medium

Glycerol glycerine

Glycine

GlycoBIlueE Coprecipitant

HaltE Protease Inhibitor Cocktail
Hamalaunldsung sauer nach Mayer
HotStar HiFidelityPolymerase Kit 100 units
HotStar Tag® DNA Polymerase 1000 units
Hydrochloric acid (HCI)

Hydrocortisone

Hygromycin B Gold

Immobilon® Western Chemiluminescent HRI EMD Millipore Corporation, USA

Substrate

PAN Biotech, Germany
Fargon, Germany
Sigma Aldrich, Germany
Sigma Aldrich, Germany

Invitrogen AG, Germany

Qiagen, Germany

Epigentek, USA

SAYV Liquid Production GmbH,
Germany

Otto Fischar GmbH& Co. KG,
Germany

Otto Fischar GmbH& Co. KG,
Germany

Roth, Germany

Sigma Aldrich, Germany
Biotium, USA

Gibco, Germany
ThermoScientific, Germany
Thermo Scientific, Germany
Sigma Aldrich, Germany
Roth, Germany

Invitrogen AG, Germany
Thermo Scientific, Germany
Roth, Germany

Qiagen, Germany

Qiagen, Germany

Roth, Germany

Sigma Aldrich, Germany

InvivoGen, France
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Insuline TransferrineSodium selenite /
ITS solution | (100x)

Isopropanol (ZPropanol)
Kanamycindisulfate salt

L-Glutamine

Lipofectamine® 200 Reagent

MEM Non-Essential Amino Acids Solution
(100x) (MEM NEAA)

Methanol

Milk powder

Minimum Essential Media (100x) (MEM)
MitoTracker® Red CMXRos

MycoZAPE

N,N,N',N-Tetramethyl ethylenediamine
NEBufferTM 3.1

Nintedanib

NucleoSpin® Tissue (250prep)
Oligo(dT) Primer

Omniscript® RT Kit

Opti-MEM medium

PageRuldE Prestained Protein Ladder
Paraformaldehyde

pEGFRC1 Vector
Penicilline/Streptomycine
Phenylmethylsulfonylfluoride (PMSF)
Pierc&& BCA Protein Assay Kit

Piercé& IP Lysis Buffer

Potassium Chloride (KCI)

Potassium dihydrogenphosphate @804)
Proteinase K

QIAprep® Spin Miniprep Kit (250)
QIAquick® GelExtraction Kit (50)

PAN Biotech, Germany

Roth, Germany

Sigma Aldrich, Germany
Gibco, Germany
Invitrogen AG, Germany

Gibco, Germany

Merck KGaA, Germany
Roth, Germany

Gibco, Germany

Life Technologies, USA
Lonza Group Ltd, Switzerland
Sigma Aldrich, Germany
New England BioLabs, USA
SigmaAldrich, Germany
MachereyNagel, Germany
Roche, Germany

Qiagen, Germany

Gibco, Germany

Thermo ScientificGermany
Roth, Germany

Addgene Europe, UK
Gibco, Germany

Thermo Scientific, Germany
Thermo Scientific, Germany
Thermo Scientific, Germany
Roth, Germany

Merck KGaA, Germany
PEQLAB Biotechnologie,
Germany

Qiagen, Germany

Qiagen, Germany
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QIAquick® PCR Purification Kit (250)

Qiagen, Germany

Restriction endonucleases(Xhol, EcoRl, Stul New England BioLabs, USA

Hindlll, ApaL 1)

RNase Inhibitor

S.0.C Medium
SmartLadder

Sodium butyrate
Sodium Chloride (NaCl)

Sodium citrate tribasic dihydrate
Sodium dodecyl sulfate (SDS)

Sodium hydroxide (NaOH)

Storage Solution for pH and ORP electrodes

T4 DNA ligase
T4 DNA ligase buffer

OneShoE TOP10, competent cells

Tris(hydroxymethyBaminomethane (Tris)

Triton-X-100

TRIzolE Reagent
Trypsin 0.50% (100x)
Turbofect

Tween® 20

ZytoChem (AP) Broa®dpectrum (Permanent

Red) Kit 80 Tests

ZytoChem Plus AHFast Red Kit Broad

Spectrum 80 Tests

Roche,Germany

Invitrogen, Germany
Eurogentec, Germany
Sigma Aldrich, Germany
Roth, Germany

Sigma Aldrich, Germany
Roth, Germany

Merck KGaA,Germany
Hanna Instruments, Germany
New England BioLabs, USA
New England BioLabs, USA
Invitrogen AG, Germany
Roth, Germany

Sigma Aldrich, Germany
Invitrogen AG, Germany
Gibco, Germany

Thermo Scientific, Germany
Roth, Germany

Zytomed Systems, Germany

Zytomed Systems, Germany
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3.2 Equipment

Product

Company

Agarosegel electrophoresis chamber
Analytical Balance

Bacteria culture incubator, Orbital incubat
SI50

BD Microlancé&e 3 cannulas 20 G 1 1/2 0,9
40 mm

Cell culture centrifuge, Mikro 200R

Cell culture Hood

Cell culture incubator HERAcell 150i

Cell culture water bath

Cell Scrapers

Disposable Glass Pasteur Pipettes 230mm
DynaMag 5

ECL Chemostar

Electrophoresis Chamber

Eppendorf Resear@hplus (IVD) pipette 100
100QuL

Eppendorf Resear@h plus (IVD) pipette 10
100uL

Eppendorf Resear@h plus (IVD) pipette 1
10uL

Falcon Roller

Falcon tubes 16L/50mL

Feather sterile disposable scalpel No.10
Fluorescence microscope adapter
Freezer20°C

Fridge +4°C

Glass bottles 250, 500, 1080
Haemocytometer coverslips MenZglasser
20x26mm

Haemocytometer Neubauer Chamber

Kreutz Labortechnik, Germany
Mettler Toledo, Germany
Stuart Equipment, UK

Becton Dickinson, Germany

Hettich, Germany

Heraeus, Germany

Thermo Scientific, Germany
Julabo, Germany

Sarstedt, Germany

VWR International, Germany
Invitrogen AG, Germany
Intas, Germany

Bio Rad, Germany

Eppendorf, Germany

Eppendorf, Germany

Eppendorf, Germany

Phoenix Instrument, Germany
Greiner bieone, Germany

GF Health Products, USA

AHF Analysentechnik, Germany
Bosch, Germany

Liebherr, Germany

Roth, Germany

Thermo Scientific, Germany

Optik Labor, Germany
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HeraFreeze TogB0°C

IKA® VXR basic Vibra® orbital shakers
Immobilon®-P Transfer Membrane PVDF
INCU-Line

Image J softwaréversion 1.52a)
Kimble® dounce tissue grinder san2
Leica M205 FA Fluorescent Stereoscope
Magnetic Stirrer UC151

Membrane FilteExpres& Plus 022pum
Microplate reader Infinit® M200 Pro
Microscope Nikon Eclipse TS100
Microtest Plate 96 Well, F

Microwave Severin MW 7825

MJ MiniTM Personal Thermal Cycler
Multifuge centrifuge Rotina 380R
Multipipette

Nalgene Cyroware Cryogenic Vials
Nano Zoomer

NanoDrop One

Oxygraph2K

PCR SoftTubes, @.mL, trarspaent
PCRThermocycler Thermomix comfort
pH/ORP Meter HI 2211

Pipette 16nL

Pipette tip 1QL, 10QuL, 100QuL

Pipetu®

Platesealer, Easysé&altrarspaent, 79x135mm

Platform rocker PMR30
PowerSupply MR300V

Power Supply, Consort EV265
PowerPaE Basic Power Supply
Precelly® 24 homogenizer
Pumpe 4010

Thermo Scientific, Germany
IKA ®-Werke GmbH, Germany
Merkmillipore, Ireland

VWR International, Germany
National Institute of Health, USA
DWK Life Sciences, Germany
Leica Microsystems, USA
Stuart Equipment, UK
Merckmillipore, Ireland

Tecan Group LtdSwitzerland
Nikon GmbH, Germany
Sarstedt, Germany

Severin GmbHGermany

Bio Rad, Germany

Hettich, Germany

Eppendorf, Germany

Nalge Company, USA
Hamamatsu, Germany
ThermoScientific, Germany
Oroboros Instruments, Austria
Biozym Biotech, Germany
Eppendorf, Germany

Hanna Instruments, Germany
Greiner bieone, Germany
Sarstedt, Germany
Hirschmann Laborgeréate, German
Greiner bieone, Germany
Grant Instruments Ltd, UK
Major Science, USA
AlphaMetrix Biotech, Germany
Bio Rad, Germany

Bertin Technologies, Germany

Clinicon, Germany
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SafeLook tubed0.5mL, 15mL (amber),In\L  Eppendorf, Germany

Sprouf™ Mini centrifuge Heathrow Scientific, USA
Syringes Injekt® SolordL, 5mL, 10mL, 20mL B. Braun, Germany

Table balance FCB 3K0.1 Kern&Sohn GmbH, Germany
Table centrifuge Rotina 380R Hettich, Germany
TissueCulture Chambers (&ell on lumox®, Sarstedt, Germany
detachable)

Tissue Culture Dish 100mm, Standard Sarstedt, Germany

Tissue Culture Dish 60mm, Standard Sarstedt, Germany

Tissue Culture Plates 12 Well,Standard,F  Sarstedt, Germany
TissueCulture Plates 6 Well,Standard,F Sarstedt, Germany

Vortex machine VWR International, Germany
Water bath Julabo, Germany

Western blot unit Bio-Rad, Germany
Whatmanit Gel Blot Paper GE Healthcare,UK

3.3 List of antibodies

Antibody Company Order number Source Use

Anti-ABCA3 Seven Hills WMAB - mouse IF
Bioreagents, USA ABCA3-177

Anti-f3-actin Abcam, USA ab8227 rabbit WB

Anti-Calnexin (¢ = Santa Cruz, USA sc6465 goat WB, IF;

20) PLA

Anti-CHOP Cell Signaling, 5554s rabbit WB, IF, IHC

(D46F1) USA

Anti-clAP-1 Biovision, USA 3180A-30T rabbit WB

Anti-clAP-2/ Novus Biologicals, NBBP1-90132 rabbit WB

HIAP-1 USA

Anti-COL1A1 Rockland 600-401-103 IF

Immunochemicals 0.5

Ireland
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Anti-cleaved
caspase3 (D175)
(5A1E)
Anti-GAPDH
(14C10)
Anti-GFP
Anti-hclAP
Anti-IP3R3

Anti-Lamin A/C
(N-18)
Anti-LC3B
Anti-LC3B

Anti-Myc tag
Anti-
p62/SQMSTM 1
Anti-PACS2
Anti-PACS2
Anti-PACS2
Anti-Parkin
Anti-PERK (H
300)
Anti-PINK1
Anti-PINK1

Anti-proSRC
Anti-proSRC

Anti-proSRC

Anti-SigmaR1
Anti-TFEB

Cell Signaling, 9664s

USA

Cell Signaling, 2118s

USA

Abcam, USA ab5450
R&D Sytems, USA AF8181
Novus Biologicals, NBP1-21400
USA

Santa Cruz, USA scl15426
Abcam, USA ab192890
Cell Signaling, 2775s

USA

Abcam, USA ab9132
SigmaAldrich, P0067
Germany

Abcam, USA ab129402
ProSci Inc. 8189
Proteintech, USA 195081-AP
Abcam, USA ab15494
Santa Cruz, USA sc13073
LSBio, USA LS-C 296148
Novus Biologicals, NB 100493
USA

Biorbyt, UK orb137602
Merck Millipore, ab3786
Germany

Seven Hills WRAB-09337
Bioreagents, USA

Proteintech, USA 151681-AP
Proteintech, USA 133721-AP

rabbit

rabbit

goat
goat
rabbit

goat

rabbit
rabbit

goat
rabbit

rabbit
rabbit
rabbit
rabbit
rabbit

rabbit
rabbit

rabbit
rabbit

rabbit

rabbit
rabbit

WB, IF

WB

WB
WB
WB;IF

wWB

WB, IF
WB, IF

WB, IF, IP
WB, IF

WB,IHC
WB

WB, IF, IHC
wB
WB,IF,IHC

WB
WB

WB
WB

wB

WB,IF,IHC
WB, IF
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Anti-TOM20 (F
10)

Anti-TOM20 (FL-
145)
Anti-TRPV1

Anti-VDAC1

Alexa Fluor® Plus
488 antiGoat 1gG
Alexa Fluor® Plus
488 antiMouse
lgG

Alexa Fluor® Plus
488 antiRabbit
IgG

Alexa Fluor® Plus
488 antiRat IgG
Alexa Fluor® Plus
555 antiGoat IgG
Alexa Fluor® Plus
555 antiMouse
IgG

Alexa Fluor® Plus
555 antiRabbit
lgG

HRP conjugat/
Anti-Goat
Immunoglobulins
HRP conjugat/
Anti-Mouse

Immunoglobulins

Santa Cruz, USA

Santa Cruz, USA

Invitrogen AG,
USA
Proteintech, USA

Invitrogen AG,
USA
Invitrogen AG,
USA

Invitrogen AG,
USA

Invitrogen AG,
USA
Invitrogen AG,
USA
Invitrogen AG,
USA

Invitrogen AG,
USA

Agilent Dako,
USA

Agilent Dako,
USA

scl7764

scl1415

PA1-29421

108661-AP

A-11055

A-21202

A-21206

A-21208

A32816

A32773

A32794

P0449012

P0260022

mouse

rabbit

rabbit

rabbit

donkey

donkey

donkey

donkey

donkey

donkey

donkey

rabbit

rabbit

WB, IF
WB, IF,
PLA

WB

WB, IF,
IHC, PLA

IF

IF

wB

wB
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HRP conjugat/ Agilent Dako, P0217022 swine wWB
Anti-Rabbit USA

Immunoglobulins

Goat control IgG  Abcam, USA ab37373 IP
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4 Methods

4.1 Human tissue

Lung tissue samples were obtained from patients with sporadic IPF artiseased
control subjectd healthy donorsExplanted lungs or lobes were obtained from the
Department of Thoracic Surgery, Vienna, Austia loetzenecker) and were collected

in the frame of the European IPF Registry/Biobank (eurlPFreg/bank). Human lung
samples were provided by tBeobank of theUniversities of Giesseand Marburg Lung
Center (UGMLC),member of the German Centfor Lung Research (DZL) Platform
Biobanking. All IPF diagnoses were made according to the American Thoracic Society
(ATS)/European Respiratory Society (ERS) consensus cr{iRaghu, G. et al. 2011]

The study protocol was apmed by the Ethics Committee of Justliebig University
Giessen (111/08 and 58/15). Formalin fixed lung tissue blocks were obtainedidtam
patients with IPF (mean age 55 + SD: 10.28) and 8 non diseased control subjects (Donors;
mean age 39 = SD: 13.91)

4.2 Animal experiments

Choptransgenianice(mice with conditional overexpression of Chey®re created by P.
Moreira, European Molecular Biology Laborato(EMBL) Mouse Biology Unit, Italy
Background strain for these mieeas C57BL/6 These nte werepurchased from the
Jackson LaboratoryAll animal experimentation as described in this study were
performed according to the Helsirdgonvention for the use and careanimals and was
approved by Justukiebig-Universitys committee on animal investigations and the
federal authorities for animal researétefjierungspiidium Giessen, HesseGermany,
V54-19¢2015h015120/10No. 19/20185.

4.3 Precision Cut Lung Slices

PCLS have been used & vivomodelfor studyingtherapeutic efficacy of capsaicin
(explained in the upcoming sections) for IPFhis techniquehas several benefits
compared to the standamllture systemand also animal models, which canri
transferred to humans completeljhe threedimensionalstructurelung tissue ste

allows morphologicalinsights into lung architecture. PCLS maintain relevant tissue
structures, including respiratory structures and also immune cells. Another advantage is
that PCLS can be taken into culture so that the componentsigtagicdly active[Liu,

G. et al. 2019]

33



Methods

After lungexplanation theemoved lungvasinflated with warm3%Ilow-melting agarose
in each segmenAfter inflation, the lungwas allowed to cool oite for 30 minutes for
solidification oftheagaroseThe solidified agarosgreserveshestructure ofirways and
alveoli during slicing The section blocks of lung tissue weeoseit into 500um thick
sectionsusing vibrating blade microtome (Thermo Fish&ermany. The PCLS were
cultured in Roswell Park Memorial InstitutéRPMI) medium without phenolred (see
table below) and left in cell culture incubator 48 hoursfor the agarose to dissolvehe
PCLS were then transferred into new culture plates &nedted with capsaicin or
nintedanib. Thereafterthey were either fix in 2mL for ma | i n ovanight fdr
preparing slidesor were transfered into an eppendorf cupand shock frozen for
biochemical studiesSupernatastwere collected andheck frozen Formalin fix PCLS
were washed with PBS arhnsferred tqrevioudy labeledembeddingcassetts for
dehydration with a dedicated tissue processing machifidereafter PCLS were
embedded in hot wax and coolédwn for solidificationFor further analysis Bm tick

sections were cut with a microtome.

PCLS culture medium

Component Final Concentration
RPMI 1640(without phenolred) 500mL

FCS 2% (V/v)
L-Glutamine200mM 1% (viv)
Penicillin/Streptomycin 1% (v/v)
AmphotericinB 30ng/mL
MycoZarE 2 ng/mL

4.4 Cell lines and Cell culture
Mouse lung epithelial cell line (MLE12) was obtained frémimerican Type Culture

Collection (ATCC), Manassas, USA. Humaskin epithelial cell lines (nelanoma,

MEL188) were a kind gift from Prof. Dr .

Hospital, Ohio, USA. Inducible mouse lung epithelial cells fwoE(MLE-12/pBIL-
Chop) werealready generated by our group as described bfftymenko et al. 2016]
24 h after thawing,a fresh medium with selection antibiotics |{#§/mL doxycycline,

100pg/mL hygromycin, 10Qug/mL geneticin) vere added to induc€hop expression
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for 6, 12 or 24 (+dox). Cells grown in normal growth medium (without antibiotics or
doxycycline) for similar time points were treated as control gredgxj. All cells were
grown in tissue culture plates in full medium based on Dulbecco's Modified Eagle
Medium/NutrientMixture 12 (DMEM-F12 Medium).

Medium for A549 and MEL188 cell line

Component Final Concentration
DMEM-F12 500mL
Penicillin/Streptomycin 2% (vIv)

FCS 10% (v/v)

MEM Vitamins 1% (V/v)
Non-essential MEM 1% (v/v)
L-Glutamine200mM 1% (v/v)

Medium for ML E12 cell line

Component Final Concentration
DMEM-F12 500mL
Penicillin/Streptomycin 2% (vIV)

FCS 2% (vIv)

ITS 1% (v/v)

125M HEPES 0.8% (Vv/v)
L-Glutamine200mM 1% (V/v)

1 mM Hydrocortisone 10 ng/mL

1mM -BBstradiole 10 ng/mL

Cells were harvest or transferredo a new platdo reach confluenc of 80-90%. To

detach cells from cell culture plates, cells were wastidtdPBS andlushedwith 0.5%

Trypsinfor 2 min at 37T. For neutralization of trypsi@ mL culture medium was added.

Cells were diluted 1:10 and plated on new cell culplagesfor maintenance.

Transfections and treatment of cells with drugseneerformedat 70% confluency using

Lipofectamine® 200 Reagent(Invitrogen AG, Germany) The eperiment was
performed in a évell dish using 41g PACS2GFP (OriGene, Rockville, USA) empty
GFP using 4ul Lipofectamine® 200 Reagent (Invitrogen, Germany) per well.
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4.5 Drug treatment

Chop overexpressing MLE12 cells (dbx for 12h) or MEL188 cells stably
overexpressinGP-CVT or SRC®¢ X df)¢re treated witltapsaicin § uM,10 uM, 25 pM,

Sigma, #M2028) or vehicle (DMS@)r 8 h before processing them for immuiplotting

or PLA. PCLS were treated for MAwith capsaicin (1QuM, 25 uM) or the IPF therapy

drug nintedanib (Z M, Si gma, #SML2848) . Sterile filtel
control. Abou four to five IPF patient PCLS were cultured in one well of-evéll dish

for each tr eat rnheeslPF pgtientRChS wvere dsedd n 6 o f

4.5.1 Autophagy flux

30mM stock solution of chloroquine (CQ; Chloroquine diphosphate salt, Sigma
#C6628 was prepared by dissolving74 mg chloroquine in 50QlL aqua dest1l00 uM
stock solution obafilomycin Al (Baf Invivogen # tlrl-bafl) wasprepared by dissolving

10 ug bafilomycin AL in 160uL DMSO. MLE12 Chopcells were plated in-@ell cell
culture dishesThe rext day,themedium was replaced withfresh culture medium and

2 uL Baf, CQ or vehicle (DMSO) was added to get a final concentration pkBGQ or
100nM respectively.One hourlater, MLE12 cells were either not induced or were
induced with doxycycline foChop expression for &. Cells were then harvested to

perform immunoblots for LC3B and p62

4.6 Isolation of RNA

RNA from humariungtissueor cellswas extracted usingOOuL guanidne thiocyanate
acid phenol (TRIzd , Invitrogen AG,Germany and transferred ta1.5mL eppendorf
cup. 100uL chloroform was added to the homogenate/lysate and mixed. The solution
was separated into aqueous and organic phasenbybating for Smin at room
temperatureSubsequent centrifugaticet 13000y for 15min efficiently removel DNA
and proteins from the aqueous phase containing RN#e upper aqueous phase
(~200uL) containing RNA was collected in a newr2. eppendorf cupFor enrichment
of RNA thesestepsvererepeatedy adding 10QuL chloroform.The nondegraded, pure
RNA colored byl puL Glycoblu& (Invitrogen AG, Germanyjvas obtainedfrom the
aqueous phaqe150uL) by precpitationwith 100uL isopropanol and gemtlinversion
After incubationat -80°C overnightthe solution was centrifuged at @B0g at room
temperature RT) for 1 hour and supernatamtas discarcéd RNA pellet was washed
twice with 750puL of 75% ethanol The purifiedRNA was centrifuged again fd5 min

at 1300g andair dried at room temperature fob inin. Finally, the pellet was dissolved
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in anappropriateamountof RNase freevater RNA concentrationvas measured hysing

NanoDrofE (Thermo Fisher, Germany) and storetl -80°C. To determine the

concentration and purity ¢tfie RNA, the extinction at 26@m and 28Ghmwas measured.
An OD of 1 at 260hm corresponds to 4 (RNA/mL. Theratio of the ODat 260nmand

at 280nm is a measure of RNA purity. énproteinfree solution the ratio OD260/0D280

is 2. Due to protein contaminationsgtuoefficient is usually lower.

4.7 Reverse Transcription

For the preparation ofocnplementaryDNA (cDNA) from isolated total RNAeverse

transcriptaséOmniscript® RT Kit Qiagen, Germaryand Oligo dT primersRoche,

Germany were used2 ug of total RNA wereused per sampl@he sample was filled up

with RNasefree waterto atotal amount of 1QuL and 10uL Master Mixwereadded.

Reversetranscription reaction component

Component Volume/reaction Final Concentration
Master Mix

10x Buffer RT 2L 1x

dNTP Mix (5mM each dNTP) 2 uL 0.5 mM

Oligo dT primer (® uM) 05uL 1.25uM

RNase Inhibitor 20 unitsfiL) 0.5puL 0.5 units
OmniscriptReverse Transcriptase 1 pL 2 units

RNasefree water variable

Template RNA (2 ug) variable 2 ug

Total reaction volume 20puL

For annealing Oligo dT primerghe RNA sample was incubated fa&5mi n

ThereaftercDNA was synthesizedat 37
measured using NanoDrop and stbat-8 0

4.8 Polymerase Chain Reaction

The polymerase chain reaction (PCR) allows amplification of DNA fragmentsodue

at
for 90min. cDNA concentration was

repditive cycles(20-40) of DNA synthesiausing heastableDNA polymerasgHotStar

HiFidelity or Tag® DNA polymerase Qiagen, GermanyEach cycle consists of three

reactions that takeplace under different

temperatureBirst template DNAwas

37
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denaturated into two single strarad94°Cfor 20 min. They function as templates for the
synthesis of new DNAIsingtwo specific oligonucleotides (primers), which hybridize to
sense and antisense strands otehgdate DNA. Primer annealinggas performeat50-
60°Cfor 30sec depending on primer design. DNdlymerase started extension of DNA
strands from the primeet 72°C(30sec per 50@p). High fidelity polymerasevas used

for better proofreadingThe PCR was performed in a thermocycler, programmed as

follows:
PCR reaction components
Component Volume/reaction  Final Concentration
5x HotStar HiFidelity PCR Buffe 10pL 1x
(contains dNTPS)
Forward Primer 1L 1uM
ReversePrimer 1L 1uM
HotStar HiFidelity DNA Polymeras: 2 uL 5 units
(2.5 unitsjuL)
MgSQy lpL 1.5mM
RNasefree water variable
Template DNA (200 ng) variable 200ng
Total reaction volume 50 pL
Program
Step Time Temperature
Polymerasectivation 1x 20 min 94
3-step cycling 40cycles
Denaturation 30sec 94
Annealing 30sec 50-68 (seeTable 2)
Extension 30sec(1min/kb) 72
Final Extension step 1x 10 min 72
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Name Primer Sequencel B3 0 )

ForSR-C-hu TATTATAA AGCTTATGGATGTGGGCAGCAAAGAGGTCCTG

ReVSRC-hu TATTATGAATTCCTAGATGTAGTAGAGCGGCACCTCGCCAC

ForSRCintl-hu TACAAGTCCGGAATGGATGTGGGCAGCAAAGAGGTCCTG

ReVSRCintl-hu CTGCTGGTAGTCATACACCACGAGGCC

ForSRCint2-hu GGCCTCGTGGTGTATGACTACCAGCAGATGGAATGCTCTT
GCAGGCCAAGCCC

ReVSRP.Cint2-hu TATTATCTCGAGCTAGATGTAGTAGAGCGGCACCTCGCCAC

For_[Zactin ACCCTGAAGTACCCCATCG

Rev_[Ractin CAGCCTGGATAGCAACGTAC

Table 1. List of primers

Name Annealing Temperature
SRC-hu 6 6
SRCint1-hu 6 6
SRCint2-hu 6 8
Z-actin 53

Table 2. Annealing temperature of primers

4.9 Agarose gel electrophoresis

In order to separaandanalyzeRNA or DNA fragments, agarose gel electrophoresis was
performed.10 uL of DNA samplesnvere mixed withbx running buffer and loaded onto

2% (w/v) agarose gelTo prepare agarose gel agarose was mixed withm200x TAE

(Tris base, acetic acid and EDTB)ffer and 5uL GelRedE . The electrophoresis was
performed for 60min at150V in 1x TEA buffer. The negatively charged DNA migrated
through the electromagnetic field in the agarose gel and was separated by size (kb). DNA
was visualized witltGelRed by UV Light in Chemdtar Imager (Intas, Germany). The

size of DNA was determined by a DNAohcular weight standardSmartLadder,

Eurogentec, Germahy
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50x TAE buffer

Component Final Concentration
Tris 2M
Acetic acid 5% (v/v)
EDTA pH 8 50 mM
Water up to 1L

5x Running buffer

Component Final Concentration
Glycerol 50% (v/v)
bromphenole blue 0.01% (w/v)
50x TAE buffer 2% (v/v)
Water up tol0OmL

4.10 Isolation of proteins

4.10.1 Isolation of proteins from lung tissues

Proteins from lung tissue wersolated by homogenizing the tissuesing Precellys®
(Bertin Technologies, GermanyA small pieceof frozen lung tissueavas put into
homogenization vials containing 1mm and 28 mm ceramic beads artdeated with

1 mL lysis buffer containinghe protease inhibitgghenylmethylsulfonylfluorid PMSF)
Tissue was homogerad twice at 5000rpm for 20secwith a 5sec reshg phasein
betweenlLysate was transferred to eppendorf cup and centrifugatsDOOr pm at 4

to clear it. Supernatant was storage8at

4.10.2 Isolation of proteins from cells

For protein extractio®00uL lysis buffer(buffer composition given belowjontaining
3 UL PMSFfor a 100mm TC Dish vasapplied tocells followed by scrapingsing Cell
Scraper®. Lysates were transferrdd aneppendorfcup, sonicatedand centrifugedt
15000r p m a tupednatats wereransferred to new tubes and siat -80
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Protein extraction buffer pH 7.4

Component Final Concentration
Tris-HCI pH 7.5 50mM
EDTA pH 8 5mM
NaCl 150mM
Triton-X-100 1% (w/v)
Sodiumdeoxycholate 0.5% (w/v)
Water up to 1L

4.10.3 Mitochondrial enrichment from cells by differential centrifugation

Mitochondrid enrichment was performed vaatwo-step centrifugationat low speedo
remove intact cellfrom whole cell extracts followed by high-speedcentrifugation to
concentrate mitochondria and segiarthem from other organellf3jafarzadeh, S. et al.
2017] For the experiment cells from two 16@m TC Dish were directly scraped in the
medium on ice and pulled together in arBD falcon. After centrifugation at 120@m

at 4 mih supern&ant wasspirate and cell pellet was resuspended imll PBS

and transferred t@n eppendorf cup. Subsequentbells were again spudown at
1200r pm at #in and supernd&@ant was removed. Cell pellet was kept in liquid
nitrogen.10 uL PMSF were added tortil fresHy prepared hypoosmotic puffer. 3QQ

of this mixure wereused to resuspend cell pellethereafter cells were homogenized
with 25 strokes usinglimble® dounce homogenizer (AL volume) with loosefitting
pestle (Wheaton typB) (DWK Life Sciences, Germanyandtransferred into a gL
eppendorf cupCells werehomogenizedigain usingBD MicrolanceéE 3 cannula 20 G,

0,9 x 40mm) for 15 strokes. After homogenization cells were centrifuged ag880
20mi n at 4 antwds rgnderredanto negppendorf cup and cell pelletas
resuspended in 3QL hypoosmotiduffer with PMSF (1:100)Cells were homogenized
for a second time with 25 strokes uskighble® dounce homogenizéypeB. Thereatter,
samples wereentrifuged at 830g for 10mi n at 4 . S popledrtogethera nt  wa
and centrifuged at 168@Pfor 10mi n at 4 . T Isétecytesolip feactionat an't
Pellet was washed three times with 5@ hypoosmoticbuffer and centrifuged at
16800g for 10mi n  a tMitodhondria are now enriched icell pelletthat was
resuspended in §@L. Both cytosolic and mitochondrial fractiomgere stoed at-8 O

until further use.
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Hypoosmoticbuffer pH 7.5

Component Final Concentration
Saccharose 25mM
HEPES 2mM
EDTA 1.16 uM
Water up to50 mL

4.10.4 Nuclear extraction

Nuclear extraction was performed usEpiQuikE Nuclear Extraction Kit (Epigentek,
USA). Cellswere allowedo grow 70-80% confluency in a 106im TC Dish and then
the medium was removed followed by washiwgewith PBS.3 mL of PBS wereadded

to the plate, cellsvere then scrapednd transferred to a IBL falcon. Cells were
centrifuged for Gmin at 1000 pm and the supernatant was discardée. reagemnuclear
pre-extraction buffer 1(NE1) was diluted 1:10 with aqua dest. and kept on ice.
Dithiothreitol (DTT) solution andProtease Inhibitor CocktafP1C) wereadded1:1000

to diluted NE1. Cell pellet waesuspended in 1QfL. NE1 solution and transfexdto a
1.5mL eppendortup. The cells were incubated ioe for 10min followed by vortexing
for 10sec. Therthe ependorfcupwas centrifuged for inin at 12000pm at 4 . The
supernatanis the cytosolic fraction andias carefullytransferred into a new ppndorf
cup. DTT solution and PIC ere added 1:1000 tawuclear extraction bufferNE2)
solution. The pellet was resuspended inBONE2 solutionand incubate for 15min on
ice. The sample was vortedfor 5 sec every 3nin to increase nuclear protein extraction.
The suspension was centrifuged fidrmin at 14000pm at 4  a rhd supernatant
which is the nuclear fractignvas transferredo a newl.5mL eppendorf cupSamples

were storedct-8 0

4.11 Protein quantification

Protein concentration was determined by Bicinchoninic acid (BSay(Pierc&a BCA
Protein Assay Kit Thermo Scientific, Germany Colorimetric measurement was
performed usingnicroplate readeirifinite® M200 Prq Tecan Group Ltd, Switzerland).
The total protein concentration is exhibited bgadour change of the sample solution
compared to protein standar@olour change from green to purple resultsa BCA
forming chelate complex with redut€u* (Cupperl-ion). The amount of Cii reduced
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is proportional to the amount of protein present in the solutwatein standard was
prepared by 2ng/mL bovine serum abumin (BSA) as given in thedollowing table.
Samples were diluted 1:100 wishdium chloride (NaCl). 20QL BCA reagent (16QiL
Reagent A and 4()L ReagenB) wasadded to 5QL diluted samples in a 96 well plate,
foll owed by i ncubmntThergafteravhlues3were méasured dy0

microplate readeat a wavelength of 492m.

BSA (ug/mL) Standards (L) Dilution with 0.9% NaCl (L)

A. 2000

B. 1500 450 A 150
C. 1000 300 A 300
D. 750 300 B 300
E. 500 300C 300
F. 250 300 E 300
G. 125 300 F 300
H. 62.5 300G 300
l. 31.25 300 H 300
J. 15.625 3001 300
K. 7.813 300J 300
L. O 0 300

4.12 SDSpolyacrylamide gel electrophoresis

Proteins were separated Bpdium dodecyl sulfatpolyacrylamide gel electrophoresis
(SDSPAGE) Proten extractswas denaturated by alihg 4xSDS sample buffer and
reduced with 10%-mercaptoethanpfollowed byheating at 98 for 12min. Samples
were briefly spn downbefore loading onto gelGel consistof 4% stacking gel and
different concentratiaof resolving gel depending on the size of the target protgiith

is inversely proportional to the molecular weight of the proiehne sizes of proteins were
determined by a protein atecular weight standar(PageRlerE , Thermo Scientific,
Germany. The electrophoresis waerformed in the presence of $©0S running buffer
with 15mA constant pegel. Gel was ru until bromphenole blue line reached the bottom

of the gel Thereafter gel was used for Westblotting.
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4xSDS sample buffer

Component

Final Concentration

Stacking gel bufferTris-HCI, pH 6.9

SDS
Glycerine
Bromphenole blue

156 mM

5% (w/v)
40% (viv)
0.01% (w/v)

Water up to 100mL
Gel Component
SDS PAGE Resolving Gel Stacking Gel
8% 10% 12% 15% 4%
Rotiphorese 266mL 333mL 4mL 5mL 0.66mL
dest. H-O 385mL 353mL 32mL 153mL 3.29mL
10% SDS 100pL  100pL  100pL  100pL 100puL
Resolving gel buffer
(1.125M Tris/HCI, pH8.8, 3.33mL 333mL 333mL 333mL
30%saccharose)
Stacking gel buffer 1mL
(0.625M Tris/HCI, pH 6.8)
10% APS 50 uL 50 uL 50 uL 50 uL 50 uL
TEMED 10puL 10puL 10pL 10pL 5puL
1x SDSrunning buffer
Component Final Concentration
Tris 25mM
Glycin 192mM
SDS 0.1% (w/v)
Water up to 1L
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4.13 Western blotting

4.13.1 Electro blotting of proteins

Western blotting was performéa order to visualizeand detecproteinsof interestusing
the electrophoretic mobility of proteins ti@nsferthemfrom the gel onto a membrane
After separating by SD8AGE proteins were transfed onto polyvinylidenefluoride
(PVDF) Transfer Membrane (Merckmillipore, Irelarnny) wet electroblottingBefore use
the PVDF membrane was activated in methanol fonid. Transferequipmentwas
preparedn afis andwi ¢ h otwd laygreafWhatraapie Gel Blot Paper(GE
Healthcare UK), followed by activated PVDF membranegththe gel and again two
layers of WhatmainE Gel Blot PaperAll equipment wasoaked with transfer buffer
and placed intthe electro blotting chamber. Transfer was performed in transfer buffer at
100V for 90 min.

1x Transfer buffer

Component Final Concentration
Tris 20mM

Glycine 159mM

Methanol 20% (v/v)

Water up to 1L

4.13.2 Immunological protein detection

The membrane was blodakewith 5% nonfat dry milk in TBST buffer at room
temperature for h followed by incubation with primary antibodyssolvedaccording to
thedata sheeusually 1:500, inhe5% milk bufferat 4°C overnightAfter washinghree
timeswith 1x TBST for 15min at RT, the membrane was incubatedl1 h at RTwith
HRP-conjugated secondary antibodygflent Dako,USA) dissolvedl:2000in 5% milk
buffer. Thereaftethemembrane was wastagain three times for 1fhin with 1x TBST.
Proteins onthe membrane wre detected byymmobilon® Western Chemiluminescent
HRP SubstratéEMD Millipore Corporation, USA) anthe emitted chemiluminescence
signal wasdetected witiEnhanced ChemiluminescenCL) Chemdstar Imager (Intas,

Germany).
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1x TBST buffer
Component Final Concentration
Tris 50 mM
NaCl 50mM
Tween20 0.1% (v/v)
HCI 32% up to pH 7.5
Water up to 1L

If necessary to rprobe the membran¢éhe membrane was stripped twiegth 0.2 M
NaOHfor 15min after washing twice with TBST. Thereafteemembrane wagrepared

for immunological detection as described above.

4.14 Immunohistochemistry

Immunohistochemistry (IHCWas used to visualizéocalization of specific cellular
components within cells and within their proper histological context using
appropriatelylabelled antibodieso bind specifically to their target antigems situ.
Visualising an antibodwntigen interaction can be accomplished in a number of.way
Lung tissues were fixeoh paraformaldehyde as described earlier and sectiong ah3
thickness were used fonmunohistochemical analysiZytoChem Plus AHFast Red Kit
(Zytomed Systems, Germanyvas used for this study. Luntissue sections were
depar af fi ni zheadd ther clede in xyieperfor diin. Sections were &
rehydrated in ethanol with descending concentrations fomin3 each
(99.6%> 96%> 80% > 70% > 50%) and kept in 1¥BS Phosphate Buffered Saline
Antigen retrieval was performed piling with citrate buffer three timesndthe buffer
was cooled down fo20 min, before heating again Sectons were washed three times
with 1x PBS and further steps were carried usiytoChem Plus AHRFast Red Kit
Briefly, sections werblockedwith blocking solutiorfor 7 min. After washinghemthree
times with 1xPBS slides were incubated with primary antibodidth respective
dilutionsin 3%B SA at 4  Amsegativenconyydt wapreparedvhere primary
antibody was omittedl' hereafter slides were washed again and incubated finriat
RT with 100uL biotinylatedsecondary antibody, followed by washidthreedrops of
enzyme conjugate (strepidin / alkalic-phosphatagewere added to each semtiwith
10min incubation at RT. After washingnedrop of fast red solutiowas dissolved in
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one substrate buffer bottle (naphtipblosphate buffer) and vortexed fomn. Four
drops of freshly prepared substrate solutvere addedo each section and allowed to
develop inthe dark, with constant monitorintpr the developmenof pink/red colour
underalight microscopeAll sections were treated tite same poinbf timeto facilitate
proper development and to avoid false results. When development rebelpedper
colour, the reactiorwas stopped by immersing the slides distilled water. Nuclei
staining wasperformed with haemalaun for 4@c followed by washing the slides under
running tapwater. Sections were then mounted with-waemedglycerol mounting
medium (Dako, USA and allowed to dry.For scanning and analysing sections Nano
Zoomer(Hamamatsu, Germahwas use@nd all scanned pictures of the stained sestion

were photographed and analyzed using NDP View 2.0 software.

10xPBS, pH7.4

Component Final Concentration
NaCl 1.37M

KCI 26.8 mM

NaHPO*2 H20 64.6 mM

KH2POy 14.7 mM

Water up to 1L

4.15 Immunofluorescence

4.15.1 Immunofluorescence on tissue

Immunofluorescence analysis was performemi¢émtify cellular localizatiorof proteins
in tissue sectioh 3 M paraffirembedded, formalifixed lung tissuesections were
deparaffinised andrgigenretrievalwas performed as described aboS8ections were
washed three times withx PBS and then blocked with 5%onkey Serum in PBS for
30min at RT, followedby blocking with 3¥BSA (bovine serum albumin) forii After
blocking sections were incubated with primamytibodies withrespectivedilutions in
3%BSA at 4 . Ats@ eontrolisectiohs were prepared by omitting primary
antibody followed by washing steps and incubation of the sectiatisfluorochrome
conjugated secondary antibod{@¢éexa Fluor® Plus, Invitrogen AG, USA).400 diluted
in 3% BSA in the dark at room temperatufidhereafter sections were washaghinand
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staired fornucleiwith 4 NpDid&nidin-2-phenylindole(DAPI, Sigma Aldrich, USA for
2 min at RT Sections were themashedagainand mounted witafluorescence mounting
medium (Dak, USA) and allowed to dnections were detected and processedeiga
M205 FA Fluorescent Stereoscofeeica Microsystems, USAland LAS-X-Core
Software(3.7.4. versionlLAS X Life Science USA).

Citrate buffer, pH 6

Component Final Concentration
CsHsNagO7*2 H0O 1M
Tween 20 0.05% (v/v)
HCI 32% up to pH 6
Water up to 1L

4.15.2 Immunofluorescence on cells

Immunofluorescence on cells was performedissueculture chamber slideg8-well on
lumox®, detachablesarsteadt, Germany). 30,000 cells per well wereeskseday before
use. The number of cells wascalculated using Neubau&hamber Qptik Labor,
Germany. For Chopinduction cells were treated wifhug/mL doxycycline for 1zh and
24h, and if required stained with OrtM MitoTracker® as a fluorescence dye for
staining mitochondriafor 1i n at 37 u n d e Cellssveraghernifitated condi t i «
with either methanaodicetone (1:1) for &in at-2 0 or with 4% paraformaldehyde
(PFA) for 1I5mi n a tCell8firedwith PFAwerepermeabilizedvith 0.5%Triton X
for 15min at RT after washinghemthree times with 1¥®BS. Thereafter stepsere
followed as described abow.15.)).

4.16 Proximity Ligation Assay

Proximity ligation assay (PLA) allowdetection of proteuprotein interactions situ (at
distances <4@m) at endogenousevel. Protein targets can be readily detected and
localized with single molecule resolution in unmodified cells and tis3ygscally, two
primary antibodies raised in different species are used to detect two unique protein targets.
A pair of oligonucleotiddabeled secondary antibodies (PLA probes) thedsto the
primary antibodiesNext, hybridizing connector oligos join the Plpkobes only if they

are in close proximity to each other and ligase forms a closed, circle DNA template that

is required for rollingecircle amplification (RCA). The PLA probe then acts as a primer
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for a DNA polymeraseThis allows up to 100€old amplified signal that is still tethered

to the PLA probe, allowing localization of the signal. Lastly, labeled oligos hybridize to
the complementgr sequences within the amplicowhich are then visualized and
quantified as discrete spdiy microscopy image analysik this experimental setting
we usedDuolink® In Situ Orange Starter Kit Goat/Rab8igma Aldrich, Germany).
Cells were spread on chamber stidad fixedwith PFA as described above. To observe
ER-Mitochondria interactioranti-calnexinantibody (goat, Santa Cruas an ER marker
and either anti-VDACL1 (rabbit, Proteintech) canti-TOM20 (rabbit, Santa Cruzyere
used as mitochondrial makerP L A was perfor med according
instructions.The results were viewed usingeica M205 FA Fluorescerfbtereoscope
(Leica Microsystems, USA) andAS-X-Core Software (3.7.4. versiohAS X Life
Science USA). PLA results wereguantifiedby Image J software (version 1.52a, NIH,
USA) following user guide Https://imagej.nih.gov/ij/docs/guide/usguide.pdj and
Basic Intensity Quantification with Imagedy Christine Labno University of Chicago
(https:/lwww.unige.ch/medecine/bioimaging/files/1914/1208/6000/Quantificatign.pdf

4.17 Co-lmmunoprecipitation

Co-immunoprecipitatiofCo-IP) isa method that igsedto detecpotential interactors of
specific proteirs from cell lysates or tissue homogenatisinvolves incubatingresh
lysateswith magnetic beads or agaressin beadsttachedto antibody against the
specific protein of interest (IP) or against a potential interacting partner of this protein
(Co-IP). Co-immunoprecipitation helgetermine whether two proteins interachot and
canalso give insight omnknowninteractingproteins Here @lls were platedn al0cm
TC-Dish followed bytreamentand/or transfé@n or Idt untreatedOne day before cell
lysis, beadsvereprepared. For a 1€m TGDish 2mg Beads (66 L) weretransferred
to an @pendorf cumnd washed with inL buffer B. In order to immobilizantibody on
the beads Rg of target antibodywasmixed with 58uL buffer B and 3&7 uL buffer C
and added to bead&.separate epi controlagprepared using @g control IgG from the
same sourcd.he mixture was incubatedn rollerovernight at room temperatitn order
to preserve proteiprotein interactions0.5 uL HaltE Proteas Inhibitor Cocktail
(Thermo Scientific, Germanyyas added t&00uL Pierc& IP lysis buffers(Thermo
Scientific, Germany)Cells were washed once with ice cold PBS befolding 100fL
premixed lysis buffer t@ 10cm TC dish. Next cells were carefully scrdme ice and

transferred to an epCells were then incubated for fin on ice occasionallmixed after
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every 34 min, followed by centrifugation at 1300Pm for 10min at 4 . Supernatant
wascollected into a new @gndorf cup To remove supernatatite egpendorf cupvas

placed ona magnetic stando allow the beads to pellet. Next beads were washed with

1 mL buffer E. For the input 2aL from cell lysate were removed and put in a separate

epi, the remaining lysateasadded to antibody coupled beads and incubated overnight

at 4 I n a Theeexttdayth@ebpendarftcuprasplaced ornthe magnetic

standand thesupernatant asrenmoved, followedby washingit threetimes with buffer

E. The pellets were resuspended with 40 PBS. Samples were denaturated as

previousy described. For loading on SEfel 5SpL of input and 520pL for

iImmunoprecipitatedampls wasused.

Buffer B
Component Final Concentration
NaH2POy 0.2M
NaHPQOy* 2 H,0O 0.8M
Water up to 1L
Buffer C
Component Final Concentration
(NH4)2SQy 1M
Buffer B up to 100mL
Buffer D
Component Final Concentration
BSA 0.5%(w/v)
NaCl 0.15M
Buffer B up to100mL
Buffer E
Component Final Concentration
Triton X-100 0.1%(w/v)
NacCl 0.15M
Buffer B up to 100mL
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4.18 Cloning

In order tosynthesze cDNA reverse transcription was performed using RNA isolated

from humandonor lungs as described earlierimers used for cloniniglll length human

SFTPCin pEGFRC1 vector (pCMV promoter driven, originally from Clontech) with

GFP tag to the Nerminal of the multiple cloning site (EGFFRC"T) are given irTable

1 (ForSR-C-hu, RevSR-C-hu). The eference sequence f&R-CVT is GeneD: 6440,

SFTPC Homo sapien§NCBI, updated on 2dan2021). An in-frame fusion protein was

made through introduction of a HindllIl site
for cloning into pPEGFRC1 generating pPCMMEGFRhSR-CYT plasmid. Thenthe SFTPC

gerewas amplified using gergpecific primers for HotStar HiFidelitgyolymeraseAfter

amplification PCR products were purified usifJAquick® PCR Purification Kit

(Qiagen, Germany followed by digestion with restriction enzymes (Hindlll, EcoRl,
NEB,USA)at 37 o Thesame liegriltibn enzymes were also used for digestion

of thepEGFRC1 Vector(Addgene Europe, UKRestriction digested (Rproducts were

separated bggarose gel electrophoredisllowed by gel purification usin@lAquick®

Gel Extraction Kit(Qiagen, Germany) according tbemanuf act urer 6s i nstr
ThereafterSFTPCgere was then cloned intpEGFRC1 Vector via ligation reaction

using NEB T4 DNA |igase (NEB, USA) at 16 oV

Restriction Digestion

Component Final Concentration
PCR purified product / Vector 48 uL / 5L
10x NEB Buffer 6uL /2L
Enzyme 1 2uL /1L
Enzyme 2 2uL /1L
Water 2uL /11yl

Ligation Reaction

Component Final Concentration
Gel extracted RD insert DNA 7 uL
Gelextracted RD vector DNA 1.5puL
10x T4 DNA ligase bitfer 1L
T4 DNA ligase 0.5uL
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4.19 Gene Splicing by Overlap Extension

Gene Splicing ¥ Overlap Extension (SOEing) was udedsite-directedmutagenesito
generatea plasmid with deletion of exon4 of tIBFTPCgene(SRC®® * §."This PCR
based metbd directly generatemutated DNA fragmentwithout relying on restriction
sites.As described by Horton at. [Horton, R.M. 1995hnd Wang et a[Wang, W-J. et

al. 2003]gene Splicing by Overlap Extension (SOEing) was performed to generate
SRC®e*° B§ HighFidelity DNA Polymerase using specific primers (Metapion
Germany. For generating pCMAEGFRhSR.C®® * © géletion of exon 4 from pCMV
EGFRhSRCYTwas achieved by overlap extension PCR with a two round;gdionner
technique. Mutation variants of S were obtained from  Uniprot
(http://www.uniprot.org/uniprot/P11686). Sequence alignments were performed using
Blast/NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

In step 1, exons-3 were amplified by single PCR using two primers:S®€int1-hu

and Re®BPRCintl-hu (Table 1) . I n step 2, exon 5 was amp |
untranslated Poly A tail using a forward primer containing completee r | ap wi t h t he
end of the reverse primer used to amplify exofr&@FP-Cint2-hu, Re\SR-Cint2-hu in

Table 1). Thesetwo overlapping primary productgere purified by PCR Purification Kit

(Qiagen, Germany) and théreyweremixed, denatured and reanneabydSOEing PCR.

Expression PCR was performed accordinghe program above for 15 cycles without

adding primers and an TBmaen@oiihie togstranéadneer at ur e
fragment anneals onto h eend3of\jhe bottom strand tife othefragment This overlap

can be extended to forthe recombinant produend amplifiedusing normal exprason

PCR as described abousingspecific primes (ForSP-Cint1-hu, ReVSR-Cint2-hu, Table

1). Following digestion with Hindlll and EcoRI, theSR-C®® X °iidert was subcloned

into pPEGFPC1 using standard protocols to generate pEBFRhSRC®® * Yldsmid.

Several clones were generated and sequeAdedrther details are explained in results

section.

4.20 Heat shock transformation

Transformation was performed usi@neShoE TOP10 competeri.coli. (Invitrogen

AG, Germany) 10pL of ligation mixture vas pipetted into avial of competentcells

which were thawed on icand mixed gently. Vials were incubated on ice fom8a,

followed by heat shockfor3® e c at 42 a n d dbaakomdcd foréiine | y pl ace
Thereafter250uL S.0.C Medium vasadded to the vial anshcubated in a horizontal

52



Methods

shaking incubator fdrh at 225pm. An aliquot of 2QUL wasspread ora prewarmed

50 pg/mL kanamycincontaining agar disithe dshwasinvereda nd i ncubat ed

overnight.Individual bacterial colonies were picked frahe dish and inoculated in LB

Medium conaining the appropriate antibiotics and incubated overraght {225

rpm. The rext day glycerol stock was prepared $Q0LB Medium was added to 6Q{

sterile glycerol. Plasmids were subsequemiylated usin@QIAprep® Spin Miniprep Kit

or EndoFree® Plasmid Maxi K{Qiagen, Germany). In order to evaluttie efficiency

of cloninginsert release was performedt

37

oandeam aliqugt loft purified

plasmids from positive clonesveresert to Eurofins Genomics Germany Gmlgférmer

MyGATC) for sequencing using sequencing prim&BR_forseq,SP-Cfor_midseqSP

Cfrev_midseq,Table 3) The sequences were then comparedht® referencansert
sequence obtained from the NCBI (NCBI gene/N®Eist Gene ID: 644N Positive
clones were identified after confirming the correct sequence for both plasmids.

Sequencing primer

Name Primer Sequence( B3 0 )
GFP forseq ACTACCTGAGCACCCAGT
For_resNeo_seq CAAGATGGATTGCACGCAGG
SRCrev_N GCAGGGCTCCCACAATC
Seq_flag_for GACTACAAGGACGACGA

SPR-Cfor_midseq TACCACTGCCACCTTCTC

SPR-Crev_midseq GAGAAGGTGGCAGTGGTA

Table 3 List of primers for sequencing

Ligquid Luria Bertani (LB) medium

Component

Final Concentration

Bacto tryptone
Yeast Extract
NacCl
Water

1% (w/v)
0.5% (wi/v)
1% (w/v)
up to 1L
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Solid Luria Bertani (LB) medium for selective dishes

Component Final Concentration
Bacto tryptone 1% (w/v)
Yeast Extract 5% (w/v)

NacCl 1% (w/v)
Agar 1.5% (w/v)
Water up to 1L

Insert Release

Component Final Concentration
Miniprep 5uL
10x NEB Buffer 2L
Enzyme 1 1pL
Enzyme 2 1puL
Water 11pL

4.21 Epithelial cell lines with conditional, stable expression ofjenes

4.21.1 Transient transfection

Cells werdransfected with 41g plasmid DNAusing 4L Lipofectamine® 200 Reagent
(Invitrogen AG, Germany).Transfection wasperformed when cells reached 70%
confluency.Plasmid DNA and transfection reagemere each diluted in 256L Opti-
MEM Medium (Gibco, Germany) and allowed to rest fan# at RT. ThereafteDNA
and transfection reagemtere mixedand incubated for 2fin at RT for complex
formation Meanwhilecellsweregiven frestserum and antibioticfsree DMEMmedium
(Gibco, Germany)Finally, 500uL of the transfectionmixture were then added as
droplets onto the cells. After # transfeton mixture was replaced witfull culture
DMEM medium.Thenext day tansfection efficiency wasbserved by GFP signal under

alight microscope and cells were hanesind analyzeddr gene and protein expression.

4.21.2 Stable transfection

For stableransfection MEL188 cells were seeded in 6 well plates in ABd&ium and
allowed to grow overnight. GFBP'T Vector and GFRSR-C®® X d¥erelinearized with
restrictionenzymeApalL | and purified withPCR purification Kit (Qiagen, Germany
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Cellswere transfected witlinearizedvector containinghe neomycin resistance geas
described above. After 24 posttransfectionthe medium was replaced wita fresh
medium containing 60Qg/mL geneticin (G418, Gibco, Germangihd left for 10days.
The medium was replaced every second day. $tabhsfected cells were idenétl by
GFPundera fluorescencenicroscope and pickedith asterile pipette and transfedto

96 well plates After two to three weeks with changing culture media containing
600 pug/mL geneticin every third day and transfeg themto a bigger plate, only resistant
cells were left ogr. If cells were able to grom the wells in the presence of geneticin,
the cells were regaedl as transgenic cell line. In order ¢onfirm the transfection
efficiencyresistant clones were harvedaind analyzed for gene and protein expression.

Positive clones were identified after confirming the correct sequence for both plasmids.

4.22 Cytotoxicity Assay

Cytotoxicity was measured usingactate Dehydrogenase Activity Assay K&igma
Aldrich, Germany).Lactate dehydrogenase (LDH) is an oxidoreductase enzyme that
catalyses the interconversion of pyruvate and lactate. Cells release LDH into the
bloodstream after tissue damage. Since LDH is a fairly stable enzyme, it has been widely
used to evaluate the ence of damage and toxicity of tissue and cells. Quantification
of LDH has a broad range of applications. In this kit, LDH reduces NAD to NADH, which
is speifically detected by colorimetric (458m) assaylin this experimental setting LDH
release is directly proportional to cell death level. LDH assay was performed according
tothemanuf act ur e rThesxpdarimenttwasyerforinea afé well plate. Cells

were cultured in colourledlSMEM-F12 Medium (Gibco, Germanyithout phenolred

For measurement cell death |50 of cell supernatants were mixed with g reaction

mix (48uL LDH Assay Buffer and 1L LDH Substrate Mix) and the absorbance at
450nm (Ass0 was measured bmicroplate readerlifinite® M200 Prq Tecan Group

Ltd, Switzerland).The raw data weranalyzed using théllowing formula. For each
sample two replicates weapplied

. e L AQO 0 Q0 E0Q0TNE DD Qe QO o
0 00 wo Qu—Co-x— m - —
av Y Y wWw

gA4s50 = amountof NADH generated by assay betweekkaland Tinal [nmol]
Tinital - Tfinal = reaction time [min]V = sample volumenpL]
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4.23 Measurementof mitochondrial respiratory function

For measurement of respiratory activity (oxidative phosphorylation in mitochondria
(OXPHOS) of biological samples and quantitative data Oxygr2ish (Oroboros
Instruments, Austria) was usédigh-Resolution Respirometi§HRR) provides a modern

tool to study mitochondrial respiratory physiology which allows direct measurement of
cellular metabolic function during health and disea€XPHOS analysis uses
respirometry as a fundamental approach to study oxygen consumption as an element of
mitochondrial function in aerobic core metabolism. Oxygen flux times the driving force
of the oxidation. In a closed oxygraph chamber, the oxygecectration declines over
time as a result of respiratory proses. Oxygen concentration remains constant over
time and the slope is zero when all processes reacting with oxygen are fully inhibited.
The oxygen consumption rate per unit volume (=oxygen flux, volspeeific) is
proportional to the negative slope of gen concentration with timd-or running the
assaycells were harvested at 80% confluent and traresiéo cdl culture medium with
DMEM Medium with 0.2M HEPES. Before cells weteansferredo the chamber cells
were counted and written in the softwameask (Oroboros DatLab)For optimal
conditions cell counts should be aroumeb million. Two chambers alloveomparing
control and treated cells ithe same experimenfThe tightness othe chamber was
checkedandthe experiment was run. It bagwith measuring the base level of oxygen
consumption rate (OCR) after approximatelynid. As 2mM oligomycin, an ATP
synthasenhibitor, was injected, the OCR is rapidly decreased. Whaisreversed by the
careful titration ofl nM uncoupling agenECCPtha dissipaed the proton gradient and
maximized the OCR After the injection of 0.3nM rotenone/antimycin A, a blocker of
complex A, théOCR decreaseagain. Parametergerecalculated out of the graph. Basal
respirationshowedthe energetic demand of cells under basal conditibims.garameter
after oligomycin injection showed ATFihked respiration. Maximal respiration
represergdthe maximum capacity thatelelectron respiratory chain cowdhieve. The
maximal oxygerconsumption ratevas measured by injection BECP .Spare respiration
wasthe difference between maximal and basal respiration, which exfléoe capability

of the cells tarespond to changes in energetiecnd®d and indicates the fitness of the
cells. Nonmitochondrial respiration was the oxygen consumption due to cellular

enzymes other than mitochondria after injecttbmotenone and antimycin A.
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4.24 Electron micoroscopy

The lung samples investigated by electron microscopy were tekanthe Department

of Thoracic Surgery, Vienna, Austria (\Wlepetko) and were collected in the frame of
the European IPF Registry/Biobank (eurlPFreg/bafk)electron microscopic anasys

was performed by Prof. Dr.dts Knudsen (Hannover Medical School Germanhigsue
sample were fixed by immersion using a mixture of 1.5% Glutaraldehyde, 1.5%
Paraformaldehyde in 0.1 HEPES buffer. In order to increase the contrast of the
membranes, the tissue was stainethleic based on the rOTO (reduced osmium tetroxide
i thiocarbohydrazideosmium tetroxide) protoc¢Beike, L. et al. 2019, Deerinck, T.J. et
al. 2010] Ultrathin sections were cut at a thickness of approximatelpn®Cand
investigated using a transmission electron microscope (Morgagni, Philips, Eindhoven,
The Netherlands).

4.25 Densitometry analysis

The elative expression level of proteins in blots was calculated by measuring bands
density using Image J software (version 1.52a, NIH, YJ8Aegrated densityalues of
respectiveproteins were normalized against thosebaictin or GAPDH valuesThe
values of controlsverethenassumed as 1 and the fold change tdrget protein was
calculated.

4.26 Statistical analysis

Data wereanalyzed by GraphPad Prism 5.02 software and are expressed as mean + SD.
At leasttwo independent experiments were performed feaght IPF ordonors. About

four to five PCLS from each IPF patient were pooled per treatment group and PCLS from
three IPF patients were used. Statistical significance of differences between two groups
was assessed using the MaNhitney U test. For the statistical comparison of differences
beween O 3 -gay ANOYA was wsedeSignificance level is indicated py<*
0.05,** p< 0.01, and **p < 0.003, ns=not significant and data are expressed as mean +
SD.
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5 Results

5.1 Regulation of ER-mitochondria interactions in cells with inducible Chop

expression

5.1.1 Induction of Chop alone is sufficient to decrease Efnitochondrial tethering

The pathomechanistic significance of ER and mitochondria have been well established in
the apoptosis of AECII in IPF patients and in animal models of lung fibi®aged on

this, we first asked I[ER-mitochondrialcrosstalks altered under conditions of ER stress
and in lung fibrosis. Our group showed that B2 cells with stableinducibleteton

system (doxycycline, +dox) overexpression of the terminal ER stress-gpoptotic
transcription factor Chops sufficient enough to drive their apoptosis and induce pro
fibrotic signaling[Korfei, M. et al. 2008]We hence exploited the same system to study
theER-mitochondrial interface. Cells were either not indugeddx) or were induced with

doxycycline(+dox) followed by Chop expression for 12 and 24 houlsrvesting and
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Figure 10 Induction of Chop increasesapoptosis markess in alveolar epithelial cel

line

A. MLE12 cells were either not induced or were induced witlgAnL doxycycline forChopexpression
for 12 and 24 hours, followed by immubtots for the given proteins from total cell lysates. The positi
of molecular weight markers are showD. Quantification of significant increase in chspase 3 proteir
levels C) and cl.Parpl protein levell¥) uponChopinduction B) obtained from A). Relative protein
amounts were normalized tea@dhand their level indox cells was set as ontatistical significance is
indicated as: 1*p O 0.05, **p O 0.0

58



Results

western blot analysi§Figure 10 A). First, as shown befor@verexpression oChop
(Figure 10B) resulted in a significant increase in the terminal apoptosis marker, cleaved
caspase 3 Figure 10 C) and cleavedPoly(ADP-ribose}Polymerase IParpl) Figure

10 D). In order to investigate if such Chop induction alone would also result in altered
ER-mitochondrial tetheringco-immunofluorescence analysis for the ER protein calnexin
(green)and mitochondrial dyéMitotracker®, redwasperformed Figure 11 A). Such
staining showeddecreased ctcalization (yellow) of ER with mitochondria in dox

treated cellyversus dox untreated ce(Bigure 11 B).
A

Calnexin Mitotracker Overlay

o)

-dox

ek

Fluorescence Intensity,
fold change

+dox

Figure 11 Induction of Chop alone decreass ER-mitochondrial contact

A. Representative immunofluorescence images of MLE12 cells eithendaned or induced with dox fo
24 hours for Chop expression. Staining for ER (Calnexin, green) and mitochondria (Mitotracker
shown. Nuclei were stained with DAPI (blue), scale baB0 pm. B. Fluorescence intensity afo-
localization was quantified using ImageJ, its intensitydiox cells was set to on8tatistical significance
is indicatéd as: **p O 0.0
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In order tostudy if the reduction inco-localization between Efiitochondrial markers
could bedue toa reduced ERnitochondrial tethering, we performed proximity ligation
assay (PLA) using antibodies against the ERmbraneprotein calnexin and the
mitochondrialmembraneoroteins,mitochondrial import receptor subunit, translocase of
outer membranelfOM20) orvoltagedependent anieeelective channel ¥DAC1). As

can beseen inFigure 12 A-C, the fluorescence signal intensity significantly decreased
in Chop induced cellsvith both TOM20/Calnexin and VDAC1/Calnexin pairs as
compared withdox untreated cells lacking Chop expressibhis clearly indicagsthat

the proximity between Efnitochondria decreased upon Chop induction
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Figure 12 ER-Mitochondria tethering is impaired upon Chop overexpressio

A. Proximity Ligation assay with antibodies against Calnexin and TOM20 or Calnexin and VDAC1 fc
by fluorescence microscopy images are shown; scale bar = 6(BnC. Fluorescence intensity w
guantified using ImageJ, its intensity iminducedcells was set to one. Blots, stainings and analysis
performed from n = 3 and at | east three tech
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5.1.2 Induction of Chop decreass Pacs2 protein leved

As mentiored in the introduction the MAM protein Pas@ is importantfor ER-
mitochondria tetheringas it anchorgshe ER membrane to the mitochondr@uter
membrangdLi, C. et al. 2020] OtherimportantMAM proteing namely SigmaR1 and
IP3R3 are important G4 channeimodulators at thi1AM s. Based orthis information

we furtherinvestigated ifaltered MAM proteinsare responsible fordecreased ER
mitochondrial tetheringhat is observed in cells with Chop inductidfor this, we
performed immunoblots for SigmaR1, IP3R3 and Pacs2. Of the MAM proteins analyzed,
we observed a significant decrease at$2protein Figure 13 A&B) upon 12 and 24
hours of Chop inductionProtein levels of SigmaR1 and IP3R3 did not change
significantly upon Chop inductior-{gure 13C&D).
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Figure 13 Altered MAM protein levels upon Chop overexpression

A. MLE12 cells were either not induced or were induced wittg/nl doxycycline forChopexpression for 1
and 24 hours, followed by immunoblots for the given proteins from total lysatd3. Quantification o
significant decrease inaes2(B), SigmaR1 C) and IP3R3 protein leveD) upon Chop induction. Relati
protein amounts were normalized tapgglhand their level iri dox cells was set as oriélots were performe
fromn=3and$ at i stical signi f i caandne.=rotsignificadti cat ed a
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Supporting this, immunofluorescence analysis also revealed a significant decrease in
Pac® protein in Chop induced cellBigure 14 Figure 12A& B).
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Figure 14 Pacs2 is decreased upon Chop overexpression

A. Representative immunofluorescence imagesao&P(green) iri dox or + dox treated cells for 24 hol
Nuclei were stained with DAPI (blue), scale bar = 60 @mi-luorescence intensity was quantified u
ImageJ, its intensity irdox cells was set to one. Blots and analysis were performed from n=3 expe
and statistical significance is indicated a

Further, in order to rule out anglirect effects of doxycycline treatment on ER
mitochondrial tethering, we also treateddtype MLE12 cells with doxycycline and
analyzedthemfor Pacs2 protein level®oxycycline treatment itself did not affect the
protein levels of Pacs2 or Chdpigure 15A&B ).
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Figure 15dox treatment has no effect on ERnitochondrial contacts

A. Immunoblot analysis of Pacs2 in total cell lysates of healthy MLE12 cells with or withpgfmL
doxycycline B. Proximity ligation assay of MLE12 cells or + dox treatment with antibodies again
Calnexin and VDACL1 followed by fluorescence microscopy, scale bar = 60 um.
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5.2 Regulation of MAM proteins in lung tissues ofChopoverexpressing mice
Our group has recently identified that conditional overexpressi@hopin the AECII

of mice results in the apoptosis of this cell type, creating-dilpratic microenvironment

in the lungs (Unpublished). In view of our data from in vi@bop overexpression we
next asked if a decrease in Pacs2 protein is also observediimviRismouse model with
conditional Chop overexpression. Mice were fed with doxycycline for 4 or 56 days,
sacrificed using standard protocols &madg tissue homogenates of thesee were used
for western blot analysisAs observedn vitro, overexpression of Chop resulted in
significantly increased protein levels of cleaved caspasesady at day 4 that persisted
also at day 5@rigure 16 A-C). Pacs2 protein levelsn the other hanavere significantly
decreased already at day 4 and also at day 56 post doxycycline tre@Emgare 16
A& D).
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Figure 16 Regulation of MAM proteins in lung tissues ofChopmice

A. Chop mice were fed with doxycycline for four or 56 days, followed by sacrificing and tracheotom
lung tissue was homogenised, followed by Western Blot analysi3. Quantification ofcl. caspase 3Q)
and Pacs20) protein levelsupon Chopinduction (B) obtained from A). Relative protein amounts we
normalized to @pdhand their level ircontrol micewasset as oneStatistical significance is indicated
**p  OL 0 .*@ @, nd= nodt significant
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5.3 Pac2 is required to maintain ER-mitochondrial tethering in cells with Chop
induction
SincethePacg protein controls ERnitochondria communicationye hypotheszedthat
the decreased ERitochondrial tethering that was observedCinopinduced cells is a
result of decreaseBac2 protein levels Hence, to test this, we either overexpressed
empty myc or myc taggeACS in MLE12 cellsusingLipofectamir® for four hours
followed by 12h Chop induction (+dox) noninduced (-dox). We then performed
proximity ligation assayAs expectedmock and enpty myc transfected cells showed
lesser proximity of ER teonitochondria,as shown by the quantification of fluorescence
intensityin Chopinduced cells compared to namducedChop cells (Figure 17 A&B ).
However, in cells transfected with myPACS2 the fluorescence intensityn Chop
induced cells wasomparable to the fluorescence intensity observadrrinducedChop

cells Figure 17A&B ). This indicated that overexpression of Pacs2 is sufficient to rescue

ER-mitochondrial tethering undeonditions ofChop induction.
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Figure 17 Pacs2 is required to maintain ERmito tethering in Chop cells

A. MLE12 Chop cells were either mock transfected, or transfected with eviyatyor Myc-PACS?2 for
4 h followed by no dox-dox) or with dox (+dox, 12 hours) treatment f@hopoverexpression followec
by proximity ligation assay with antibodies against Calnexin and VDAC1 followed by fluoresc
microscopy, scale bar = 60 um. Fluorescence intensity was quantified using ImageJ, its intensi
untreateddox cells was set to on8tatistical significance is indicated &* p ©@1 0. 0
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We next analyzed if such Pacs2 overexpression may rescue Chop induced apaptosis.
this, we performed western blots for cleaved caspase3 after overexpressingn@mpty
or mycPACS2in Chop induced cellgSimmen, T. et al. 2005, Werneburg, N.W. et al.
2012] As expectedChopinduced cells witiPACS overexpression displayed a decrease
in the terminal apoptosis marker cleavedpae 3 as compared tchGp induced cells
without PACS overexpressiorfFigure 18 A&B). This result indicated improdecell

viability due toPACS2overexpressionnder conditions o€hopinduction
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Figure 18 Pacs2overexpression decrease ataspase 3 protein levah Chop cells

A. MLE12 Chopcells were either mock transfected, or transfected with emptyor MycPACSZfor 4 h
followed by no dox {dox) or with dox (+dox, 12 hours) treatment for Chop overexpression follown
immunoblots for the indicated proteir. Relative protein levelsf cleaved capase 3protein level C)
were normalized t@apdhand their level indox cells was set as argtatistical significance is indicat
as: *p O 0.05
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5.3.1 Pacs2 is not degraded via the proteasome

Information about drugs that may interfere with Pacs2 protein expression or its signaling
is notavailable till date. It ishoweverknown that Pacs2 may biquitinatedby cellular
inhibitor of apoptosis (clAP1)2andtherefore may bdegradedia the proteasomeThe
cellular levelsof clAP 1/2 areinversely correlatéwith apoptosigGuicciardi, M.E. et al.

2014] Hence,we hypothesizethat reducd Pacs2n cells with Chopoverexpressiors

a result ofanincreasdn clAP1/2 protein level We thereforeanalyzedclAP 1/2 protein
levelsin response t€hopoverexpressiobut theirprotein leveldid not change in Chop

induced cells as comparedrton-Chopinduced cell§Figure 19 A& B).
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Figure 19 clAP protein is not affected upon Chopoverexpression
A. Immunobot analysisn total cell lysate®f MLE12 Chopcells eitheruntreatecr treatedwith dox for

Chopexpression for 12 and 24 hours @AP1/2 B. Densitometry analysis @iAP normalized to @pdt

and their mean value iminducedcontrols was set as one. Statistical significance is indicgets.= n¢
significant.

Furthermoretreatment with the teasome inhibitor MG13@id also not affecPacs2
protein under conditions of Chopmduction, indicatingthat it is not degraded vitghe
proteasome. The Pacs2 protein leigahot accumulated upon proteasome inhibition in

Chop contextFigure 20 A&B).
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Figure 20 MG132 treatment of MLE12 Chop
A. MLE12 Chop were induced with dg/mL doxycycline for 24h or not induced followed by treatme

with 5 uM or 10uM MG132 for 4h followed by western blot analysiBensitometry analysis d?acs2
normalized to Gagth and themean value iruninducedcontrols was set as on8tatistical significance is
indicatedag*p  O1 @hdnd= not significant.
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Both the WT PACS2 and ale novomissense variant of PACS2;Glu209Lys were
shown to interact withransient receptor potential vanilloid(TRPV1), a ligand gated
ion channelsuggesng that the interaction of the PACS2 missense variant with TRPV1
may indirectly contribute towards channelopatfi@son, H.E. et al. 2018Members of
TRP ion channel familjrave been shown to mediate cellula?Geomeostasidpitiate

ER stress and stimulate UPR and apoptasi autophagic survival iells[Amantini, C.

et al. 2017, Sukumaran, P. et al. 20T8je activation oTRPV1causes C&* and N&
influx, with a higher selectivity for G4 over Nd, and is expressed at battthe ER
membrane as well as in the plasmembrand rpvl has a strong correlation to ER stress
due to itsexpression o the ER membrangCastro, J. et al. 2009]Thesefindings
supported ouassumption that&RCS2 and RPV1 areinfluenced by each otheandthat
imbalancein their interactioncould lead to maladaptive E®ress.We hence asked if
protein levels of Trpvl are altered upon Chop induction. For khisz12 Chop cells
were either not induced or induced with doxycyclineGbop expression for 12 and 24
hours, followedby western blots analysi# significant decrease ifirpvl wasindeed
noted inChopinduced cell{Figure 21 A&B ). Supporting our observation, a study by
Wang et al.have demonstrated that Trpvl antagonist DWP05195 induces apoptosis
through Chop pathway in human ovarian cancer ¢éllsng, Y-Y. et al. 2020] Based

on thesdindingsit is possible that reduction of Trpvl Bhop promotsapoptosisn our

system
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Figure 21 Trpvl is altered in Chop overexpression

A. Immunobot analysisin total cell lysate®f MLE12 Chopcells eitheruntreatedor treatedwith dox for
Chopexpression for 12 and 24 hours finpv1l. B. Densitometry analysis dfrpvl normalized to @pdt
and their mean value imninducedcontrols was set as oné&tatistical significance is indicated
**p O 0.01
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5.3.2 Pacs2 directly interact with Trpvl

It has been shown that Trpvl and Pacs2 interact with each other in other cell types. We
hence asked if such interactionay also be found in general in MLE12 cells, the
background cell type for Chop induction. We hence performed immunoprecipitation
experimentsFor this, MLE12 cells were transfected with either empty myc or myc
PACS2followed by CaolP with anttmyc antibody(Figure 22). Western Blot analysis
verified a directinteraction of Rc2 (myc-PACS2 with Trpvl by pulling downmyc-
PACS2Pulldown of empty myc did not forward any detectable Trpvils CclIP further

gave a hint towards the hypothesis that regulation efriiBchondria tethering may be

affected by a PacsPrpv1 interaction.

Input IP:anti-myc

) 1 I 1
emptymyc + - 4
myc-PACS2 = <+ -

+

IB: anti-myc
myc-PACS2

100

55 1gG heavy chain
25 1gG light chain
IB: anti-Pacs2
myc-PACS2
100 endogenous Pacs2
IB: anti-Trpv1

Figure 22 Pacs2directly interactswith Trpvl
ML E12 weretransfectedvith empty myc or myd?ACS2 followed by Co-IP with antimyc. Western bl
analysis with given antibodies.
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5.3.3 Modulating the Pacs2Trpv1 axis rescue€hop inducedcells from apoptosis
and ER-mitochondrial tethering
In accordance with the observatitimt Trpvl and Rics2are interacting partnersye
hypothesized thamodulation of Tpvl may influencePac® protein levels as well.
Vanilloids like @psaicin (CPS) natural alkaloid and analgesic foundchli peppers
is a highly selective agonist dfpv1 with nanomolar affinity Upon exposure to CPS,
Trpvl receptos might undergo phosphorylatipnocesseandcontribute to its activation
and increase protein levels[Yang, F. et al. 2017]Cells overexpressing_hop were
treatedwith 5, 10 and 2%M CPS for8 hoursafter Chopinduction or norinduction for
12 hin order to investigate the effect of activategvil on Racs2in ER stress conditions.
Non-toxic concentration®f CPS as determined by LDH assdkigure 23 A), were
investigatedIn cells with no dox treatment, CPS treatment did not show any significant
differences in Tpvl levels as compared to DMSO treatment. Howevedpintreated
and Chop inducedcells a significant increase inrgvl protein levels wa®bserved
(Figure 23 B&C). Interestingly, CPS treatment also resulted in an increasadf P
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Figure 23 Capsaicin modulates Pacsdrpvl axis

A. Quantification of LDH assay d¥ILE12 cells overexpressing Chop followed by treatments with diff
CPS concentrations {8v,10 uM, 25 uM). Relative LDH activity were normalized to basal le\&IMLE12
Chopcells were either left untreated or treated with dox fon 1fdllowed by treatments with DMSO or C
at indicated concentrations followed by immunoblots for the indicated prote&3.. Quantification ¢
Trpvl (C) and Rc2 (D) protein expression is shown. Relative protein amounts were normalizexptth
and their mean value in respective DMSO treated controls was set asnahesis from n=3 independe
experiments are showR.values were not significant between the gro8fatistical significance is indicat
as: *p O 0.05, **p O 0.01

69



Results

protein levels in @Gop induced cells This effect of CPS treatmerdn Pacs2 is also
observed imonChopinduced cellg§Figure 23B&D).

Likewise, PLA was performed in order to investigate if exposure to CPSncprove
ER-Mitochondria tetheringAs expectedireatment withTrpvl agonis5uM CPS lal
to asignificant improementin ER-mitochondrial contactsChop overexpressing cells
treated with 25uM CPS displayed similar punctae comparedoteChop induced
MLE12 (Figure 24 A&B).
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Figure 24 CPSimproves ER-mitochondria tethering in cells with Chopinduction

A. Representative fluorescence images following proximity ligation assay with antibodies against |
and VDAC], cells treated with CPS at the indicated concentrations or DMSO hppim@uction are show
scale bar = 60 unB. Fluorescence intensity was quantified using ImageJ, its intengitioixy DMSO treate
cells was set to one. 6né of three indepenc
indicatedas* *p O 0.01, ***p O 0.001
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5.4 Regulation of ER-mitochondria tethering in SP-C mutant cells

5.4.1 ER-mitochondria tethering in cells overexpressingsP-C#*on4

Until now, we observed a reduced Hftochondrial tethering under ER stress situation
induced byChop overexpression. We next asked if any pathological ER stress induction
could also result in a decreased-EiRochondrial tethering. It has been weicumented

that overa&pressiorof SRC®*°"poth, in vitro in human embryonic kidney (HEK) cells

and in micen vivo, results in ER stresth humans, a heterozygous mutation of A to G

in the first base of intron 4 of the human-GRengc.460+1A>G)results in the absence

of mature SRC protein[Wang, W-:J. et al. 2003]The underlying reason is a spliced
deletion of exortt resulting in the removal of the consenadteine in the @erminal
flanking propeptide, which leads to the generation of a misfolded @fdtein, with toxic

gain of function. Patients wittuchamutation are reported to develop familial interstitial
lung diseas¢Mulugeta, S. et al. 2005]n vitro, overexpression dR-C™®*°"results in

ER stress and caspademediated apoptosis in AECII like cell lines (A549, MLE12
[Beers, M.F. et al. 1998, Mulugeta, S. et al. 206{@nce in order to investigaté the
decrease in Efnitochondrial tethering is a result ah increased BOP protein or if it

may be due to pathological increase in ER siridss overexpressn of SR-C%¥®*°M
humanmelanoma cell lines (MEL188wverestably overexpresseir wild type (WT)
surfactant protein C (SB"T) or the pathological mutation in the exon 4 region of human
SR.C (SRC®® X § by Gene Splicing ¥ Overlap Extension (SOEing)oFgenerating SP

C®e x 2 géletion of exon 4 frolBRC"Twas achieved by overlap extension PCR. First
exons 13 were amplified by single PCRandnextx on 5 was ampl i fied th
untransl|l ated Poly A tail using a forward pri
end of the reverse primer used to amplify exohh&sewo ovetapping primary products
were then fused together in a SOEing PERyure 25 A). Either theSRC"Tor the
SRC®xnplasmid was stably transfecténl MEL188. MEL188 cell linehavehuman
origin, possess lamellar bodies and express th®2Ipro SPC proteinon mRNA level

Like MLE12 cells, these cells also do not cleaveGGRo its mature form Stable
transfection using these plasmids were performed and positive colonies were screened
using routine selection procedure, as described in the methods dectiwarification of
stable transfection semuantitative PCR was performed using given primers and
compared to exgssion ofb-actin (Figure 25 B). Additionaly, western kot for stably
transfected cells for GFP asdRC wasperformed(Figure 26 A).
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Figure 25 SOEing PCR for generation of SRC®¢ * °éhtjineered cell lines

A. For generating of SIE®® * ¢ giéletion of exon 4 from SBWTwas achieved by overlap extension PC
Firstexons33 wer e amplified by single PCR and nex
Poly A tail using a forward primer containii
to amplfy exon 3.Thesetwo overlapping primary products were then fused together in a SOEingBPCR

Agarose gel picture showing Product 1 (324 bp) and Product 2 (159 bp) and the fused product (
resulting inSR-C#®*°n4
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An increase in CHOP protein in cells overexpresSRg®® * °d5%compared to control
cells orSRC"Toverexpressing cellsompared to contte was observed, indicatiran
increasedER gress in these cell$igure 26 A& B). Similar to our observation in Chop
induced cellscells overexpressinGRC®® * °dldo showed a significant reduction in
PACS2 protein levelgFigure 26 A& C). These data collectively impkpr a decreased
PACS2expressionn ER dress conditionsHowever, n contrast tdVIEL12 cells with
Chopinduction, TRPV1 proteinlevel in SRC®® * °stdbly transfectedMEL188 cellsis
increasedn comparison to notransfectedr staby transfectedcSRCYT MEL188 cells
(Figure 26 A& D). This result is in line witha previous study bysuo et al. who
demonstratednincreasan TRPV1 stainingas well as its mMRNAn bleomycininduced

lung injury inaguinea pig mod€iGuo, Y. et al. 2019]
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Figure 26 PACS2protein levels in SP-C#®*°M cells

A. MEL188 cells were stably transfected with eit&&C"T or SRC®® * Qldsmids or left urtransfectec
followed by immunoblots for the given proteirB.-D. Quantification of CHOP B), PACS2(C) anc
TRPV1 (D) proteins levels are shown. Relative protein amounts were normalized to GAPDH a
mean value in untransfected cells was setas@nat i st i c al significanc
0.0, ns.= not significant.
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Next, we performed PLA assayagainand observed th&R-mitochondrid tethering
was disrupted irBR-C®*°"staby transfected MEL188 cells1 a similar manner as in
Chop overexpressingMLE12 cells (Figure 27 A&B ). Theseanalysesreaffirm that
altered PACSand TRPV1 protein levelsaused disrupted ERitochondria tethering
under ER Bess conditions as well as BRC mutant MEL188 cellsTherefore,it
validatesthe hypothesis that disrupted ERitochondria tetherings caused by altered
PACS2 protein levalinder ERstress conditions.
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Figure 27 Unpaired ER-mitochondrial tethering in SP-C%®*°"4cells

A. Representative fluorescence microscopy images following proximity ligation assay with an
against Calnexin and VDAC1 i8RCYT or SRC®® * °dverexpressing cells, scale bar = 60 i
Fluorescence intensity was quantified using ImageJ, its intensity in untransfected cells was sant
statistical significance is indicated &&: * p O 0. 01

74



Results

5.4.2 CPS rescuesER-mitochondrial tethering in SP-C®¢ * AMEL188 cells

Since we observed a beneficial effect u@inStreatment in cells with Chop induction,
we also treated th8RC"T andSR-C®® * ocefls with CPS.Like in Chopoverexpressing
cells, treatment dBR-C®® * Telts with CPS also resulted in an increase in PACS2 protein
levels Figure 28 A&B ). Interestingly results ofwestern bot analysidor TRPV1protein
levelshowed aignificanty decrease iBR-C®® * Staby transfected MEL188nder CPS
treatmenteven lower than in contrqFigure 28 A&C). The protein level of cleaved

PARP1 as an apoptotic markesnotbeenchanged under CPS treatment so far.
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Figure 28 Modulati on of TRPV1 in SP-C®¢ X &cefls by CPS treatment

A. Cells stably expressingRC"T or SRC®® * °dr‘control cells were treated with DMSO or CPS, follo
by immunoblotting of PACS2ndTRPV1 B.,C. Quantification of PACSZB) and TRPV1 C) is shown
Relative protein amounts were normalized to GAPDH and its mean value in control cells was se
Statistical significance .is indicated as: *p

75



Results

To further verify whetheincreased PACS2 protein level imprevEéR-mitochondria
tethering PLA was performed, displayingighter connection between ER and
mitochondria under CPS treatment in all three settings.the same line, ER
mitochondrial contacts increasachder 25uM CPS treatment inSRC®€ X °t4bly
transfected MEL188ells as compared to DMSO treated céfsgure 29 A& B). Cells
overexpressingPR-C"Tdid not show any differences in TRPV1 or PACS2 protein levels,
nor did they exhibit any decrease in{gRochondrial tethering. Results until this point
indicated that both CHOP induction as well as pathological ER stress induesolied

in decreased protein levels of PACS2 and a decrease-mitRhondrial contacts. The
TRPV1 modulating drug CPS reversed these effddteseunsuspectedesultswith
regard toTRPV1 protein levis led to the assumptiotihat TRPV1 activatiobhy CPSmay
balancedysreguated TRPV1 protein leved in a way that it can interact with PACS2
properly.Even saheTRPV1protein level is decreased under CPS treatnteePACS2
protein level is increased aidprovesER-mitochondrid tetheringin SRC®e x o n 4
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Figure 29 Modulating TRPV1 rescues ERmitochondrial tethering in cells
overexpressingSP-C®*°"4gyerexpression

A. Fluorescence microscopy images following proximity ligation assay with antibodies against C
and VDACL1 in control cells or in cells overexpressB@C"T or SRC®¢ * ¢ followed by DMSO or CP
treatments at the indicated doses, scale bar = 6B pRtuorescence intensity was quantified using Im:
its intensity in untr emnd@ thodéindependent experinceetd were perfa
and statistical significance is indicated a
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5.5 Regulation of ER-mitochondria interaction in IPF patients

5.5.1 PACS2 protein and ERmitochondrial tethering are decreased in IPF AECII

In order to further understartie ERmitochondrial tetheringinderclinical situation

MAM proteins in IPF as compared to healthy donor Iwvge analyzed. ER stress is a
well-documented pathomechanistic feature of IPF and an upregulation of ER stress
signature moleculesmamely ATF6, ATF4, B> and CHOP in the AECII of IPF patient

was reported by us and by othdBertolotti, A. et al. 2000, Glnther, A. et al. 2012,
Korfei, M. et al. 2008, Lawson, W.E. et al. 2008, Schroder, M. et al. 2005, Zhang, L. et

al. 2017]

The findings of this studyshowingan important role of PACS2 imaintaining ER-
mitochondri& tetheringunder ERstressconditionslet us hypothesize that PACS2 is
altered in the AECII of IPF patients, thereby alteringfBRochondiial contactsTo test

this, we first analyzed the protein levels of the MAM proteins namely PACS2, SigmaR1
and IP3R3 as well as the cation channel TRPV1 in total lung homogenates of IPF versus
donors In coherence with our previous resulBACS2 leveds were significariy
decreased in IPF lung homogenates in compatisdrealthy donor lung¢Figure 30

A&B ) while protein levels of IP3R3 and SigmaR1 did not alter gréature 3S0D& E).
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Figure 30 Altered MAM proteins in IPF patients

A. Western blot analysis was performed fréidf and Donor lungs homogenafes the given proteir
n=7.B-E. Quantification of PACS2R), TRPV1 (C), IP3R3 D) and SigmaR1K) protein expression
shown. Relative protein amounts were normalize@-&xtin and their mean value in Donor was st
onedbnoseverf ndependent pat iSetstcal Significanceis indieated &sp s ©d,
ns.=not significant.
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Interestingly,TRPV1 protein leved increased significantly in IPF lung homogenates as

compared to those of dondiEgure 30A&C).

Next, in order to study the protein levels of PACS2 in the AECII of IPF patient lungs, we
performed immunofluorescence for PACS2 (red) and ABCA3 as ACEIl marker (green)
on paraffin sections that revealed a decreased PACS2 staining in the AECII of IPF

patients Figure 31 A&B), fully supporting the western blot results from IPF and donor

lung homogenates.
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Figure 31 PACS2 is decreased in IPF

A. Representative immunofluorescence images for PA@®) and ABCAS (green) in IPF adidnor lung

sections, nuclei were stained with DAPI (blue) scale bar = 2Bufluorescence intensity of PACS2 wi
quantified using ImageJ, its intensity donor sections was set as one. Lung sectimm 7 IPF and 7
donors were used for stainin§tatistical significance is indicated 4.5
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In order to understand if the ERitochondrial contacts are disturbed in IPF lung AECIIs,

we next performedultrastructual analysis of IPF and donor lungs via electron
microscopy.In some areaghe membrane of the ER approached the outer membrane of
the mitochondria in a way that there were no ribosomes between them and the membranes
were separated from each other by a very thin leaflet of cytosol. In these contact regions
the distance betweernd membranes was only a few nanometers. Based on these
considerations the MAMs could be easily identified by ultrastructural criteria. As
indicated inFigure 32, electron microscopy analysis demonstrated that in IPF AECIIs,
the contact zones were more point shaped and the ER appeared to be locally widened. In

Donor

11100 nm

Figure 32 ER-mitochondrial tethering is decreased in IPF

Representative transmission electron microscopic imaigedseolar epithelial type 1l cells (characterize
by the presence of lamellar bodies (LB)) are shown. At ultrastructural level the appearance of the
zones between ER and mitochondria (Mito) in IPF differed from the healthy control. The closastsc
(arrows) appeared to be rather point shaped with the ER fiktowidened in IPF. In healthy control
the contacts were in general elongated and more laminar so that the ER and mitoainenabianes hac

a parallel run.
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AECII from healthy appearing lung tissue (donors) the contact zones between ER and

mitochondria were rather laminar than point shaped and the ER was not widened.

5.5.2 Activation of TRPV1 decreases apoptosis and COLA1A level in IPF PCLS

In order to determine the effect #ACS2TRPV1 axis modulationn IPF, the 3D
precision cut lung sliceCLS culture septum fromexplanted IPF lung&asexploited.

IPF PCLS were treated in cell culture with DMSO, 10 oru®% CPS or 25uM
Nintedanib folloved by immunoblotting oimmunofluorescence. NintedaniNin) is a
well-known drug for the treatment of IP[Varone, F. et al. 2018ndis used here for
comparison. Westerlot data of PCLS confirmed the effect of CPS on PACS2 protein
levels: a significant increase in PACS2 protein levels was observed in IPF PCLS treated
with 25 uM CPS asompared to DMSQreatment(Figure 33 A&B). In addition, a

reduction in the apoptosis marker cleaved caspdsigdré 33 A&C ) was also observed.
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Figure 33 Modulation of TRPV1 by CPS in IPF PCLS

A. PCLS from explanted IPF patient lungs were treated either with DMSO or CPS with the ir
concentrations for 8, followed by immunoblot analysis for PACSZRPV1,cleaved capase 3 anfh-actin
B&C. Quantification of PACS2R) andcl. caspae3 C) protein levels arehown. Relative protein amou
were normalized td-actin and their mean value in DMSO treated PCLS was set asSia#stica
significance is indicated asp00.5; *p00.05, ***p 00.01, ns.= not significant.
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In full support, quantification of immunofluorescence stainings for cleaved caspase 3 also
showed a decrease in CPS treated Pigure 34 A&B).
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Figure 34 Activation of TRPV1 decreass apoptosisin IPF PCLS

A. Immunofluorescence staining for daspase 3 (red) in AECII (ABCA3, green) on IPF PCLS u
DMSO, CPS or Nin treatment for 8 h. Nuclei were stained with DAPI (blue), scale bar = 68.
Fluorescence intensity of cleavedspase 3 in ABCA3 positive cells was quantified using Image
intensity in DMSO treated cells was set as one. Stainings and analysis were performed in PCLS |
from three | PF patients and significance 1is
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Further, we asked if treatment of IPF PCLS with CPS would have any effect on
extracellular matrix protein, collagen1Al (COL1A1), which is usually higher in IPF

tissues due to the excessive deposition of extracellular matrix. Immunofluorescence

analysis regaled a significant decrease in COL1#dd)in IPF PCLS treated with 25M
CPS as compared DMSO treated PCLYFigure 35 A&B). A similar reduction of
COL1A1 was observedipon incubation with clinically approved affitorotic drug

Nintedanib.
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Figure 35 Activation of TRPV1 decreases COLA1A level in IPF PCLS

A. Immunofluorescence staining for COLA1A on IPF PCLS upon Veh, CPS or Nin treatment 1
Nuclei were stained with DAPI (blue), scale bar = 60 [BnFluorescence intensity of COLAL1A w
quantified using ImageJ, its intensity in DMSO treated cells was set as one. Stainings and ana
performed in PCLS performed from three | PF

82



Results

5.6 Mitochondrial dysfunction in Chop Cells

ER-mitochondrial miscommunication effect varied cellular functions which may
contribute to cell death mechanisms. On the one ,hdedreased Efitochondrial
tethering leads tonitochondrial dysfunctionOn the other handit may lead to the
induction of autophagy, a sedating mechanism of a cell. In view of our results that
revealed decreased HRitochondrial tethering under conditions of ER stress, we next
performed the analysis of mitochondrial membrane protePSEN-induced kinase 1
(Pink) and Parkin. Both these proteins were significantly decreased upon Chop
overexpressioffFigure 36 A-C). It is well-known that Pink1l and Parkin are important
mitochondrial proteins thategulae mitophagy, a process of autophdggosome
mediated mitochondrial degradation and apoptosis of mitochoftgegg, M.E. et al.
2010, Matsuda, N. et al. 2010]
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Figure 36 Mitochondria protein upon Chop overexpression

A. MLE12 Chop cells were either not induced or were induced withginL doxycycline for Chof
expression for 12 and 24 hours, followed\Bgstern blots for the given proteifrem total lysate The
positions of molecular weight markers are sho®®& C. Quantification ofPink1 protein levelgB) anc
Parkin protein level@) uponChop inductionRelative protein amounts were normalized tap@hanc
their level in not induced was set as one. Statistical significance is indicated gs: O 0. 01
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These results give a hint towards impairedmitochondrial homeostasis upon Chop
overexpression. To prove this hypothesige next performed immunofluorescence
microscopy MLE12 Chop cells that were treated with doxycycline foh2ahdlabelled
active mitochondria with Mitotracker® dy@igure 37 A). We observed a significant
decrease iMitotracke® labelling,in Chopoverexpressing MLE12 cel(§igure 37 B).

All together this confirms that mitochondrial homeostasis is impaired loop

overexpression.
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Figure 37 Defective mitochondria upon Chop overexpression
A. Representative immunofluorescence imagesitdchondrig Mitotracker®, red in i dox or + dox treate
cells for 24 hours. Nuclei were stained with DAPI (blue), scale bar = 6@BuRuorescence intensity w
guantified using ImageJ, its intensity-ithox cells was set to one. Blots and analysis were performes
n=3 experiments and statistical significance is indicatettdsp @©®1 0. 0
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5.6.1 Impaired mitochondrial respiration in Chop Cells

In view ofdecreased mitochondrial proteinemelyPink1 andParkin andthedecreased
mitochondriaactivity upon Chop overexpressionwe next performednitochondrial
respiration measuremeirt these cellsusing an ororboros system. The measurement
illustrated bwer oxygen concentration in +dox treated cells forh2#h comparison to
-dox treated cellsHigure 38 A& B). The quantification of spare respiration confirmad
significant decrease of mitochondridunction {igure 38 C). Furthermore,the
quantification of oxygen consumption was performed to dive deeper into the
mitochondria respiration chainThe dta deciphey an impaired function ofthe
mitochondrial respiration chain in nearly all sub urfiggre 38 D). Altogether, the data

points towards dysfunctional mitochondria upon $fess due t&€hopoverexpression.
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Figure 38 Mitochondrial dysfunction upon Chop overexpression

A.&B. Representativgraph of oxygen consumption ratEMLE12 cells eitheuninducedA) or inducei
(B) with doxycycline for Chop expression for 24 hours=10 C.&D. Quantification of oxyger
consumption rate®) and spare respiratioD]. Level of noninduced Chop cells was set as dagtistica
significance is indicatedas* p O 0. 001, ns= not significant
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5.7 Autophagy in ML E12 Chop cells

5.7.1 Chopoverexpression results inmpaired autophagy

Insufficient autophagy in the AECII of IPF patients is a weported finding. Especially,
mitophagy that is mediated via Pirkharkin pathway has been shown be defective in IPF
AECII. In this study, we also observed a decrease in both Pinkl and ParieimgprWe
hence next analyzeslitophagy in response @hopoverexpressiolMLE12 cells were
either not induced or were induced with doxycyclineGbopexpression for 12 and 24
hours, followed by western blots analygisigure 39 A). Overexression ofChop
resulted in a significant increasetire autophagy marker protdificrotubule associated
protein 1A/1B Light Chain 3B I(LC3BIl) (Figure 39 B) andin LC3BI to LC3BII
conversion ftigure 39 C). These results, in parallel with an increased p62 protein level

(Figure 39D), implied altered autophagy upon Chop overexpression.
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Figure 39 Chopoverexpression results inmpaired autophagy

A. MLE12 Chop cells were either not induced or were induced wifligInL doxycycline forChog
expression for 12 and 24 hours, followed by western blots for the given proteins from total Tiise
positions of molecular weight markers are shorD. Quantification ofLC3B (B), Ratio of LC3BI t
LC3BII conversion C) and p62 D) uponChop inductiorobtained from A). Relative protein amour
were normalized t@Gapdhand their level in not induced was set as. @tatistical significance is indicat
as*p O 0.05, **p O 0.01
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In addition to these distal autophagy proteins, a significant increase in Beclinl was also

observedn response t€hopoverexpressiofFigure 40A). Also, thelysosomal proteins

Lysosomal associated membrane proteindn(pl) and Lamp2were alsofind to be

increased significantly upon Chop inducti@ffigure 40 A). Cathepsin D, a lysosome

related stress marker, decreased significantly in these(Eajisre 40 B). Of note, the

transcription factor EB (TFEBWwhichis a master regulator of several autophagy genes

and for the members of coordinated lysosomal expression and regulation (CLEAR)

network significantly increased upo@ihopoverexpressiofFigure 40 C).
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Figure 40 Autophagic proteins upon Chop overexpression

A. MLE12 Chop cells were either not induced or were induced withhgInL doxycycline for Choy
expression for 12 and 24 hours, followed by western blots for the given proteins from total Ii/se
positions of molecular weight markers are shoB&C. Quantification ofCathepsin OB) and TFEB C)
upon Chop inductionobtained from A). Relative protein amounts were normalized@apdhand thei
level in not induced was set as ogatistical significance is indicated &p O 0. 0 5,** *¢

0.001.
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5.7.2 Chopoverexpression induces nuclear translocation of TFEB

We next performed cytosolic and nuclear extractsnalyseaf the observed increase in
TFEB corresponds to nuclear TFEB. normal conditions, TFEB is localized to the
cytoplasm but stress conditions rapidly indu€EEB nuclear translocatiojisettembre,

C. et al. 2011]Therefore, it is reasonable to speculate that TFEB is required for the
enhanced autophagy/lysosomastivity in the ER. Interestingly, we observed a
significantly increased TFEB in nuclear fraction of Chop induced .cklldact, we
observed a double band in this I{R&gure 41 A&B ). Since phosphorylation of TFEB is

a welkknown event in regulating several autophagy related genes, we next performed
western blots for TFEB in these cells and observed an increase in phosphorylation in

cells with Chop inductiofFigure 41 C).
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Figure 41 Chop overexpression induces nuclear translocation and phosphorylati

of TFEB

A. MLE12Chopcells were either lefininducedr were induced with doxycycline f@hopexpression fc
12 and 24 hours, followed by western blwesn cytosolic andhuclearextracts B&C. Quantification TFEI
(B) and pTFEB C) afterChopinduction Statistical significance is indicated &8:p Q. 0. 0
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To further confirm this results immunofluorescence was performed. &#elisxpressing

Chop (green) displays increased fluorescence intensity of TFEB (red) in the nucleus
(blue). These results revedincreasd nuclear translocation of TFEBigure 42 A& B).

In conclusion TFEB is translocated to the nucleus ygorapgtotic ER stress and there
activates transcription biogenesis factors thfe lysosome. Taken all results together
Chop overexpression leatlbb an increase in autophagosome formation and increased
lysosomal biogenesis via TFEB, bat the same timelso impaired autophagy in those

cells.
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Figure 42 Nuclear translocation of TFEB in Chop overexpressing cells

A. Immunofluorescence for TFEB indicated nuclear translocation of TFEB (red) Cipopexpressio
(green Nuclei were stained with DAPI (blue), scale bar = 60 [Bn.Fluorescence intensity afo-
localization was quantified using ImageJ, its intensity uninducedcells was set tmne Statistica
significance is indicated as* p Q. 0. O

89



Results

5.7.3 Induction of Chop leadsto blocked autophagic flux

Since several autophagy proteins are increased and the master regulatowadse
found to bencreased upon Chop induction, we hypothesized that autophagy is increased
in cells with Chop inductionNe measuredutophagy fluxusing thanhibitor of vacuolar
H*-ATPase bafilomycin A1 and chloroquinge which mainly inhibits autophagy by
impairing autophagosome fusion with lysosomd& E12 Chop cells were pretreated
with one of thdysosomal inhibitos for 1 h, followedby doxtreatment for 6 to induce
Chop or left untreatedWesternblot analysis showedhcreased LC3Bland LC3BII
protein levet in Chop induced cells compared to Aiaduced cell§as also shown in
Figure 39), but no significant change in LC3BI and LC3BII protein levelpon
additionaltreatment with lysosomal inhibitors compared to vehicle treatment@pop
overexpressioffiFigure 43 A&B). Additionally, p62 protein leved also didnot seento
be affecteduponchloroquine treatmer(Figure 43 A).
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Figure 43 Impaired autophagic flux upon Chop overexpression

A. MLE12 Chopcells werepretreated with eithezhloroquine or bafdmycin Al or vehicle for 1h followe
by non-indudion or indudionwith 1 pg/mL doxycycline forChopexpressiondr 6hours, followed by weste
blots for the given proteins from total lysat&.Quantification ofLC3BII protein level.Relative prota
amounts were normalized to Gapdhd their level incontrolswas set as on&tatistical significance
indicatedas* p @ O .
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Next, cells were transfectedith tandemfluorescencelLC3B plasmid (MRFRGFP

LC3B, tfLC3B) (Figure 44 A). LC3B is tandeny fused to acidnsensitive mCherry and
acid-sensitive GFP to measuitee formation of autolysosomes and their degradation. In
autophagosomes both tags emit fluorescent light resulting in a yellow fluorescence.
However thefusion of autophagosomes to acidic lysosomes results in low pH, where the
GFP gets degraded and the green fluorescence is lost and only the red fluorescence of
mCherry is visible. Subsequently, the red fluorescence from mCherry is lost when the
double taggd protein is degraded the autolysosomgiansen, T.E. et al. 201L1YILE12
Chopcells were transfected with tfLC3B followed IBhopinduction for16h or were

not induced. Immunofluorescence analysisesd®d no significant change in green
fluorescence intensity of GHEC3B (Figure 44 B), but a significant decrease in red
fluorescence intensityf mCherryin dox treateaellscompared taintreated cell§Figure

44 C). This suggestedroper generation of autophagosome (grdeaum) defective fusion

with the lysosome (red), leading to an accumulatbrautophagosonseupon Chop

induction and therefore a blockade in autophagic flux.
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Figure 44 Autophagic flux is blocked uponChopoverexpression

A. Representativdmmunofluorescence oMLE12 (hop cells eithernorrinduced or induced wi
doxycycline forChopexpression for 24 houtsansfected with tfLC3BNuclei were stained with DAI
(blue), scale bar = 60 pni.,C. Fluorescence intensity @FRLC3B (B) and mCherryC3B (C) was
guantified using ImageJ, its intensityuninducedcells was set tone Statistical significance is indicat
as:** p @, n€ =ndt significant.
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6 Discussion
This studyrevealsmpaired ERmitochondrial tethering under three different conditions:
1. upon overexpression of the terminal ER stress inducer, Chopor2 overexpression

of the IPF associated mutation,-8®**°™and 3. in the lungs of IPF patient lungs. Under

all threeconditions, we observed a decrease in the MAM protein PARI®2e r apeut i ¢ 0,

transient overexpressiaf PACS2 inour ER stress models restored-ERRochondrial
tethering. In addition, we observed an interaction between PACS2 and the calcium
channelTRPV1. Therapeuticdrgetingof TRPV1by capsaicin restored levels of TRPV1

as well as PACS2 inurin vitro models as well as in the PCLS of IPF patie@fsnote,

such capsaicin treatment not only restored TRPV1 and PACS2 levels, it also resulted in
a reduction of epithelial apoptosis and reduction of collagen exprés&mynprocesses

in the development of lung fibrosi&ltogether, these readouts signify the critical role of
ER-mitochondrial contacts in maintaining cellular homeostasis during ER steksgn

fibrosis.
6.1 MAM contribution in response of pro-apoptotic ER stress

6.1.1 ER stress and mitochondrial signaling in lung fibrosis

Several studiebaverevealed the importance ofironic ER stresm AECII apoptosis in
lung fibrosis in general and in IRR particular AECII apoptosis is an establishkey
event in the pathogenesis sgoradic as well as familial forms of IPkorfei, M. et al.
2008, Lawson, W.E. et al. 2008 HOP is increased patrticularly in the AECII of sporadic
IPF patient lungs alongside withsagnificantincreae in other major ER stress signature
mol ecul es, GRP78, ATF 4[Korfed MFe$ &J. 2G08, dawsom, | i c e d
W.E. et al. 2008]It has been proven, that chroni®R Btress inducgupregulation of
CHOP [Zinszner, H. et al. 1998)And such overexpression of CHOP leads to AECII
apoptosigKlymenko et al. 2016]while its knockdownprotects cells from ERtress
induced apoptosig®yadomari, S. et al. 2002puch ER stress has also been reported in
several animal models of lung fibro§shuja, S. et al. 2016, Kesireddy, V.S. et al. 2019,
Yao, Y. et al. 2016]Besides, overexpression of the BRICHOS domain mutants-@f,SP
SR.C ®*n4 gand SPCH8Q in lung epithelial cell line A549 and in human embryonic
kidney (HEK) cells elicited pra@apoptotic ER stress signaling, again asserting the
importance of ER stress in the epithelial cell apoptosis in lung fibjdsiguire, J.A. et

al. 2011, Mulugeta, S. et al. 2008}omplimenting these studies, we here observed
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increased ER stress signaling upon overexpression-6f8P"in human melanoma cell
lines(MEL188). IPF has a remarkable agelated onset, hence several hallmarks of aging
have been reported in IPF patients. Mitochondrial dysfunction is one such characteristic
feature and mitochondrimediated AECII apoptosis has been reported in IPF and in
idiopathic nterstitial pneumonias (IIPfKuwano, K. et al. 2002]n detail, the release of
cytochrome c and activation of caspase 9 was shown in patients with 1IPs in addition to
condensed mitochondria in the apoptotic epithelijiowano, K. et al. 2002]The
contextual role of reactive oxygen species (ROS) as part of adaptive or maladaptive
responses in several tissues has been discussed and such evidence has been reported in
asbestoselated lung fibrosigLiu, G. et al. 201Q0] A direct role of dysfunctional
mitochondria in AECII apoptosis and IPF was first shown in a study that revealed low
expression of PINK1 in IPF lungs. Increased expression ofilpmatic factors and
depolarized, dysmorphic mitochondria were reported ugdKP knockdown Since
PINK1 is an active mediator of mitochondrial autophagy, both autophagy and mitophagy
related cellular quality control was also effected due thritckdown[Bueno, M. et al.

2015]

6.1.2 ER -mitochondrial crosstalk in ER stress and lung fibrosis

The pathological roles of ER stress and dysfunctional mitochondria in AECII apoptosis
and lung fibrosis have been very well established. Howewneter normal conditions,
these fundamental organelles are highly interconnected, both physically and functionally
[Csordas, G. et al. 2006 tudies thus far in IPF, ILDs or in animal models of lung fibrosis

did not focus on the crosstalk of these two organelles.

In the lastdecadethe importance of interaction between the ER and mitochomdria
cellular homeostasis has been descr[Bederican Thoracic Society. 2000, Lynch, D.A.
et al. 2018] AlteredER-mitochondrialcrosstalkhas been observed in various cell types
and tissues under pathological conditifitedskog, L. et al. 2013The ERmitochondria
associated membrari®AM) have been shown tplay an important role ircalcium
signaling mitochondrial fragmentation and in the dynamics of the ER and the
mitochondra. Key regulators of th@hysical interactionbetween mitochondria and the
ER are amongst otherd/AM proteinsSigmaR 1, IP3R3¢alnexin and PACS2vhich is
anchored to calnexin, as well as ER chaper@ifas, Y. et al. 2019]An importantrole

of MAM is calcium transport. Theuter mitochondriamenbrane OMM) ion channel
voltagedependent anion channel (VDA@hd the ER calcium channel inositol 14,5
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triphosphate receptor (IP3Rdrm a complex, stabilized byhe chaperone protein
glucoseregulated protein 75 (GRP7%) facilitate calcium exchangeom the ER to
mitochondrig Thoudam, T. et al. 2016]

The sarcoplasmic reticulu®R), a special part ohe ER is the maininternal store of
calcium ionsSigmaR1 facilitatecalcium transfeby chaperoningP3R3[Hayashi, T. et
al. 2007] Under ER stress, SiggR1 can also stabilize the UPR sensor prot&EIUat
the MAM. These findings suggesitat SigmaR1 is not only involved irtailization of
calcium channels, but also in maintaining ER cell functi@ssnardMarissal, N. et al.
2015] Additionally, the knockdownof SgmaRL promotespro-apgtotic ER stress by
defective calcium exchang8igmaR1 seems to laegpotential MAM modulatorin line
with thisin the currenstudy, IHC of AECII in IPF demonstrated increagstaining of
SigmaR1 and IP3Ri® comparison to IHC of AECII in donor lungs.

As a consequenax this close contact of ER and mitochondria andetteessivealcium
exchangeprolonged ER stress leadscaiciumoverloadn mitochondria andubsequent
calcium depletiontherefore tanitochondrial and ER dysfunctiomhis dysfunction can
resultin cell death signalingnechanismgWei, Y. et al. 2009] The C&" exchange
through IP3Rs and SigmaR1 as well as VDAC1 maist@at* homeostasis and normal
cellular function However,uponpro-apgtotic ER stress the MAM proteinsaninduce
apoptotic pathways by facilitatinGa* release from mitochondriand inducepro-
aptotic factors[Joseph, S.K. et al. 20Q7First ofall, UPR is a survival mechanism to
restoreand maintain cellulahomeostasi by the transfer ofmisfolded orunfolded
proteins into the cytosol, whetleey arepropety folded by chaperoneblowever, f this
mechanisnfails, the ERAD pathway will be activated and misfolded proteins will be
ubiquitinatd and degraded via proteasomeghe ER alsounderg@s expansion in such
conditions to ceate morespace for misfolded proteinslhe expande&R will thenbe
degraded by autophaglye to its larger size (as autophagosomes can accommodate such
large organelles) after the stress respombis process is called Ephagy[Khaminets,

A. et al. 2015] All of theseprocesses take high energy and*Cabnsumptionand
thereforealso compromise mitochondria functifitincaid, M.M. et al. 2007]Pintonet

al. have argued thatisruptedER contributes to damageaitochondrial functionand
finally results ininduction of apoptosifPinton, P. et al. 2006 Agreeing to this, in our
current study, we observed impaired mitochondrial respiration in cells with the induction
of CHOP protein.
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If dysfunctional mitochondria are not able to cope with cellular stress, they undergo
fragmentation and will be degraded mitophagy resulting in vulnerability of the cell

to further injury.In this context, MAMalsoplays an important role duringitochondrial
fission and fusionproceses to maintaintheir homeostasis. The process of fusion is
controlled by MFN1 and MNF2After stress reactigrmitochondria undergo fusion to
recover mitochondria functiondMitochondria which are not able to fusevill be
degradedvia mitophagy or under severe mitochondrial stréssy undergo apoptosis
[Archer, S.L. 2013] The fission process of mitochondria could lead to apoptosis. This
process is started by enveloping the damagedcmondria by the MAM, His triggers
dynaminrelated protein 10JRP1) translocation to thdMAM interface where itthen
starts the fission of mitochondria and tdamaged mitochondriavill then undergo
mitophagy[Bockler, S. et al. 2014]

This concept could be supported by the observation of dysregulated mitochondrial
proteins like DRP1, MNF2 and IRK1 in mitochondrial fraction uponChop
overexpression as well as impaired mitochondrial respiration capsoitiar to the
findings in IPF.Although PINK1-regulated mitochondrial quality contrstill remains
elusive, it is knownthat under ERstress conditionsPINK1 recruits Parkin from the
cytoplasm todamagednitochondria to initiate the autophagic degradation of damaged
mitochondria In stress conditiond?INK1 is able torelocate to MAMsto promote the
formation of mitochondrial autophagosoméke mitochondrial localization of PINK1 is
linked to decreaskmitochondrial potentigMatsuda, N. et al. 2010A decreasd PINK1
protein level uporChopoverexpressioin our study indicated a potentidysregulated

mitochondrial quality contrahnd impairednitophagy.

6.1.3 PACS2: A key player in ERmitochondrial tethering

PACS2 is a multifunctional sorting proteiwhich is locatedn many tissues, such as
skeletal muscle, heart, brain and liver tssuPACS2ransfers several cargo proteins to
respective organelles and is thereforvolved in membrane trafficking as well as in
organellecommunication especiallybetweenER and mitochondrialn cells, PACS2
controls thecohesiomf mitochondria with ERIt is located in between the MAM and is
bound tocalnexinandthereforeplaysanimportantrole in the communicatiorbetween
ER and mitochondrialt is known that PACS2 plays an integral part imembrane
trafficking, as itsidentifier and bind to cargo proteins,.g. calnexin, and then transer

these cargo proteins to corresponding organellegs PACS2controlsthe distribution
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of calnexinto MAM [Youker, R.T. et al. 2009As it acts with calnexinPACS2 mght

also be involvedn the transfer of othezhaperonéo MAMs [Veeresh, P. et al. 2019]
Recent studiebavethereforefocused on PACS2 as a therapeutical target for different
diseasefli, C. et al. 2020, Moulis, M. et al. 2019, Yu, S. et al. 2019]

However, certain debates exiki.et al. showedthat PACSZhasanessentiatole on ER
homeostasis as PACS2 depletion induces URRC. et al. 2020] A direct regulation
between CHOP and PACS2 proteihsweverhadnot been investigated so far. But it
has beemeported that in responseE® stress inducers like staurosporin and tunicamycin
PACS?2 protei is translocated from cytosfffimmen, T. et al. 2005UJpon ER #ess
PACS2is trandocated toMAM contacts sitesn order toincrease ERmitochondria
contact formationtherebyrestaing cell homeostasif=an, Y. et al. 2019]Additionally,
Joseph et ahaveidentified a potential PACSbinding site on IP3R3, so PAC32ay
redirectthis ion channel on the ER membraarel hencalepletion of PACS2naylead

to mislocalization of IP3R3 into ER, resulting in disrupted calcium transfer and at least
ER stress and apoptogi¢ajndczky, G. et al. 2000, Joseph, S.K. et al. 2007, Kéttgen, M.
et al. 2005] Another interesting observation demonstrates extended tubulation of the
peripheral ERby electron microscoppf PACS2 depleted cells. This observation could
give a hint towards a role of PACS2 in the modulation of ER sttapesct folding and
ER-phagy, as depletion of PACS2 |sad uncontrolled extension of the HRakajima,

K. et al. 2004, Piccini, M. et al. 1998]

However,whentheseattemptsto restore homeostasis fail, the apoptotc pathwayis
initiated UndersuchapoptoticconditionsPACS2translocate to mitochondriathereby
recruitingpro-aptotic factorslike Bid to mitochondrigSimmen, T. et al. 2005]t has
been also demonstrated that Thfated apoptosismducing ligand (TRAIL)
dephosphorylateSer437 of PACS2o facilitate interaction with Bid,Bid will be then
translocatd to the mitochondria, where it will be cleaved. Truncated Bid (tBid) itself
triggers cytochrome C release leadinght®induction of apoptosis. TRAIL also induce
lysosomal membrane permeabilization, this will be mediated by PASS2n, J.E. et

al. 2009, Barros@onzélez, J. et al. 2016]

Taking these observation®gethey thereare two paradoxical finding about PACS2
depletion. On the onleand theabsence of PACS2 showed mitochonidiiagmentation
and thereby uncoupling of the mitochondria from the ER. As a consequence of

uncoupling the MAM were disrupted and this turn- leads to ER streg®itts, K.R. et
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al. 1999] On the othehandas PACS2 inducET RAIL -depended apoptositiedepletion
of PACS2maylead toa reduction ofpoptosigSimmen, T. et al. 2005\Whether PACS2
depletionis beneficialor harmful for the cells dependsn the MAM conditionsand

dynamics

A contradictory study byArruda et al. showed that the interaction of ER and mitochondria
is highly dynamic, the MAM are able to adaptphysiological conditions. Especially
under acute ER stress the ER membrane sveapund tle mitochondria, thereby
increasingMAM contact sites. This indicasea shoriterm adaptive process to increase
mitochondrial function by increag€a* exchanggArruda, A.P. et al. 2014, Zhao, L. et

al. 2017] Upon chronic ERtress the increased MAM contact site facilisdtgher C&*
intakeby the mitochondrigbut a prolonged uptake leads mitochondrial gisregulation

and apoptosis. In conclusigexcessivdMAM formation duringER stress through altered
C&* signaling to mitochondria leado mitochondrialdysfunction and apoptosis. $nich
situations knockdown of PACS2 reduce the MAM contact site and improwe
mitochondrial functionAll these studies indicate that an increase or a decrease-in ER
mitochondrial interaction above or below physiologically accepted levels leads to

mitochondrial dysfunction.

In this study, we demonstrated thaa downregulation of Bc® is - at least in part
responsible fothe decreased apposition of ER amdtochondria as well afor the
increased apoptosis @hopoverexpressingILE12, SRC mutant SRC®® * § ifodelas

well asin AECII of IPF patientsAlthough we did not show how depletion of PACS2
may result in apoptosis of alveolar epithelial cells, we did show that its overexpression

restores ER stress induced epithelial cell apoptosis.

In contrast to some previous studies, in this study Pacs2 was decreased upimesER
conditions.One straight forward explanation for this observation could be that our study
focused on models where single overexpression of Chop -@*3®*was performed,

which might have different effects on MAM or PACS2 regulation than in models where
general ER stress has been studied. To our knowledge, both these models were not used
to study MAMs or PACS2 regulation so far. In addition, our study ifirgtdo stow that

the physical distance between ER and mitochondria in IPF is decreased via ultrastructural
analysis and to study the regulation of MAMs or PACS2 protein in IPF. In any case, dox
induced cells Chopoverexpression) witiMlyc-PACS2overexpression demonstrated no

significant change in ctaspase 3 level compared to Ainduced cells. In summary, these
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results provide strong evidence for Pacs2 to be a crucial player in maintaining ER
mitochondrial crosstalk in our models of ER stress and in the AECII of IPF lungs.

6.1.4 clAPsmediateubiquitination of PACS2

The cellularinhibitor of apoptosis protein€lAPs) areinvolvedin a variety of cellular
processedirst of all as repressors apoptosigSalvesen, G.S. et al. 200Zhrough their
E3 ubiquitin ligase domain clAPs ubiquitinate their substratesand via K48
polyubiquitination the substrates are degraded via proteageyméd-Hansen, M. et al.
2010} Guicciardi et al.provided evidence th&ACS2 is a targedf suchclAP1 and
clAP2 mediated proteasomal degration of PACS2 in hepatobiliary cancer cells
[Guicciardi, M.E. et al. 2014]n the samestudyit wasdemonstrate that tie depletion
of both clIAP1 and clAP2leads to PACS2 accumulatignlysosomal membrane
permeabilizatiofLMP) andTRAIL -induced apoptosisuicciardi, M.E. et al. 2011As
previousy described TRAIL induced apoptosis isalso mediated by PACS2
Immunoprecipitation assagéso identifiedan interactiobetween PACS2 and clAP1 and
clAP2 [Guicciardi, M.E. et al. 2014However,in our current studWILE12 cells with
Chopinduction showda reduction ifPac<, but this was naiccompanied bglterations
in the protein level o€iAP or proteinubiquitination In addition, poteasomal inhibition
with MG132did notresultin PACS2 accumulatiorccording to his observatiopPacs2
reduction in MLE12 CHOReemsotto becaused by ciAP E3 ligase activity.

6.1.5 TRPV1-PACS?2 axiseffects ER-mitochondrial tethering

Both PACS1 and PACS2 were shown to be involved in the trafficking of polye¥stin
member of the TRPP2 ion chanfeinily [Kottgen, M. et al. 2005JA recurrent de novo
mutantof PACS2 (p.Glu209Lys) interagto a greater extentith TRPV1than thewild
type PACS2implicating the importance of PACS2 in channelopatfi@son, H.E. et al.
2018] In the same line, in the current study, we observed an interaction between PACS2
and TRPV1 by cemmunoprecipitation experiment$RPV1is a wellcharacterized
nonselective catiorchannelpresentin severalperipheralsensory neurons involved in
painand heasensatiorfCaterina, M.J. et al. 1997[t can also be activated tajkaloid
pungent food ingredients such e@psaicin CPS, the ingredient of hothili peppers
causing birning sensation bgontact[Nilius, B. et al. 2014]CPSis a highly selective
TRPV1 agonistand has avide range of medical benefitk.is a major component of
topical applicatiorior pain therapiefrandan, R. et al. 1992hd high concentratio@PS
patches are approved and wtellerated for neuropathic paj\brams, R.M.C. et al.
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2021] Its antihypertensivgHayes, A.G. et al. 1981 antitumorigenic[Mori, A. et al.
2006]and antiinflammatory[Frydas, S. et al. 201®foperties are well document&PS
hasinhibitory effects in hepatic fibros[Sheng, J. et al. 202@hd prevergrenal damage
in acute kidney injuryZhang, S. et al. 2018]nthelung, CPS has been shown to reduce
pulmonary remodeling and collagen fibrils in vessels and lung tissues of animals with
chronic lung inflammatiofiPrado, C.M. et al. 2011Furtherit was showrthat low doses
of CPSimproves bleomycininduced lung fibrosis via inhibiting ERK1/2/elF3a signaling
in the alveolar epithelial celltu, L.M. et al. 2020] Besides its health benefits, CPS is
reported to be acutely toxic ansl & powerful natural irritant. Butsi medical benefits
outweigh its risksDue to itslipophilic feature it can passhe cell membranand bind to
TRPV1on the intracellular surfaddung, J. et al. 1999CPSstabilizes the open state of
TRPV1 b-gnddigrutligteractionwith the S4S5 linker[Yang, F. et al. 2017]
Regulation of TRPV1 activity can be modulatey phosphorylation of several key
residueswhich leads to increased sensitivil/the ion channeNilius, B. et al. 2014]
TRPV1 is highlysensitive and selective f@PS therefore it is also called CPS receptor
With the binding of CPSTRPV1is activated andietsmore permeable faodium(Na")
and calcium(Ca") ions flowing through TRPV1 into the cell to depolarizdeading to
an analgeic effect mostly due to channel desensitizatj@aterina, M.J. et al. 1997,
Elokely, K. et al. 2016]TRPV1 builds anultimeric complexvith several proteinghich
regulate the location and function of the char[ielvakovaTousova, K. et al. 2007]
Migration of TRPV1 to the cell surface is mediated by interacting proteagrly the
inflammation mediator§CamprubiRobles, M. et al. 2009]TRPV1 antagonistare
utilized for pain relief and also TRPV1 agonate taken into concern aspatential
therapeutic agentlue to thecalciumrmediated inactivation atesensitizatioof TRPV1
[Vyklicky, L. et al. 1999]

Due to its function andxpression irboththe plasma membrane atkde ER membrane
TRPV1 regulatescellular C&* homeostasisind also ER stres§Sukumaran, P. et al.
2016] The most important functiafor ER such agrotein synthesis, proper foldirad
proteins and their posttranslational modificationsare all C&*dependent Therefore
disruption of C&" homeostasiseads todisturbedfolding of proteins andeadsto the
accumulation otinfolded/misfolded protesin the ER lumercausingactivaion of the
UPR pathway[Senft, D. et al. 2015]TRPV1 is essential foCa" homeostasidy
facilitating the releasef C&* from thesarcoplasmic reticulunSR), the main source of

intracellular C&" stores Hencethe functions of alysregulated’RPV1 channetould
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also lead to ERtgess[Abramowitz, J. et al. 2009BecauséER stress and autophagse
Ca&* dependenprocesses, Gais involved in those processes as well &orans the basis
of the crosstalk between these two proces€®gerall Ca*also actsas a second
messengeBerridge, M.J. et al. 2003]

In anotherstudyit has been showthat TRPV1 is increased in bleomyeinduced lung
fibrosis in guinea pigfGuo, Y. et al. 2019]Overall TRP channelsveresuggested to
contribute to lung repair processgietrich, A. 2019]and agreeing to this, we here
showed that modulating TRPV1 using CPS influences PACS2 protein levels and aids in

restoring the ERmitochondrial crosstalk.

6.1.6 TRPV1 modulation and ER gress response

TRPV1plays an important role in lung functions, assiexpressed in @bers, which
innervate the respiratory tra@oth lung epithelial cells and bronchial smooth muscle
cells have been shown to express TRPMiomas et alhavedemonstratethat cells of
the conducting airways, alveoli, and pulmonary capillaries of humans and mice express
TRPV1 and that its agonist nonivamide activated ER stresdidsypting ER C&
homeostasigJaraOseguera, A. et al. 2008TRPV1 agonistactivatesTRPV1 channel
and causeCa" release from the ERito the nucleus. Due to its function as a second
messengers iincrease the expression oftress response genes like CHa®l BiP
MRNA [Thomas, K.C. et al. 2007Furthermore,treatment with lipopolysaccharide
(LPS), which is widely used tmduceinflammation andacute lung injurytriggers the
production of endogenousTRPV1 agonists thus leading to ER stressand CHOP
expressiorby C&* releasgThomas, K.C. et al. 2012Further work indicate that the
TRPV1 agonisCPSmay trigger ER stressthrough theactivation of TRPVimediated
ROS generatignwhich disruptedER redox homeostas[&arfariello, V. et al. 2012]
However,not only the TRPV1 agonist seems to promote EfRess, Wang et ahave
demonstrated thaln TRPV1 antagonist,DWP05195, induced spaedependent
apoptosis. DWP05195 increas®&DS production and its intracellul@ccumulation,
leading to ER stres®Jpon ER stress, the expression of CHOP was upregulieby
inducing apoptosifVang, Y:-Y. et al. 2020] Further work by Wei et ahasindicated
that in diabetic nephropathy increased MAMsuling in prolongedmitochondria Ca*
overload is observed irpodocytes This in turnleads to mitochondrial dysfunction. In

this diseasecondition activation of TRPV1by CPS could improve mitochondrial
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dysfunctionby redwing C&* transferfrom ER to mitochondrieand MAM contact sites
[Wei, X. et al. 202Q]

However, contradictory studies have also been publigh®adntini et al.navereported
that thymocytes treated witBPSinhibit UPR andapoptoss, displayinga reduction of
BiP and Grp94Amantini, C. et al. 2017]All these results draw a line towards TRPV1

as a modulator for MAM contact sites a@ef* flux in order to promote cell viability.

Adding to this, in this study we show that Trpvl protein levels are decreasetisin
overexpressingChop Treating these celléand non Chop overexpressiaglls) with

25uM CPS resulted in increased Trpvl as well as Pacs2 protein. [Emetse results may

be explained by taking study published bylson et al[Olson, H.E. et al. 2018hto
considerationThere,a binding site of PACS2 for TRPMas describedsuggesting an
interaction between these proteirla our current study where we also report an
interaction between these proteins. Adding to this, our results also show that restoration
of TRPV1 and PACS2 improved ERitochondrial tethering.

However, PACS2TRPV1 interaction represents only small part of the organelle
interaction Not only mitochondria, butlso ER stress has also been linked to the
autophagy pathwalOgata, M. et al. 2006]n the context of our study, CPS treatment
has been shown to inhibit UPR and apoptosis in thymocytes as weliragease the
gene expression of ERAD and autophaghated genes. Although not provdirectly
here,CPS induced autophagy may be a consequence of the ER $ikegreviously
shown by other grouggmantini, C. et al. 2017]

6.2 ER-Stress and Autophagyare linked via MAM s

As mention beforecellular stress conditions or pathological settings like nutrient
starvation and hypoxia induce autophagy in order to obtain cell suf@igata, M. et al.
2006, Zhang, J. 2015k is well known that autophagy has a gorvival function, but
autophagy could aldeadto apoptosis by degrading necessafutar components. Due

to this,a balancd autophagy is required for cell homeosta3ise ER contains several
autophagy relategroteins, which could play a role in autophagosome formdtiamb,
C.A. et al. 2013]Hamasaki et al.have indicated that MAM are a source of
autophagosome formatipHamasaki, M. et al. 2013Jnd severattudieshave shown that
aubphagosome formation on the MAV essential fotheremoval of defectiveroteins

of the ER thus contributingowardsthe normal function of the EKlionsky, D.J. et al.
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2016, Ogata, M. et al. 2006PACS2 also plays an important roletlre autophagosome
formation at MAMs, astheknockdownof PACS2 results ithedisrupton of MAMs and

leads to defectivautophagosome formatighamb, C.A. et al. 2013]Iin addition,the
depletion of PACS2 resét in disruptedmitophagosome formation at MAd/and
therefore impaired mitophagy and increased apoptosis. In line withréhressionof

PACS2 promotecell survival byanincreasd in the mitophagy on MAM contact site
[Moulis, M. et al. 2019] Theseobservations are in line with owbservationthat
autophagy is impaired in the ER stress model of Chop overexpression. Whether this
impaired autophagy is directly due to a decrease in Pacs2 or Trpvl protein levels needs
to be studied further.

6.2.1 Regulation of autophagy viaTFEB

Thetranscription factor EB (TFEB)asbeenreportedto promotelysosomal biogenesis
Most lysosomal genes (22 out of 23 genes testerlyegulated by FEB. Furthermore,
TFEB promotesthe upregulation of genebelonging to the Coordinated Lysosomal
Expression and Regulation (CLEARgtwork which areinvolved inmajor steps of the
autophagic pathwaguch asutophagosome formation, autophagosdysesome fusion
and degradatiarindernormal conditions, TFEB is localizeat the cytoplasmUnder
stressconditions,like starvationor pathological conditionsTFEB is translocatd to the
nucleus,whereit activatesits target geneand indues autophagySardiello, M. et al.
2009] Settembre et aldemonstrated irstably TFEB overexpressg Hela cells a
significantly increas in autophagosomesrmation[Settembre, C. et al. 2011HFurther
work hasdemonstratedthat TFEB overexpressioleadsto aredudion in expression of
ATF4 and CHOPtwo key playes of ER strespathway.On the other hand nockdown
of TFEB showedanupregulation oATF4 and CHORYoneshima, E. et al. 2016These
findings indicate thafFEB could improve cell viability bysupressingeR stressAs
mentioned beforanisfoldedproteins, whickaccumulatén the ER and induce ER stress
will be degraded by autophagy, thereby giving rise to the concepI i is involved
in increased autophagy leadingeiohancedalearancef theaccumulategbroteirsin the
ER. Likewise, depleton of TFEB promotes ER stressand lead to increasedapoptosis
[Yoneshima, E. et al. 2016Recent studiehave also showed thalysosomalCa*
signalingregulates TFEB expressiorand therefore also autophaggnes Lysosomal
C&* releasepromotes binding otalcineurinto TFEB, this in turnleads toTFEB

dephosphorylatioandnuclear translcation[Medina, D.L. et al. 2015]
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Our results here show that TFEB is increased in Chop overexpressing cells. In fact, we
also identified an increased nuclear translocation of TFEB in Chop overexpressing cells.
Although these observations are in line with previous studies, one intriguisegvabion

is that in spite of the TFEB nuclear translocatioautophagy is impaired in Chop
overexpressing cells as observed in our study. One explanation, although not proven in
this study is that TFEB upregulatautophagy / lysosomal genes and autophagy is
induced but Chop overexpression may lead to a late block of autophagy, meaning that the
fusion between lysosomes and autophagosanespaired. However, without furthém

depth studies focussing on structural interactions between these organelles, such

conclusiongemains speculation

6.3 Insufficient cellular quality in IPF AECII

A key factor inthe development of IPF is disrupted AEQJuality control In IPFthe
UPS, UPRmacroautophagy amditophagyare impaired. All thisesutsin pro-apgtotic

ER stressmitochondrial dysfunctiomnd finally, epithelialapoptosiswhich ultimately
drive fibrotic remodellingin the lungs [Beers, M.F. et al. 2017 arious ntrinsic (e.g.
genetic) and extrinsic (e.gfection) factorspromotethe vulnerability of AECIIs. As
mentioned before there amdifferent quality control systems to remove misfolded
proteins: The UPR signaling facilitates correct protein folding by expanding ER and
attenuated translatioAutophagyremovegshenthe misfoldedprotein aggregateshich
could not beproperfolded and damaged organelles, like mitochondria (mitophagy).
Another quality control system is the ERADIn which misfolded protein
polyubiquitinated via lysine-48, leading totheir degradatiorvia proteasome-owever,
overall failureof all cell quality systemleads to susceptibilityof secondary injurious
stimuli and this promotesialadaptiveER stressindultimatelycell death Dysfunctional
AECII influenceother cell typeslike fibroblass, finally leading toprogressive fibrotic
remodelling[Katzen, J. et al. 20208uch a failure in quality control mechanisms is also
reported in familial forms of pulmonary fibrosis as well as in animal models of lung
fibrosis[Ahuja, S. et al. 2016, Beers, M.F. et al. 1998, Birkelbach, B. et al. 2015, Brasch,
F. et al. 2004, Kesireddy, V.S. et al. 2019, Mahavadi, P. et al. 2015, Wang, K. et al. 2018]
Recent studiedave demonstrated thgirolongedmutant SFTPCexpression like SP
CPoMmutation impairs botlquality control mechanismsnhibited UPSand autophagy
leading to activation of apoptosi§laguire, J.A. et al. 2011JThese impaired quality
control mechanisméads to impaired clearance of thbiquitinatedaggregates and

103



Discussion

accumulation in a@ime-dependentmanner. When the ER capacity for accumulated
proteins is2xhaustegdthemutantproteirs arethen retro-translocagdto the cytosowhere
aggregads are formedMaguire, J.A. et al. 2012, Mulugeta, S. et al. 208%ther work
hasdemonstrate6FTPCBRICHOS mutants increase the expression of the chaperone
BiP and UPR to facilitate proper folding of the protfifulugeta, S. et al. 2005]n
addition murine models 06FTPCBRICHOS mutantfavedisplayed that thigoxic gain

of function leads todisrupted AECIIand therebyfibrosis [Bridges, J.P. et al. 2003,
Katzen, J. et al. 2019]

Non-BRICHOS mutationsof SFTPCalso displayeddisturbedtrafficking of misfolded

pro SRC and accumulatioof theseaggregates in the lysosomal compartmesguylting

in blockedautophagyflux [Hawkins, A. et al. 2015]Interestingly this norBRICHOS

mutation resultedial oss of mitochondri al aridimpaitess me mbr ane
mitophagy[Hawkins, A. et al. 2015]As mentian before previous ER stress in AECII

promotes areductionin PINK1, an important protein imitochondrial homeostasi®f
note,intracellularCa" regulatesurfactant secretion iIAECII by stimulatingthe fusion

of laminar bodiesto the plasma membranglennings, P. et al. 20Q5Further

investigations are required to study if TRPV1 caulérfere in this process.

Such mitochondrial dysfunction was also observed in our current study in cells
overexpressing Chop and stabells overexpressing SE®¢ * © Adxt toan upregulation

UPR related proteinsFurthermore,MEL188 cells stably overexpressirfgRrC®ex °n 4
displayed decreased PACS2 and increased TRPV1 as well. These observations are in line
with the observations in IPF patient&ccordingly, CPS treatment recovered -ER
mitochondrid tethering inall models that we used. Thssitive effect of CPS treatment
could be explained by activation of TRPV1, which in turn could bind to PACS2 and
influence PACS2 protein level or activity. Both Chop andCSP * ovérexpresag cells
showed improved Efnitochondrial tethering and restoration of PACS2 protein levels
upon exposure to the TRPV1 modulating drug, CPS, supporting cell quality control and
awiding apoptosis. While it is clear that ERitochondrial tethering is restored, the effect

of CPS on autophagy and/or mitophagy in our modglisneeds to be studied. CPS is
known to activate autophagy in several cell tyjigsu, H. et al. 2019, Farfariello, V. et

al. 2012, Lin, Y-T. et al. 2017, Qiao, Y. et al. 20214lthough not show here, it is
conceivable that CPS treatment might result in increased autophagy flux, thereby
degrading the cellularaggregatesand relieving cellular stress events. However,
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experimental evidence is required to conclude the additional beneficial effects of CPS in
lung fibrosis. Our study also does not fully expldiand how increased TRPVIgiein

level interacted with ERtiessmechanisms

6.4 Conclusion

In summary the results of ourcurrent studysuggest thathe modulation of TRPV1
PACS2 axidy CPSrepresents potential therapeutic target famg fibrosis provedin
two different cell line model(ChopoverexpressioandSPR-C®® * OVérexpressing cells)
as well as ex vivo in PCLS derived from IPF patie@BS not only modulates TRPY1
but also restores PACS2 protein levafgl improves ER-mitochondrial tethering. This
studyprovidesimportant insights intthe regulation oER-mitochondrial communication
by the TRPV1-PACS2 axisOur study also shows that targeting this TRFRAICS?2 axis
results in improved AECII survival and reducedllagen depositionputlining the

trandational and therapeutic relevance of this axis for lung fibrosis
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Figure 45 PACS2TRPV1 axis is required for ER-mitochondrial tethering during
ER stress and lung fibrosis

Diagramssummarizing the results of this study: Left side: Upon ER stress / CHOP indi8B@®® *
overexpression or in IPF AECII where persistent-apoptotic ER stress is observéus mediates i) Ca
release from the ER to mitochondria promoting apoptotic signaling pathway, ii) PACS2 reduction
to disrupted ERmitochondria tethering and increased distance of over 40nm and iii) altered TRPV1
levels. Right sideUpon treatment with CP& TRPV1 modulator, PACS2 protein levels are oestl, ER
mitochondrial tethering is rescu€tiOi 40 nm) and thissuppors the interorganelle communicatioagait
and ER and mitochondria are capable to handle ER stress and cell homeostasis can bigestanedit|
a decrease in AECII apoptosis and COL1AL.
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About 20% of mitochondria in a cell are juxtaposed to the ER forming mitochondria
associated membranes (MAMs). These dynamic, physpmalteinaceous contacts
between ERmitochondria are required for several physiological functions includii Ca
transferandsignaling molecules that are important to govern critical cell fate decisions.
However, under conditions of ER stress, mitochondria relocate to the perinuclear region
to tighten their contact with the ER and display increase in Cd uptake, ATP
production and oxygen consumption. Upon persistent ER stress, when the unfolded
protein response (UPR) fails to resolve such stressapgutotic signals are triggered
leading to apoptotic cell death and these mechanisms have been linked to alterations in
the MAMs and MAM proteins. Characteristic MAM proteinsolvedareinositol 1,4,5
triphosphate receptors @R), sigma 1 receptor (SigmaR1), calnex@ertain core
mitochondrial proteins, namely dynamielated protein 1 (DRP1) and mitochondrial
fission and fusion regulating proteimgitofusin 1 and 2 (MNF1/MFN2)espectively, are

also involved in modulating interaction between these twgarmlles. Another
multifaceted sorting protein, phosphofurin acidic cluster sorting pr@t€PACS?2) is

also located at the ERitochondria interface An absence of PACS2 leads to
mitochondrial fragmentation and uncoupling from the ER.

Persistent ER stress and mitochondrial dysfunction aredeelimented pathological

mechanisms in the lung alveolar epithelial cells type 1l (AECII) of patients with idiopathic

pulmonary fibrosis (IPF)Although multiple cell types are indicated to contribute to the
pathogenesis, chronic injury to the AECII is an accepted key event that triggers the

disease process in IPF. In this regard, extensive ER stress signature molecules in the

AECII of sporadic IFF patients is reported and that induction of the tealrER stress

pro-apoptotic transcription fact@@HOPIs sufficient enough to drive lung epithelial cell

apoptosis and prbbrotic signaling. Supporting this, in familial cases with mutations in

thesurfactant protein CRC) genewhichlesgst o it s protein misfolding

pro-apoptotic ER stress has been reported.

In this study, the contribution of MAM proteins towards apoptosis in response to ER
stresshave beemnalyzed.The nduction of CHOP or pathological ER stress resulted in

a decrease in ERiitochondrial contacts in addition to a decrease in PACS2 as well as a
dysregulation of its interactor, TRPV1 which in turn drove cells to apop#@ssnilar

reduction in PACS2 as well as altered TRPV1 proteins were obsenasisnstably
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overexpressing pathologic mutatid®P-C®e X °drfd in AECII of IPF patientsFinally,
treatment oexvivo, threedimensional lung slices or precision cut lung slices (PCLS) of
IPF patients witthe TRPV1 modulating dru@PSdecreased apoptosis and restored both
TRPV1 and PACS2 protein levels conclusion, this study shows thatgeting of the
PACS2TRPV1 axis represents an interesting novel, epithphatective approach in
IPF.
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Ungefahr 20% der Mitochondrien in einer Zelle sind dicht mit dem ER verbunden. Diese
Strukturen werdeMitochondrienassoziierte ERMembranen (MAM) genanntind sind

fur viele physiologische Funktionen, unter andefénden Transfer vogalcium (C3")

und kritischenSignalmolekulerverantwortlich In ER Sress Situationen verlagern sich

die Mitochondrien in die perinukleare Regiaim die Verbndung mit dem ER zu
verstarken. Rdurch erhéénsich die C&" Aufnahmesowie dieATP-Produktionund de
Sauerstoffverbrauch in den Mitochondrige nn di e fAunf ol ded protein
Antwort ungefaltete Proteine) dies&R Stressnicht aufiosenkann und der ER Stress
anhalt, werdemro-apoptotische Signaleervorgerufen, die zurgelltod fihren Diese
Mechanisma fuihrt zuVeranderungen an den MAM und den MAM Proteinen. Zu den
charakteristischenMAM Proteinen zahlen Inositol 1,4:3riphosphat Rezeptoren
(IP3R), Sigmal Rezeptoren (SigmaR1), Calnexin, Calreticulin, ERp57 und BRg4.
mitochondriale Kernproteine, wie Dynamin dhnliches Protein 1 (DRP1Mitadusin 1

und 2 (MNF1/MNF3, die mitochondrial&pdtung undFusionierungegulieren, sindn

der Regulierung der beiden Organellen involvieret. Ein weiteres multifunktionales
Sortierungsprotein Plsphdurin Acides Cluster Sortierungsprotein 2 (PACS#findet

sich auchan der Schnittstelle zwischen ER und Mitochondrien. Die Abwesenheit von

PACS2 verursacht Fragmentierung der Mitochondrien urspatoing vom ER.

Anhaltender ERStress und mitochondriale Funktionsstorung in Alveolarepithelzellen
Typ Il (AECII) der Lungen von Patienten mdiopathische Lungenfibrog¢PF) sind
anerkannte pathologische Mechanism@noch wenn viele verschiedene Zelltypen in
Zusammenhang mit der Erkrankung stehen, gilt die chronische Schadigung der AECII
als anerkanntes Schliisselereignis fir die Entstehung von IPF. Diesbezuglich wurden auch
charakteristische Molekule fir extensiven -BRess in AECII in Patienten mit
sporadischer IPF §ienden.Die Aktivierungdespro-apoptotischen terminalen ERress
Transkriptionsfaktas CHOP allein ist ausreicknd um Apoptose von
Lungenepithelzellen und pifibrotische Signalwege anzustof3en. Diese Aussage wird
unterstutzt durch die Beobachtung, desis familiaren Fallen, in denen Mutationen des
Surfacant Protein CSRC) Gen vorliegt, zur fehlerhaften Faltung des Proteins kommt

und A mal a dapgpiotischer EMStress erdsteht.

In dieser Studie wuradeeMAM -Proteineim Hinblick auf, durch ER Stress ausgelgste

ApoptoseanalysiertDie Aktivierung vonCHOP oder pathologischer ERress resultiert
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in einer Abnahme von ERiitochondrialem Kontakt. Dartiber hinaus wur@eich eine
Abnahme von PACS2 und eine fehlerhafte Regulation von semesammenspieler
TRPV1 beobachtet, was wiederum zu Zelltod fuhrt. Ebenso wurdeteristabilen
Zelllinie, die eine pathologische Mutation vBR-C (SR-C®® * 9 lillerexprimiet; als auch

in AECIl von IPF Patienten &hnliche Ergebnisseobachtet. Als letztes wurde
festgestellt, dass die Behandlung wuvivo, dreidimensionale Lungenschnitten, auch
precision cut lung sties (PCLS) genannt, von IPF Patienten mit TRPV1 ModuGiRS

die Apoptose verringert und das Proteinlevel von TRPV1 und PACS2 wiederherstellt.
Abschlie3end lasst sich sagen, dass diese S¢utk® interessanten neuprotektiven

Ansatz auf das Epithel in IRFarlegt
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AB
ABCA3
AD
AECII
AP
APS
ARDS
ATF6
ATCC
Bad
Bak
BAL
Bax
BCA
Bcl-2
Bid
BiP
BLM
bp
BSA
cDNA
CaCb
CeHsNazO7*2 H20
CHOP

CT
CVD
CPS
CQ
DAPI
DMEM
DMSO
DNA

Antibody

ATP-binding cassette transporter protein A3
Amidarone

Alveolar epithelial cells type Il

Alkalic phosphatase
Ammoniumperoxodisulfat

Adult Respiratory Distress Syndrome
Activating Transcription Factor 6
American Type Culture Collection
Bcl-2 agonist of cell death

Bcl-2 homologous antagonist killer
Bronchoalveolar lavage
Bcl-2-associated Xrotein
Bicinchoninic acid

B-cell lymphoma 2

Bcl-2 interacting domain death agonist
Binding immunoglobulin protein
Bleomycin

Base pairs

Bovine Serum Albumin
Complementary deoxyribonucleic acid
Calcium chloride

Tri-sodium citrate dihydrate

CCAAT/ enhancer binding proteins (C/EBRYmologous
protein

Computed Tomography
Collagenvascular diseases

Capsaicin

Chloroquine

4 Npid@nidin-2-phenylindole
Dulbecco's Modified Eagle's Medium
Dimethylsulfoxid

Deoxyribonucleic acid
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DPLD
dsDNA
DTT
dNTP
ECL
ECM
EDEM
EDTA

el F2U
ER
ERAD
ERSE
FBS
FCCP
FCS

FIP

FIPF
GADD 153
GRP78

h

HEPES
HPS
HRP

1P

IHC

ILD

[=

IPF

| RE1 U
kDa

LB

MAM
MEM
MEM NEAA

Diffuse parenchymal lung disease

Doublestrand DNA

Dithiothreitol

Desoxyribonucleosidtriphosphate
EnhancedChemluminescence

Extracellular matrix

ER-degralation enhancingFmannosidaséike protein
Ethylendiamintetraacetate

Eukaryotic translation initiation factor 2 subunit alpha
Endoplasmic reticulum

ER-associated protein degradation

ER Stress response elements

Fetal Bovine Serum

Carbonyl cyanidel-(trifluoromethoxy) phenylhydrazone
Fetal Calf Serum

Familial interstitial pneumonia

Familial idiopathic pulmonary fibrosis

Growth arrest and DNA damage 153

Glucose regulated protein 78

Hours
2-(4-(2-Hydroxyethyl}1-piperazinyl}ethansulfonic acid
HermanskyPudlak syndrome

Horseradish Peroxidase

Idiopathic interstitial pneumonia
Immunohistochemistry

Interstitial Lung Disease

Immunoprecipitation

Idiopathic Pulmonary Fibrosis

Inositokrequiring enzyme 1 alpha

Kilo Dalton

Luria Bertani

ER-Mitochondria associated membranes
Minimum Essential Media

MEM Non-Essential Amino Acids Solution
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mA
min
MNF2
NaOH
NacCl

NaHPQA 2.8

NCBI
nt

KCI
KH2PQy
LAMP
LRO
PBS
PERK
PCR
PFA
PMSF
PVDF
RD
RPMI
RNA
RNase
RT

RT
SDS
SDSPAGE
SFTPA2
SFTPC
SNARE

SP

SRC

SRCWT
Sp_ccpe xoné4

Milliampere

Minutes

Mitofusin 2

Sodium Hydroxide

Sodium Chloride

Di-Sodium hydrogenphosphate dehydrate
National Center for Biotechnology Information
Nucleotics

Potassium chloride

Potassium dihydrogenphosphate
Lysosome Associated Membrane Protein
Lysosome related organelles

Phosphate Buffered Saline

Protein kinase RNAike ER kinase
Polymerase Chain Reaction
Paraformaldehyde
Phenylmethylsulfonylfluorid
Polyvinylidenefluoride

Restriction digested

Roswell Park Memorial Institute
Ribonucleic acid

Ribonuclease

Reverse Transcription

Room Temperature

Sodium dodecyl sulfate

Sodium dodecyl sulfate polyacrylamide gel electrophor
Surfactant ProteiA, gene

Surfactant Protein C, gene

Soluble Nethylmaleimidesensitive facteattachment
receptor

Surfactant Protein

Surfactant Protein C

Surfactant Protein Gwild type
SurfactanProtein C deletion exon4 mutant
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SR
PARP1
TAE

TC Disch
TEMED
TERC
TERT
Tris

UIP

un

UPR
UPS
WB
XBP-1

Sarcoplasmic reticulum
Poly(ADP-ribose}Polymerase 1
Tris baseacetic acicandEDTA
Tissue Culture Dish
N,N,N',N-Tetramethyl ethylenediamine
Telomerase RNA component,
Telomerase reverse transcriptase
Tris(hydroxymethyBaminomethane
Usual interstitial pneumonia
Untreated

Unfolded protein response
Ubiquitin/proteasome system
Western Blot

X-box-binding protein 1
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Supplementary figure 1 Gene Splicing by Overlap Extension for generation
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A. Schematic representation of Gene Splicing by Overlap Extension PCR reaction (SOEin¢
resulting in depletion of Exon 4 &RC gene B. Agarose gel picture showing Product 1 (324 bp) ¢
Product 2 (159 bp) and the fused product (483 bp) resultiBgoe ™
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Supplementary figure 2 Insert Release ofSP-Ca®xon4
Agarose gel picture showirigsert release of positive SP?¢ * °cldnes.
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Supplementary figure 3 Sequencing ofSP-Caexon4

Detail of full sequence of SB®¢ * ¢ Mighlightedsequence shows overlap of Product 1 and Produ

Supplementary figure 4 Semiquantitative PCR of stable SPC and SRC#®*on4
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Supplementary figure 5 Full length Sequencing ofSP-Ca®xon4
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