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1. Introduction

1 Introduction

1.1 Idiopathic pulmonary fibrosis (IPF)

1.1.1 Classification

Idiopathic pulmonary fibrosis (IPFp a fatal interstitial lung disese It leadsto a
destructionof the lung$ architectureby accumulation of scatissue and causes
respirdory failure’. By classification,IPF belongs to thediffuse parenchymalung
diseases (DPLDs), ane preciselyto the idiopathic interstitial pneumonias (IIRs
subset ofthe DLPDs with unknownetiology?. SevenlIP entities were specifiedin a
Consensus Classification by the American Thoracic Society and the European
Respiratory society in 2@F: idiopathic pulmonary fibrsis (IPF), nonspecific
interstitial pneumonia (NSIP), cryptogenic organizing pneumonia (COP), acute
interstitial pneumonia (AIP), respidly bronchiolitisassociated interstitial lung disease
(RB-ILD), desquamative interigial pneumonia (DIP) andymphccytic interstitial
pneumonia (LIP)A scheme of the DPLDs is depictedfigure 1.

Diffuse Parenchymal Lung Disease

DPLD of known Idiopathic Granulomatous Other forms of DPLD
cause e.g. drugs interstitial DPFLD e.g. e.g. LAM, HX etc.
or association e.g. pneumonias sarcoldosis

collagen vaseular disease

I

L ]
Idiopathic TP other than
pulmonary idiopathic

fibrosis pulmonary fibrosis

Desquamative interstitial | | | Respiratory bronchiolitis
pneumonia interstitial lung disease

Acute interstitial Cryptogenic
pneumonia organising pneumonia

Nonspecific interstitial Lymphocytic

[ —

pheumionia (provisional) interstitial pneumonia

Figure 1. Diffuse parenchymal lung disease$

The scheme depictsdahgroup of diffuse parengmal lung diseases (DPLDQ<ncluding the
idiopathic interstitial pneumonias (lIPsJhe lIPscan be divided ito idiopathic pulnonary
fibrosis (IPF) and 1IPs other than IBFReprinted with permission of the American Thoracic
Society. Copyright © 2013 American @tacic Society.
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All 1IPs affectthe lung interstitiumand causerespiratory deterioratioh However, IPF

is the most frquent entity as it is responsible for more than halfatifcases>® It fur-
thermorehasa worseprognosishan othelllPs >3 For precise diagnostic classification
and assessent of therapeutic optionth)eseseveral entitiehave tobe distiguished by

specific criteriaon high-resolution computed tomographtRCT) or lung biopsy.

1.1.2 Diagnostic criteria

The new, evidenebased guidelines implemented by cooperation of the American Th

racic Society(ATS), the EuropeaRespiratory Societ{fERS) the Japanese Respiratory
Society(JRS)and the Latin American Thoracic AssociatixLAT) in 2011definelPF

as O6a specific form of chronic, pknoorgr essi ve
cause, occurring primarily in @ér adults, limited to the lungand associated with the
histopathologic anélor radiologic pattern of UlRusual interstitial pneumoni@)®. The

reviseddiagnosticcriteria forIPF demand the following®*

1. The eclusion of other known causes of interstitial lung diseageh asdomestic
and occupational environmental exposures, connective tissue diseaseugnd dr
toxicity.

2. The presence of a UIP patn on HRCT in patients not subjected to surgical lung
biopsy.

3. Specific combinations of HRCT and surgical lung biopsy pattern in patients

subjected to surgical lung biop&3f.

It is emphasized that a multidisciplinary approach involving pulmonologists, eadiol
gists and pathologistsith experience in the field of interstitiaing diseases improves
thevalidity of the diagnosis®,

1.1.3 Clinical, histological and radiological characteristics

IPF can befoundworldwide The age of occuence is usuallyp0 yearsor older, with a
typical manifestatiorin the sixth and seventh decade of 1it2 Its incidence is estinta
ed by 7 toll cases per 1000Q8ersonsa year, is higher in malgéhan in femalegender
andincreags with age®®">®! There arecases offamilial IPF that are consideredo
representless than 2% of all IPF case§’'%". Thesecases showimilar characteristics

and asimilar outome aghe more frequensporadiccases®*%?
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Clinical sympbms of IPF patientsinclude dyspnea, nonproductive coughing, digital
clubbing andfVelcrod-type inspiratory cracklingat lung auscultatiod**® The espia-
tory function is impaired, especially under exerti@md pulmonary function testing
reveds a restrictive paern withdeterioration ofjas exchangd?ulmonary gpertension
and cor pulmonalean developn the course othe disease’.

The histopathologideequivalent of IPF is the usual interstitial pneumo(lidP) pa-
tern, which summarizealterations otthe lungsd architectureé. Prominentfindings are
an eahanced deposition of extracellular matrix components with formatfodense
scars,honeycomb cystgdilated bronchioles)an impaired alveolar epitheliurand a
mild interstitial inflammatiorf”>**3%7 The tlistological hallmark lesionsof IPF are
fibroblast foci, aggregates of activatenyofibroblasts and fibroblast® typically found

in close relation to thalveolar septd>*®’

(figure 2A). In some studies their quantity
has beerassociatedvith a worse prognosis™®**?° but deviating obsevations have
beenreported as wefl’. The pathological changeof lung architettire arepredomina
ly locatedin the peripheral, subpleurahd paraseptalarts of the lung tissue, arranged

in hetengeneous p&trns>

According to this severelyaltered rgions can be found
next to areas with normal structural appeee’®

Typical findings @ HRCT are a bilateralmainly basal and subpleural localized retic
lar pattern andstructural alterations as honeycomtysts, bronchiectasis and focal

ground glass op#ies®**3(figure 2B).

Figure 2. Histological and radiological characteristics of IPF.

(A) Histological alterations ahelung tissuen IPF, the amws indicate a fibroblasbéus .
(B) An IPF lung on HRCT. Reprinted with permission of the American Thoracic &yci
Copyright © 2013 American Tdnacic Society.
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1.1.4 Pathogenesis
Genetic predisposition as well as the infloe of environmental factofsave beenn-
vestigatedor identifying possible causes of IP£*°"133 Thys dgarettesmoking has

been asswated with an increasetsk to developlPF %133

and several other potential
risk factorssuch asa shortened telomere lengthedication chronic aspirton or viral
infectionsarestill under discussiofi**?*3¢83133However thereis no specific risk fe-
tor that can beonsideredas soletrigger for disease inittaon and IPF still has to be
classifieda s op ia ¢ H*°c o

The mechanisswundelying diseasanitiation and progressionn the cellularand no-
lecular level, leading to extensive fibrosis and destructicdhedfungs érchitectureare
not fully understood eithér*>” More recenthypothesesabout IPF pathophysiology
have quesoned its former understandiras a result othronic inflammatiorf’->%142
Thesetheoriesare supported byfindings that inflammation in IPF lung tissues is not
very prominenf>**?and patients do natdequatelyespond to antinflammatory tre&
ment>®® It has rather beesuggested that repetitive epithelial injuries in combination
with a malfunction of repair processeshetheran inflammatory responseay be n-
cludedor not arethekey medanismsof IPF pathogenesfé'*2 An impaired eghelial
function withdisturbed reeptheliali zationandhyperplasia of alveolar epithelial ceds

well asan enhanced fibroblast activatiare componentf this process**®° Fibro-

blast foci areseen asegionsof an ongoing fibroblast myofibroblastactivationwith

the nyofibroblast celitype mainly responsible foextensiveaccumulation of extraceit

lar matrix and herefore represenhg a key compament of disease progres-

sion ">12814L17 The origin of activated myofibroblasts is still under discussiey-
potheses include the proliferation and activation of resident pulmonary fibroblasts, the
recruitment of circulating progenitor cells thatginate from the bone marrow and-ep
theliakmesenchyral transition (EMT),a processn which alveolar epithelial type Il
(ATII) cells can shift to a mesengimal, fibroblastlike phenotype®****7 As fibroblast

foci are primarily found in areas of impaired alveolar epitheli(iT?’, epitheliat
mesenchymal intecions viagrowth factors and cytokinesre asumed todrive the
fibrosing proces&®'*3 However,despite the large number of investigations on ugelerl

ing mechanisms and mediatptise exact nature of IPF pathogendss not been fully

elucidated yet!#2123157
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1.1.5 Courseof disease and treatment

With a median survial between 2.5 and 3.5 yeafter diagnosisthe prognosisof IPF

is poor®®. It is a progressive disease thesids tathe destuction ofthelungs érchitec-
ture and cause®spiratory failuré**2 Yet, the course oflisease foanindividual pa-
tient seems to beariable with periods hat appear fairlystableand periods ofcute
exacebations thahave a poor outconf&®831%8133Acyte or subacute deterioration of
respirdory functionas well as respiratory infections or right heart failure were ident
fied as diseaselated causes of déh 1%

To date a multitude of treatmenstudiesfor IPF have beennitiated including
immunomodulatory, immunosuppressaantioxidant antifibrotic, vascularresistace
modulatoryand anticoagulatorgpproached® 34838124 fo\wever,in almost all cases
theyeither did not show prominenteffect on IPFprogressioror even turned out to be
harmful their therapatic value hago beconsideredasunclearor theyare still inthe
phase of clinical triald®4>°811218Tharefore for the majority of IPF patieatnone of
thesetreamentstrategies has been recommended by the cUWEBIERS/JRS/ALAT
guidelines™®. There are some pharmacological treatméas may beconsidered aa
reasonable choice foa minority of IPF patientsincluding pirfenidoné>. Pirfenidone
possesses antifibrotic, amtiflammatory and antioxidant properties arah antagonize
cellular mechanisms induced lmansforming growth faor-b  ( B GES It hasre-
cently been approved in Europe, India, Japan and China for the treati@tients
with mild to moderate IPE*. In a Cochrane review assessing several clinical trials,
pirfenidone seemed to improve the meggionfree survival of IPF patients by about
30% ®*1°° Reliable dita onthe overall survivalof patients treated with pirfenidoree
still missing®***>

Lung transplantatiors a therapeuticalption with a proverandconsiderable benefit on
survival of IPF patient&1241331%8However,accesgo donor egansis restrictecanda
comparativelyhigh ageor associateccomorbidiies of IPF petients represent limiting
factors for a successful referral to transpéon °**’2 Further recommendations-i
cludecorticosteroid therapy in the event of acute exacerbatibagreatment of coe
isting gastroesophageal reflux and leegm oxygen therap¥?

Since the effect®f presentpharmaceuticatreatmendg are limited, it emphasizes the
need fora better understamag of the pathomechanisms that undedigeaseiniti ation

andprogressionHence, many recent studies have focused on molecular processes that
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might be involved Some proteins and signaling pathways have obtained parti¢ular a

tention,including WNT signéing >4***

1.2 WNT signaling

1.2.1 WNT proteins
WNTSs are secreted glycoprotein®lated bytheir amino acidsequenes ****** Their
namederivedfrom a conbinationof the gene names wirggs and infl, whichwere
describedindependently but were later identified to be homologou$®. In mammals
19 different WNTgeneshave beemletected®>*'* Thesignalingcascadesf WNT pro-
teinsareof importance during embryogenesiandin the homeostasisf adult tissued™.
Stem cellbehavior proliferatian and differentiation processas well aell polarityare
influenced byWNT 412 Ajterationsof its signaing cascade wergeteted in various
diseases andspecially the role of WNT in cancer has betselyinvestigated®® '
Colorectal cancer, hepatocelinlcarcinomand lung cancer are only some of the-ne
plasmsthat havebeen associateslith mutationsof WNT pathwaycompnents®”>°
1.2.2 WNT signal transduction
WNT signalingis a complex processahinvolves severgbathways with a number of
ligands and receptar$here aralifferent andso far incompletely understood crosslinks
between the single participants and other transmitter cascades, as well as an extensive
requlatory network®2111:165
At leastthreepathways of WNTsignaling have beerescribed?” 98"

1 WNT/b-catenin(canonicalpathway

1 WNT/INK planar cell polarity pathway

T WNT/C&* pahway
Up to now,although several details of the molecular mechanisms still have to be clar
fied, thecanonical pathway is the bestidiedWNT signalingcascade®”%".
1.2.2.1 WNT/b-catenin signaling pathway
b-catenin aprotein also involved in cell adhesias,the key molecule of signal tran
duction via the canonical pathw& Under unstimulated conditior{figure 3A), cyto-
plasmicb-catenin is cotinuously phosphorylated byamplexconsisting of glycogen
synthase kinasebd GSK3b), casein kinase 1 (CKladenomatous pgbpsis coli (APC)
and Axin>'%2 Phosphorylatedb-catenin isubiquitinatedand degrads by the pro-
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teasomewith the result thatytoplasmich-catenin leved arelow ****% WNT stimula-
tion leads to changes ithe b-catenin metabolisn(figure 3B). For initiation of signal
transductionWNT has to inteact withtwo differentkinds of cell surface receptors. On
the one handit binds to Frizzled proteins FzD1-10) ', a family of seven
transmembranspanningWNT receptors On the other hand, it has to bital single
passtransmembranoud/NT coreceptors of theow density lipoprotein receptaelated
proteinfamily (LRP5 andLRP6) 2°1°*4 Following this interaction, LRRFs phosphoy-
lated by GSK3b and casein kinasdo (CK19) at its intracytoplasmic portiof{>**2°
Dishevelled(DSH) is phosphorylatedcand Axin is recruited which directly binds to

LRP 18>%1% The exact moleular mechanisms still have to be elucidated,asu& result

of DSH phosphoration andof the interaction of LRP andxin, theGSK® / AP C/ AXx i n
complex is inhibited andhereforeb-catenin phephorylation and its degradati@re
prevented™®>* b-catenin accumulates in the cytoplaamdtranslocates to the nucleus
whereit interacts withmembers of theT cell-specific transcriptiorfactor/ lymphoid

enhancebinding factor TCFLEF) protein family therebymodfying target gene

pression 4114
/g N/

nucleus

Figure 3. WNT/b-catenin signaling pathway.
(A) In the absence of WNTh-catenin is degradedB) Changes induced by WNT stimtitan.
Inspired byan illustration by Nchael D. Gordon and Roel Nusde
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1.2.3WNT in the lung i embryogenesis and diseases of the adult

In mice,WNT signalingwas found essentiafor severalbasicprocessesf lung devé
opment including foregut specificatior®, embryonic branching morphogenesiad
distal airway formtion *>*'". A significant impact of WNT protein®n properdeve-
opmentand dfferentiationof the epithelal, mesenchyral, and vasculacompartmenof
the lunghasbeen stated? 1611712

Lung cancer has been related to alterations in WNT signadargjcularly non-smalk

cell lung cacinomas(NSCLGs) 819°1%¢ |n detail, an overexpressiorof the prdeins
WNT1 % and WNT2 " was reportedfor NSCLC tissuesand WNT1 overexpression
has been associated wNISCLC proliferation’®. An inhibition of these mediatorsas
linked with apogiosis of cancercells®*"”. Furthermore non-malignant lung diseases
have beerxamined for an involvement of WNT signaling, such as pulmonary arterial

hypertaisionandIPF®’.

1.2.3.1 WNT in IPF

By now there habeengoodevidence for ambnormal activation ahe WNT/b-catenin
pathway in IPEAn i ncr e as ecatanmacconmulatiore leas bedeported for
bronchiolar lesions, atypicdtuboidal/hyperplasticalveolar epithelial type I[ATII)

cells and fibroblasts in the lung tissue of IPF patieinticatingan increase imctive

WN T £Lcétenin signaling®. While WN T Acéitenin pathwayctivation in hyperplastic

type Il pneumocytes could also be demonstrated for other lung diseasksng d-

veoo ar damage and regener at i o-catenintsigmalingimer r ant
bronchiolar prolifeative lesions andibroblast foci was specific for IPkhencompared

to donor lungsand other interstitialung disease®. FurtherWN T fcéitenin pathway
componentsvere predominantly found in the bronchial and alveolar epithelium and
some exhibited significantly increasednRNA expression in lung tissue homogenates
as well as in isated ATII cells of IPF patienf§. The presumed enhancement ofhpat
way activation was supported by an increase in protein levels of phosphorylated
GSK3b, phosphor ychteninia tPF Ilung BsSue Aamdgenafes Fur-
thermore an elevated expression of WibFcatenin targegienesand their encoded pf

1'% or matrix metalloproteinase (MMP7) *° wasreportedfor IPF

teinslike Cyclin D
lung tissus by several stlies?®?®14>18 The expression dVNT1-induciblesignaling

pathway proteirl (WISPJ), anothettargetgeneof WNT signaling,was found increased
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in alveolar epithelial type Il cells of IPF patiefitsWISP1has been linked to the gr
liferation andepitheliatmesenchymal transitioaf ATIl cells and moreoveto an en-
hanced expression of extracellular matrix components by humanihropléast<®.

In the mouse model of bleomyeinduced pulmonary fibrosig could be demonstred
that MMP7-knockout'®*a's  we | | -catenin \pathivayfinhibition vié-catenin
small interfering RNA¥ or specific inhibition of WNTB-catenin target gene trangsri
tion ®3 areable to protectice fromfibrosis The latterstudy actually reported aever-
salof existingfibrotic change&®

It has been concluded th&fNT signalingrepreserg a developmental mechiam that

is abnormay reactivated in IPF, a principknown from cancempathogemsis ®#714°

1.2.4 Modulators of WNT signaling

Several proteinsare able to modulate WNTactivity, such as Dickkopf{(DKK) °%,
secreted frizzledelated protm (SFRP '*, WNT inhibitory factor(WIF) ° or Wise 2
Two man mechanisms of interference with WNT signaling have been demabed.
Thus, thesdactors either have the capability afirect interacton with WNT or to
interfere with its receptor$®”1%2 DKK proteins belong to the second category since
they bind LRP receptorsand herefore particularly affect the WNTh-catenin
pathway'%>*%.

1.2.4.1 Dickkopf proteins and their interference with WNT

There are fouknown Dickkopf proteinsin vertebratesDKK1-4 °*2% They are secte

ed proténs shaing two cysteine rich domainbut theydepict heterogeneity istructure
and functior’>*?t DKK1 was iniially discoveredas WNT inhibitor andheadinducer

in Xenopusembryos where microinjection o0DKK1 mRNA led to formationof en-
larged heads*. DKK2 and DKK4 are capable of WNT inhition as well, whereas
DKK2 can additionallyact as a WNTactivator, depending on molecular environment
and cellular cotext!’:91:96:103.174

Modulation of the WNT/b-cateninpathway ispossibledue tothe ability of DKKs to
bind LRP receptorsThis has been demonstrated for DKK1 @bKK 2 817195147 Addii-
tionally it has been discoverddat DKK1 andDKK 2 havehigh affinity for the Kremen
(KRM) receptor&RM1 andKRM2 *** single transmembrarspanningproteinswith a

kringle domain in theirextracellula region''®. Although it seems that KRM proteins
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are not necessarily reimed for WNT regulation via DKK?'®9 the presence of KRM
receptors enhances the ability of DKK proteins lari2l 4 to inhibit WNT sigrna

ing 19319 DKK2 with its contextdependent repressive or actimgtability can actually
be cawerted inb apureWNT inhibitor via interaction with KRM2%,

DKK3 demonstrates the highest disaepy of the four family members structure as
well as in function®*% It seens neithercapable of binding.RP ', nor KRM 103104

norwas it consideretb interfere with WNT signaling**°**"* However,recent studis
havereportedWNT modulatory capabilitiefor DKK3, as it inhibitedb-catenin aco-

mulation in an osteosarcoma cell liffeand reducedVNT/b-catenin target gene tra

178 30 far the exact mode of action remainkoown.

scriptionin lung cancecell lines
As mechanism of interferencgith WNT signalingit has been suggestédat DKK
proteins 1, 2 and are able tdorm a ternarycomplexwith LRP and KRM which is
removed fromthe cell surface via endocytosi&"** Since LRPis no longeravailable
for WNT binding, activation ofthe WNT/b-catenin pathways preventedHowever,
there is contradictory datoncerningthe LRP internalizatiorupon DKK stimulation
Authors ofa more recentvork criticize the usage of LRP6 overexpressiormpiavious
studies**® Theyfavor the merebinding of DKK to LRP as dicient mechanism for

WNT modulationwhenexperiments are performed aidegenous RP6levels*®

A. B.
FZD FZD
z B 2 9
A F A E
\ J
\ j \ ' /
endocytosis?
Figure 4. M echanism of DKK interference with WNT.

(A) WNT interacts with FD and LRP receptors to initiaéanonical WNTsignaling.
(B) DKK inhibits canonicaWNT signaling by binding to LRP and KRM.
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1.2.4.2 Dickkopf in the lung and in fibrosing diseases

Dickkopf proteins have den related to several diseases, for exaiDplE1 has been
demonstratetb impair bone formation ana influence joint remodeling irheunatoid

arthritis®"** It is overexpressed in severglpes ofcancer**4°

andit is alsothought to

promote osteolytic bone metastas&s

Concerning the lung, DKK proteins seem to influence organ deweopand have

been related to maligneies. In detail, it hsbeendemonstrated that DKK1 is able to

inhibi t WA{dalehiib signaling in the embryonic mouse lung aadse defects in

distal aiway andpulmonary vasculature formatiéfi*>* DKK1 and DKK3 have both

been related to lung cancer. More precisely, DKK1 expression was found increased in
severallung cancer samples and it has been considesediomarker for lung caie

noma'**'’> Anti-DKK1 is able to inhibitthe growth of lung cancer cell linés vitro

and in a murine tumor graft mod&l’. DKK3 expressiorwasshown to be decreased in

many humamonsmalktcell lung cacinoma NSCLC) tissues and it has recently been
suggested to prevent | ung c an c-eatenincpdid | gr owt t
wayin vitro 109178

The role of DKK proteins in IPlRadnot beeraddressetiefore but DKK1 has already
been elated to other fibrosing processes. Investigations on rat hepatic stellate cells and
on a mouse model of chdtic liver fbrosishaverevealed an antifibrotic ffct of
DKK1 via WNT inhibition®®, DK K1 al s-catemimabcuntulatioreinl irrabliated
primary mouse fibroblasts, whicls of importances i n ecatenib is gggested to
promoteirradiaion-induced fibrosis®. FurthermorePKK1 mediatedWNT inhibition
was suggested to prever@nal fibrosis becaus it decreased myofibroblast activation
and cdlagen depositioin amouse modl of obstructive nephroplay ° A recent study
hasdemonstrated that overexpression of DKK1 in transgenic mouse nuashefghibit
experimentally induced skin fibrosia fibrosing process suggested to result from an
activatedcrosstalk between thteansfoming growth factoib (TGFDb) andthe WN T £ b

cateninsignaling pathway.



12
1. Introduction

1.3 Aim of the study

The pahogenetic mechanisms underlyingjapathic pulmonary fibrosisre still not
clarified. Impairment of the lung epithelium and epithelatésenchymal interactions
are asumed to drive disease pregsion, but the exact mechanisms and mediators have
to be further elucidated better understanding of the cellular and molecular processes
would certainly contribute to an improvement in thetdjgestrategies forthis fatal
disease

The abnormal activetn of the WNTh-catenin pathway in the lung tissue of IP& p
tients seems to bepgomising researchubject.Even moresinceinhibition of its taget
genes transcription has been demonstrategotevent bleomyciinduced pulmonary
fibrosis in mice®*#>18 Therefore rgulatorsof WNT/b-catenin signaling aref partiau-

lar interest.

Dickkopf proteins can effectively modulate the WiRTatenin signal transductionsza
cade and they havalreadydemonstratecntifibrotic capabilitiesn mouse models of
cholestatic liver fibrosisrenal fibrosis and skin fibrosf€3%? However,scarcely ay-

thing is known about their expression in healthy adult lureggenless in IPF lungs.
Thus, the aim of this studyasto revealand to comparéhe exressiorandlocalization

of DKK proteins and their receptorsumaffected adult lungsnd IPHungsto provide a

more dktailedpicture of WNT signaling and its modulation in IPF.
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2 Material and Methods

2.1 Material

2.1.1 Human lung tissue

Lung tissuebiopsieswere obtained from 15 IPF petts with histological usual interst
tial pneumonia (UIP) pattern (4 females, 1llemaage(mean +standarddeviation
(stdey): 58yearst 10years vital capacity YC) (mean tstdey: 48% = 10%, total
lung @pacity (TLC) (mean zstdeV): 50% = 7 %, diffusing capacity of the lung for CO
per unit of alveolar volumeéDLco/VA) (mean 1stdeV): 23% £4 % (all in % predicted)
additional nasal o)gen supplementatiofO,): 2-4|/min, partial pressure (Pa) of,®
CO; in thearterialized ear lobe blood samphey,: 361 71 mmHg Paoz 33-65mmHgQ)
and13 organ donorg6 females 7 males age(mean tstdey): 42 years+ 19yearg. For
individual patient characteristics s&able 1(chapterl0.1). After explantation, Ssue
samples weremmediately snajffrozen or placed in % (w/v) paeformaldehyde. The
study protocol was approved by the Ethigsm@nittee of the Justud.iebig-University
School of Medicine Giessen, GermanfAZ 31/93). Informed consenin written form

was obtained from eachlgact.

2.1.2 Human bronchoalveolarlavage fluid (BALF)

Flexible fiberoptic bronchoscopy with extraction bfondoalveolarlavage fluid was
performed in a standardized manibgra physiciarat the Department of Méetine of
the JwstusLiebig-University Giesen Germany,in 2006 and 2007lnformed consent
was obtained fromeach subjectThe group of IPF patients nsisted of 9 malesage
(mean zstdey): 68years+ 6years VC (mean xstdey: 59% + 19%, TLC (mean *
stdey: 59% + 14%, DLco/VA (mean zstdey: 55% + 15%, additional nasal oxygen
supplemerdtion (Oy): 0-51/min, Papz: 45-90mmHg, Paoz 34-46 mmHg). Individual
patientcharactestics are shownin table 2(chapterl0.2. The control group consisted
of 4 healthy nonsmoking volunteers without a history of cardiac or lung diseasd-(me
ical students from the Medical School of the Jusfebig-University Gessen, Gerar

ny).



14
2. Material and Methods

2.1.3 Cell lines

cell line specification company, catalog umber

BEAS-2B  human bronchial epithelial European Collection of Cell Qures
cell line (non-cancerous) Porton Down, UK; 95102433

2.1.4 Antibodies

2.1.4.1 Primary antibodies

Antibodiesused for Wstern bt analysis(WB) andimmunohistochemistryIHC) are
listedwith the respective dilutions.

antibody origin company, catalog number dilution dilution
wB IHC

ant-DKK1 rabbit Santa Cruz Biotechnadyy, 1:200 1:50
Santa Cruz, CAUSA, s¢-25516

ant-DKK2 rabbit Abcam,Cambridge, UK 1:200 -
ahb38594

ant-rDKK4  rabbit Abcam,Cambridge, UK 1:200 -
ab38589

antrDKK4  rabbit Santa Cruz Biotechnadyy, - 1:100
Santa Cruz, CAUSA, s¢25519

anttKRM1  goat R&D SystemsMinneapolis, 1:1000 1:100
MN, USA, AF2127

antrKRM2  rabbit SigmaAldrich, St. Louis, 1:200 1:100
MO, USA, HP A003223

antrLRP5 rabbit Abcam,Cambridge, UK - 1:100
ab38311

antib-actin  rabbit Cell Signding Technobgy, 1:1000 -

Beverly, MA, USA, #4967
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2.1.4.2 Secondary antibodies

antibody origin company, catalog rumber dilution
antirabbit 1gG, goat Pierce Protein Research Produci 1:3000
HRP conjugated Rockford, IL, USA#31460

antigoat IgG, rabbit Pierce Protein Research Produci 1:3000
HRP conjugated Rockford, IL, USA #31402

biotinylated goat Invitrogen, Carlsbad, CA, USA, ready to use
antirabbit IgG HistostainPlus Kit

biotinylated rabbit Invitrogen, Carlsbad, CA, USA, ready to use

antigoat G

2.1.5 Recombinant proteins

recombinant protein

HistostainPlus Kit

company, catalog rumber

recanbinant human DKK1

2.1.6 Chemicals and reagens

product

R&D Systems,Minneapolis, MN,USA,
1096-DK

company

Acrylamide solution, Rotiphore8dGel 30
Agarose

APS

b-Mercapbethanol

Bromphenol Blue

BSA

Chemiluminescent Substrate
SuperSjnal® West Pico

Citrate Buffer 20x

Carl Roth GmbH, Karlsruhe, Germany
PromegaMadison, WI, USA

Promega, Madison, WI, USA
SigmaAldrich, Saint Louis, MO, U&
SigmaAldrich, Saint Louis, MO, U&
SigmaAldrich, Saint Louis, MO, U&

Pierce Protein Research Products, USA

Invitrogen, Carlsbad, CA, USA

Compl et eE Pr ot e as eRoche, Basel, Switzerland

Dkk-1 DuoSet ELISA, humari)Y1906
DNA Ladderl00bp

DNA loading dye Blue/Orang® x
dNTP PCR Nucleotide Mix 1M
EDTA

R&D SystemsMinneapolis, MN,USA
Promega, Madison, WI, USA
Promega, Madison, WI, USA
Promega, Madison, WI, USA
Promega, Madison, WI, USA
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EGTA
Ethanolabsolute
Ethidiumbromide
Glycerol

Gl ycer ol gel atine,
Glycine

H,0, 30% (w/w) Perdrogefi
Hematoxylin,

HEPES Buffer solution M

Mayer 6s

HistostainPlus Kit

LHC-9

Methanol

MgCl; (25mM)

MgCl, (50mM)

Milk powder (blotting grade)
NaCl

Paraformaldehyde

PBS

PCR Buffer 10x (without MgCh)

Platinun® SYBR® Green gPCR
SuperMix-UDG

Protein Standards Precision Plus
prestained

Quick StarE Bradford1 x dye regent
Quick StartE Bradf
RandomHexamers (5@M)

Reverse Tanscriptase MuLV RT50U/pl)
RNaselnhibitor

RNaseFree DNase Set

RNaseFree Water

RNeasy Mini Kit

Roti®-Quick-Kit

SigmaAldrich, Saint Louis, MO, U&
SigmaAldrich, St. Louis, MO, USA

Carl Roth GmbH, Karlsruhe, Germany
Merck Biosgences, Darmstadt, Germany
Merck Biosciences, Darmstadt, German
Carl Roth GmbH, Karlsruhe, Germany
SigmaAldrich, St. Louis, MO, USA
SigmaAldrich, St. Louis, MO, USA

PAA Laboratories, Pasching, Austria
Invitrogen, Carlsbad, CA, USA
Invitrogen, Cadbad, CA, USA
SigmaAldrich, Saint Louis, MO, USA
Applied Biosystems, Wellesley, MA, US,
Invitrogen, Carlsbad, CA, USA

Carl Roth GmbH, Karlsruhe, Germany
Merck Biosciences, Darmstadt, German
SigmaAldrich, Saint Louis, MO, U&
PAA Laboratories, Pasching, Austria
Applied Biosystems, Wellesley, MA, US,
Invitrogen, Carlsbad, CA, USA

Bio-Rad, Hercules, CA, USA

Bio-Rad, Hecules, CA, USA
Bio-Rad, Hercules, CA, USA
Applied Biosystems, Wellesley, MA, US,
Applied Biosystems, Wellesley, MA, US,
Applied Biosystens, Wellesley, MA, USA
Qiagen, Venlo, Netherlands
Qiagen, Venlo, Netherlands
Qiagen, Venlo, Netherlands

Carl Roth GmbH, Karlsruhe, Germany
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SDSSolution 10% (w/v)
Streptavidin

TAE Buffer, Rotiphores8 10x
TEMED

Tris

Triton® X-100

Trypsin EDTA 1x

Tweerf 20

Xylene

2.1.7 Equipment and Software

product

Promega, MadisoWI, USA

Invitrogen, Carlsbad, CA, USA

Carl Roth GmbH, Karlsruhe, Geamy
Bio-Rad, Hercules, CA, USA

Carl Roth GmbH, Karlsruhe, Germany
Promega, Madison, WI, USA

PAA Laboratories, Pasching, Austria
SigmaAldrich, Saint Louis, MO, U&
SigmaAldrich, St. Louis, MO, USA

company

Calibrated Densitometer GE0™
Chromatography paper 3MM CHR
Developing machine; X Omat 2000

Electrophoresisnd Westernlbt
chambers

Fusbn A153601 microplate reader

Light microscope Leica DMIL
Light microscope Olympus BX 51

Microsoft Office Word/ExcelPowerPoint
2007

NanoDrop ND-100 Spectrophotometer
Nitrocellulose membrane
PCRThermocycler

Quantity Onel-D analysis software

Bio-Rad, Hercules, CA, USA
Whaman International Ltd, Maidstone, L
Kodak, Rochester, NY, USA
Bio-Rad, Hercules, CA, USA

Packard BioScience/PerkinElmer,
Waltham, MA, USA

LeicaMicrosystems, Wetzlar, Germany
Olympus, Hamburg, Germany

Microsoft Corp., Unterschleil3heim,
Germany

Peglab Erlange, Germany
Bio-Rad, Hercules, CA, USA
MJ Researchyvaltham, MA,USA
Bio-Rad, Hercules, CA, USA

Sequence Detection System Fast 7500 Applied Biosystems, Wellesley, M] USA

and Software
UV transillumiretor

X-ray film AGFA Curix HT1000G Plus

UVP, Upland, CA, USA
AGFA-Gevaert, Mortsel, Belgium
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2.2 Methods

2.2.1 Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

2.2.1.1 RNA extraction from tissue

RNA was extracted fro lung tissue homogenates witthe RotiQuick-Kit. Tissue
samples were homogenized in liduitrogen with a pestle2 ml of the guanidinium
thiocyanatecontaining slution wereadded per 0.8 of tissue. After 2@nin of incula-
tion, samplesvere additionally homogenized withsyringe witha 0.9mm needle. 2nl

of the phenol and chloform containingsolution were addeger sample Samples were
incubated on ice for 1@in and vortexed everyrin. After centrifugatiorat 13000rpm

for 15min at a temperature oft °C, two phases were separated. The upper, RNA
containingphase wasncubated with an equal volunaf the isoprganol containing
solution for 1h, ata temperature 680°C. The centrifugation step was repeated and an
RNA-containing pellet could be exttad. It wasdissolvedin a mixture of 150Qul of the
guanidinium thiocyanateontaining solutiorand 15Qul of the isopropanol containg
solutionand incubated for & at-80°C. Centrifugation and dissolving step were répea
ed. After that, samples were centrifuged 88000rpm for 20min at a temperature of
4°C. Thesupernatant was removed and H00f ethanol (D% v/v in RNaseree wa-
ter) were added. Another centrifugation stegs performedor 10min and the supems
tant wasdiscaded The RNA pellé was resuspended in f0of RNasefree water and

storedata temperature of80°C.

2.2.1.2 RNA extraction from cells

Medium was removettom cell culture flasksand cells were washed with PBS twice.
Cellsweredisruptedanddetachedrom the plates bgcrapingwith arubber policeman

after addition ob-mercaptoethanol contaimg RNeasy Lysis BuffefRNeasy Mini Kit,

premr ati on accordi ng t andtmepwerchoamogenizedemttd® s pr ot o cC
syringe with 0.9mm needleRNA extraction was performed with tlsdica-membrane

column system of the RNea$¥ini Kit according to the manufacturer’s instructions

This included an orrcolumn DNase digestionsingthe RNasdree DNase Seb add-

tionally removeDNA contaminantFinally the RNA isolae was eluted from the column

by adding 35l of RNa® free water twice andthenstoredat a temperature B0 °C.
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2.2.1.3 RNA quantification

Quantification ofthe sample3RNA concentration was performed with thendrop
spectrophotometer. Therefotlke optical density (OD) of.5ul of the sample wagle-
terminedat a wavelength of 26@m, at whichabsorption correlate® the concenation
of nucleic acids withirthe sampleSince theabsorptionat a wavelength of 28@m ca-
relateswith protein concentrationasnple pury could beverified by detemination of
the RNA/protein ratio @D26ond OD2gonm)- This ratio had to lie in between 1.8 an@ o

exclude a relevant protein contamination.

2.2.1.4 cDNA synthesisby reverse transcription

For analysis ofthe respectivanRNA levek in a sample by qR'PCR, the RNA had to
be transcribed in complementary DNA (cDNA) by RNA-dependent DNA polynre
ase (revems transcriptaseor preparation of cDNAynthesis1 g of total RNA was
diluted with RNase-free water to a total volumef 20ul. RNA denaturation waper-
formed byathermocyter ata temperature of70°C for 10min, followed by cooling the
sampledown for5min ata temperature of °C. For reverse tramsiption, 20 ul of the

following RT Mastermix was added to each RNA sample:

component volume final concentration
10x PCR Buffer (without MgGl) 4.l 1x

MgCl; (25mM) 8ul 5mM

dNTP PCR Nucleotide Mix (16M) 2l 0.5mM
Random Hexamers (3M) 2l 2.5uM
RNase Inhibitor (2Q/pl) 1ul 0.5U/ul
Reverse Transcriptase MuLV RT (6@ul) 2l 2.5U/ul
ddH,O 1ul

Reverse transcription wamerformed witha thermocycler byhe following steps at the

indicated temperatures and durations:

step temperature duration
attachment of random kamers 20°C 10min
reverse transcription 43°C 75min
inactivation of reverse transcriptase 99°C 5min

cooling down 4°C
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The synthesizedDNA samples werstored at temperature oR20°C.

2.2.1.5 Quantitative reverse transcription polymerase chainreaction

Quantitative reverse transcription polymerase chain reaciR®m-PCR) was performed
using fluorogenic SYBRGreen.2pl of the previously synthesized cDNA weltears-
ferred to the wells of a 9%ell plate, each wellilled with 23l of the folowing qRT-
PCR Matermix:

component volume final concentration
Platinunf SYBR® Green qPCR $erMix-UDG 13pl

MgCl (50mM) 1ul 2mM
forward primer (1quM) 0.5ul 200nM
reverse primer (1QM) 0.5ul 200nM
ddH,O 8ul

Amplification and detection were carried auth the Sequence Detection System Fast

7500via performance ofi5 cycles otthe following steps at the indicated temperatures

and dugtions:

step temperature duration
activation of polymerase enzyme 50°C 2min
first denaturation 95°C 5min
second denaturation 95°C 5s
annealing 59°C 5s
elongation 72°C 30s
dissociation step 1 95°C 15s
dissociation step 2 60°C 1min
dissociation step 3 95°C 15s
dissociation step 4 60°C 15s

By denaturation, doué-stranded DNA gets separated into single strands. During the

annealing phase, primers bind to the respective sequencessatglle®NA strandsA
new DNA strand is synthesized by the DMApendent DNA polymerase enzymea-du
ing the elongation step.
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2.2.1.6 Primers

GenBankfrom the National Center for Biotechnology Information (NCBI) and the
primer express 3.0 software were used to creadquatle primer sequences for target
and reference genes. Detailed information on primer sequences are listdadei
(chaper 10.3. Each primer was tested with an undiluted, a 1:8 and a 1:64 diluted sa
ple to determine primer efficiency for a range of template concentrations. All primers
were utilized at a final gwentration of 200M.

2.2.1.7 Data evaluation

Since SYBR Greebindssequence independgnto double stranded DNAnNd leads to

an increase ifluorescence, the amount of synthesized DNAr@portional to the fla-
rescent signalFluorescence intensity is measured at the end of the elongation step of
each cycleand acurve depcting theincrease inDNA is created Each sample was
measured twice anthe values were averageEmpty controls containing the respective
gRT-PCR Mastermix without addition of cDNA were measured at each plate.
TargetDNA levelsof each sample wemormalized toDNA levels of a reference gene
within the respective samplamplified atthe same plateAs reference genehe
constitutively and ubiquitols expressechypoxanthineguanine phosphoribosyltrans
ferase 1(HPRTY) ***“was used in all qR'PCR reactionsComparing measurement of
target and referend@NA levels was performeth the exponentially increasing segment

of the curvebefore saturation hd occured and a threshold was set in this arEar

target and reference gene, the sameshold was used for all samplékhe cycle
number at whichthe fluorescent signaleached the threshold waspressed as Ct
(threshold cycle) These Ct values arn@ inverse proportion to the initial amount of
RNA within the sampleThe relative transcript abutance in a samplis expressed as

DCt value(DCt = Cte®"¢j Ct?9%) Therefore positivdCt values of the present study
represent an elevated expression of the target gene compared to the reference gene
while negativeDCt values depict a target gene expression lower than the expression of
the reference gene.eRitive changesf transcript levelsn IPF samplesompared to
donorsamplesare given asDDCt values PDCt = DCtP™ i DCt™"). The DDCt values
approximately corresportd the binary logarithm of the fold change.

The purity and length of the DNA products were verified by melting curve analysis and

agarose gel electrophoresis.
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2.2.1.8 Melting curve analysis

Melting curve analysidby the Fast 7500 Systerwas used to vy the purity of the
specificDNA product, since the melting temperature depgod product length and the
amount of GC basepairs in the double straridbd. After 45 cyclesthe meting point
was identifiedby slowly increasing heat. The gde of fluorescenceintensitychange
induced by the release of SYBR Green during the melting proicesatedthe spe-
cific melting temperature of one product.

2.2.1.9 DNA agarose @l electrophoresis

gRT-PCR products were display®g agarose gel electrophoresisorderto check the
product size to ensure thidite correct template had been amplifidthierefore agarose
gels were ppared:

2% agarose gel 1x TAE buffer

2% agarose (w/v)
0.5pg/ml ethidium bromide

PCR productsampleswere mixed5:1 with 6x DNA loading dyeBlue/Orangeand
transferredonto the gel. For each PCR product, two different samples as well as one
empty control sample were applied. A 160 DNA ladder was run at the same gel. Gels
were run in an electrophoresisamber filled with 1x TABbuffer (Tris, acetic acid and
EDTA) at 100V for aboutlh. DNA bands were analyzed under ultraviolet lighting

conditions.

2.2.2 Western bot analysis

Western ot analysis was performed datal protein extracts of lungissuehomoge-

nates from donors and IRR@tients.

2.2.2.1 Protein extraction and quantification

Thelung tissue was homogenizedliquid nitrogen witha pestle and ml lysis bufer
was addegber 0.1g of tissue. After Bnin of incubationa syringe with0.9mm needle
was used for further homogenimat. Samples were kept on ice 8@ min and vortexed

every 5min. By centrifugation at 12.000*g attemperature ¢t °C for 10min, the pro-
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tein contaning supernatant was separated frilatissue homogenat&he Supernatant
wascadlectedand stored adtemperature of20°C.

Lysis buffer: 20mM TrispH 7.5
150mM NacCl
1mM EDTA
1mM EGTA
1% Triton X-100
2mM NaV0O,
1:25Complet&, protease inhibitor mix

Protein quantificationof each sampleasing theQuick StartBradford Protein Assayas
performedvia spectrophotometric measurementh a Fusion A153601 Readent a
wavelength of 57@m. Wells of a 96 well plate were filledhith 200ul of Quick Start
Bradford dyereagentand 10ul of the 1:20 diluted protein samplewere added to a
respective well Additionally, six diluted BSA samples(0.05, 0.1, 0.2, 0.3, 0.4 and
0.5pg/ul) aswell as negative corntdls contaimg Bradford dye and:20 dilued protein
lysis buffer were measuredat the same plateMeasurement was done after an
incubation period of 1&in. Duplicates oBSA standards, pteinsamples and controls
were measurednd valueswere averaged. Bycomparing protein sapte values tothe
BSA standard curve vi@ntermpolation, the protein concentration of each sample was

calculaed

2.2.2.2 SDS polyacrylamde gel electrophoresigSDSPAGE)

To separate proteins Isjize, SDS polyacrylamide gel electrophoresis was performed.
Therefore the required volume of each protesample was calculated to reaehtotal
amount of & g proteinfor everyloading sampleEquivalent volume®f SDS contai-

ing 2x Sample Buffer were added to the proteins armdmples were denaturatedaat
temperature 095°C for 10min. Samples were loaded tma polymerized gl, consis-

ing of a15-well stackinggel on top of aesoling gel. As molecular weight size mar
ers,5 ul of protein $andardsvererun at the same geProteins were kept on ica be-
tween the working step&els were run in an electrophoresilamberfilled with Run-

ning Bufferat110V.
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Resolving gel: Stacking gel:

10% acrylamide/bisacrylamide 5% acrybmide/bisacrylamide
375mM Tris-HCI pH 8.8 125mM Tris-HCI pH 6.8
0.1% (w/v) SDS 0.1% (w/v) SDS

0.1% (w/v) APS 0.1% (w/v) APS

0.1% (v/v) TEMED 0.1% (v/v) TEMED

Theused acrylamide solution contained acrylamildsacrylamide in a 37.51 ratio.

2x Sample Biffer: Running Buffer:
100mM Tris-HCI pH 6.8 25mM Tris

4% (w/v) SDS 250mM glycine
0.2% (w/v) bromphenoblue 0.1% (w/v) SDS
20% (v/v) glycerol

100nM DTT

2.2.2.3 Immunoblotting

For further analysesthe separated proteins had to be transferréaol amitrocellulose
membrandyy usinga Western kot electrophoresishamberPackingof the gl and m
trocelluloe membrane o a cassette with chromatography papers and spomngss
performedin Transfer Riffer to avoid air bubbke The cassette was put intoelacto-
phoresischambeffilled with Transfer Riffer and the transfer was done at 12for 1 h.

An iceboxwas used to cool the chamberidg the blotting process.

2.2.2.4 Protein detection

Nitrocellulose membranes wergashed in Washing Buffe2x 5min) and kept in
Blocking Buffer for about h. Incubationwith the primary antibodyvas performed
overnight ata tenperature o#4 °C with aspecific dilution ofeach antibodyn Blocking
Buffer (primary antibodies andheir dilutions are listed in chapte.1.4.1). After a
washing step (8 10min with Washing Buffe), the membrane was incubated with a
dilution of the alequatehorseradish peroxidaselRP)-conjugated secondary antibody

in Blocking Buffer forl h (secondaryantibodiesandtheir dilutions are listed in chapter
2.14.2). By performingthese steps, primary and secondary antibodies got attached to

the spedic protein bandsAfter a secondwashing step (% 10min), the membrane was
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ready for potein detectionFor vsualization of protein bandshe Chemiluminescent
Substrate SuperSignal West Pico was appiecbrding tathe manuf ¢ t u inséruc-6 s
tions An X-ray film was exposedbo the nmenbrane and developedll incubation and
washing steps were performed at room temperaftoiesst is indicatedotherwise

Before reusing the mibcellulose membrane fan additional protein detection, they
were incubated wh Stripping Buffer in a water bath attemperature &2 °C for 8min
and were washed with Washing BuffafterwardsSu b s equent -dciantaect i on o

each membrane served as a controbfoequal protein loding.

Transfer Riffer: Washing Buffer:
25mM Tris PBS(1x)
192mM glycine 0.1% (v/v) Tween 20

20% (v/v) methanol

Blocking Buffer: Stripping Buffer:

PBS(1x) 100m M -rhercaptoethanol
0.1% (v/v) Tween 20 62.5mM Tris pH 6.8

5% (w/v) skim milk powder 2% (w/v) SDS

2.2.2.5 Densitometry

Densitometric angkis of the developed Xray films was performed using a G®0

calibrateddensitometer and th@uantity Onel-D analysissoftware.Optical density of
b-actin loading control was used to equalize differences in total prlogiimg There-

fore therelative expression levebf an indicated proteirs calculatedasrelative optical

density(OD) (optical densityof indicated proteinl optical density ob-actin) for each
sample Changes in expression levélstween the indicated groupgere calcuhted as
fold change of the mean(ODgpr)y / ODwonor) and were expressedas fold change+

SEM.

2.2.3 Immunohistochemistry

Paraffin embeddediuman lung tissusampleswere cut to3um sectionsand were
mounted on slidedmmunohistochemicaltaining was performed with the $ostain

Plus Kit. To removethe paraffin slides were kepih an oven ab temperature o48°C
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over nightandweretransferredo Xylene (3x 10min) afterwards Incubation wih de-
creasing ethanol ditions (100%, 95%, 70% of ethanol, Z 5min each)and a walking
step with PBS (& 5min) followed before tissue sdoins were treated faantigen e-
trieval. Therefore slides were placed in citratefeuf{l x) and cookedn a water bath
for 25min. After cooling down, slides were washed with PBS ag@irenching of e-
dogenous peroxidase activityas performedy incubaton with 3% (v/iv) HO, for
20min. After another washing stethe slides were incubated wileum blocking sali-
tion (Histostain Plus Kjtderived froma speciesdifferent than the soure of thein-
tendedprimary antibody for 10min. Subsequently thprimary antibodywas prepared
andapplied over nightata temperature cf°C.

Primaryantibody dilution:
PBS 1x
1.5% (v/v) serum blocking solution

1% or 2% (v/v) primaryantibody solutbn*
*depending on the respectiamtibody dilution primary antibodies and their ditions
are listed in chaptet.14.1.

After 30min at room temperaturgnd a washing step with PBSlides were incubated
with the speciesappropriatesecondanbiotinylated antibody(Histostain plus Kit sec-
ondarybiotinylated antibodieare listed in chaptet.1.4.2) for 20min. Another washing
stepand incubabn with HRP-conjugatedStreptavidinfor 10min followed After re-
moval of Streptavidinthe staining reaction vsgperformed by indeating the slides with
chromogensolution (Histostain Plus Kit until red cole staining wasclearly visible
under a microscopeAnother wahing step with PBS and courgtining with hera-
toxylin for 8min were performedubsequentlyAfter washing the slides munningtap
water for 10min, coversps were mountedia glycerol gelatine The stained sections
were examined using an Olympus BX51 microscope and pictures were italdedif-

ferentmagnfications as inttated.

2.2.4 Cell culture

The human bronchal epithelial cell line BEA®B was maintainedn 250ml culture

flasks filled with 10ml LHC-9 mediumin a 5% CO, containingatmasphere of 95
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100% air humidityat a temperature of 37C. The nedum was changedvery 3 dayst
leastand pasaging was p&ormedat a confluencef 80-90%. Therefore the medium
was removed, cells were gently washed with PBS) (And incubatedvith 3ml of
Trypsin EDTA After detachment, il of fresh medium were added and%0of the

cell suspension were tréesred to a new culture flask. Then medium was added for a

total amount of 1@nl suspension.

2.2.5 Enzyme-linked immunosorbent assay(ELISA)

A human DKK1 enzymdinked immunosdrent assayvas performed omBAL fluids
(BALF) following the compayd snstructions.Wells of a 96-well microplate were
coated with 10Qul of the diluted CaptureAntibody and incubated for 12 Blocking
was performedvith 300ul of Reagent Diluent for b before incubating the wells with
100 ul of the BALF samples for B. Additionally, ven?2-fold serial dilutionsof re-
combinant DKK1 protein standaxgith a high standard of 40Q@/ml were gplied at
the same plat€each BALF sample and the standard dilutions westedtwice. After
incubation with 10Qul of the Detection Antibody for B, Streptvidin-HRP was added
to each welfor 20min. Thenl100ul of Substrate Solution weagpliedto each well for
another 20nin. Color reaction was stopped by adding | B0of Stop Solution.In be-
tween the working steps, washing steps were carriedoawing the company -
struction Optical density was determined withmicroplate reader & wavéength of
450nm. To minimize the optical influence of the plaeseond measurement was done
at 570nm and values were subtracted from the sneamen at 450nm. Double values
of samples and standards wérally averagecandthe DKK1 protein content oBAL
fluids was calculated by intpolation onthe basis ofthe seven point DKK1protein

standard curve.

2.2.6 Statistical analysis

All numerical datare pesented as meanSEM. All experimental values were tested
for normal distribution and thendicated groups were compared usatgvo-tailed, un-
pairedtwo-sample ttestfor experiments with twgroups ofindependensamples. B-

sults were considered staitslly significant when p < 0.05.
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3 Resdts

3.1 Expressionof Dickkopf proteins and their receptors
in the lung

3.1.1 mRNA expression of Dickkopf proteins and their receptors

In order to quantifyhe relativeDickkopf (DKK) mMRNA expression levels idonor and
IPF lungs, quantitative (qQ)RPCR was performed on whole RNgolates of human
lung tissue homogenates. Sdegpfromdonors and IPF patients were compared kgar
ing their expression 0DKK1-4 (n=10, each)As demonstrated ifigure 5A, the mRNA
of all four DKK proteins was detected in donor as well as in IPF specimens. While
DKK3 presented the highesdlativemRNA expressiotevel, DKK4 showed the lowest
MRNA expression in both, donor and IPF tissue sam@@sparison of IPRRnddonor
lungsrevealedsignificart differencesn therelativetranscript levelsWhile DKK1 and
DKK4 presented significanty increased mRNA expression tine fibrotic lung tissues

( eeae@eant SEM): DKK1: 0.85 + 036 andDKK4: 2.09 + 088), DKK2 mRNA was
significantly decreased aeae @94 + 034). The transcript levels oDKK3 did not
show a significant altetion ( aese G.@2+ 0.85).

The relative mMRNA expression levels of the DKK receplows density lipoprotein
receptosrelated proteinLRP) 5 and 6 and KremerKRM) 1 and 2 were »amined
likewise. As depicted infigure 5B, all examinedreceptors were detected donor as
well as n IPF tissues. In both groupsRM2 presented a lower basal expression level
thanKRM1 and theLRP receptors. While the expressionkiRM1 mRNA in IPF san-
ples was significantly increased comparedh®donor tissus (seee C1.31 + 0.8), ex-
pression levels dKkRM2, LRP5andLRP6were not significantly alterefl se se RRM2
119+ 0.72,LRP5 0.06+ 063 andLRP& 0.03 + 0.37).
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Figure 5. MRNA expression of Dickkopf OKK), low densty lipoprotein receptor-
related protein (LRP) and Kremen (KRM) in donor and IPF lung tissue.
The mRNA expression @KK1-4 (A) and of the receptotsRP5 LRP§ KRM1 andKRM2 (B)
was analyzed immumanlung tissuehomogenates derived frodonoss (open barsand IPFpa-
tients (black bars) by quantitative (Q)FICR. Resultsf both groupgn=10, eachare shown as
relative mRNA expression compared to the reference ¢*RRT1( pCt ) , and presente
mean = SEM, * = p < 0.05.

3.1.2 Protein expression of Dickkopfand Kremen

In order to examine whether the altered mMRNA expression levels resultaredifesn
protein expressior\Western bot analysis was performed on whole proteitrasts of
donor and IPF lung tissue homogenates (n=5, ealid. expression of the DKK

proteirs 1, 2 and 4, as well as of KRMandKRM2 was investigatedAs depicted in
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figure 6A, Westernblotting revealedenhanced levels of all investigated DKK proteins
in IPF. These results were confirmed Hgnsitometricquantificaion of the respective
protein immunoblots(figure 6B). Accordingly, DKK1 and DKK2 protein expression
was significantly increasedn IPF samplescompared to donor sample®Il change
(ODgpr) / OD(gonor) + SEM: DKK1: 1.45+ 0.09 andDKK2: 1.99 + 0.B). DKK4 protein

was not detected in donor tissuengées at all.

A. donor IPF
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Figure 6. Protein expression of DKK indonor and IPF lung tissue.

(A) Expression ofthe proteinsDKK1, DKK2 and DKK4 in humanlung tissue hanogenates
derived fromdonoss and IPF patient§=5, each) was determined Nyesternblot analysisof

whole protein extractsAntibodies were used as inda t eadtin sebved as loading control.
Proteinimmunoblots were carried out twice, a representative blot is si{B\ihe denstome-

ric analyss of therespectivgproteinimmunobots areshown.The relativeoptical density(OD)

(optical densityofindic at ed pr ot ei n Hactidopding coatrd) is gresanted fory o f
donor (open bars) and IPF (black bars) tissueaeen+ SEM. DKK4 protein was not detected

in donor tissue samples, the respec@®i2 was not availablén/a). * = p < 0.05.

The DKK receptorskRM1 and KRM2 were detectedn lung tissue homogenatesf
both, donors and IPpatients figure 7A). Both proteins depicted high intragroup
variability of expression levels. Whilthe densitometric analysis of KRMgroteinre-

vealed asignificantly increasedxpressiorin IPF tissue samplegODgpr) / ODdonor):
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1.92 + 0.®), the expression of KRM2 protein was not significangdliyered((ODpr) /
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Figure 7. Protein expressionof KRM in donor and IPF lung tissue

(A) Expression othe proteindKRM1 and KRM2 in humanlung tissue homogetesderived

from donors and IPF patientg=5, each) was determined by Werst Hot analysisof whole

protein extractsAntibodies were used as ieda t eadtin sebved as loading contréirotein
immunoblots were carried out twice, a representatioe is shown.(B) The denstometric
analyss of therespective protein immunddis are shown.The relativeoptical density(OD)

(optical densityofindic at ed pr ot ei n Hactidopding coatrdl is gresenged fory o f
donor (open bars) and IPF (black barsgues asneant SEM, * = p< 0.05.

3.2 Localization of Dickkopf proteins andtheir receptors

in the lung
After investigationsconcerningthe expressiorprofile of Dickkopf proteins and repe

tors on mRNA and protein level, their actual localization in the human lung was exa
ined. mmunohistochemical stainings were performedionorandIPF lungtissuesec-
tions in orderto identify cellsthat ae actually expressinghese proteins. Antibodies
with reasonable and reproducible staining reswbuld be found for DKK1 anBKK4

as well as for the receptors LRP5, KRM1 and KRM2. Stainings penfermedat least
twice using three different donor andHRungtissuedor each antibodyRepresentative

bronchid (A) and alveolar (B) regions are presentdd demonstrated ifigure 8A,
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DKK1 was mainly located in bronchial epithelial cells in donor (left panel) and IPF
lungs (right panel), with a pronouncadcumulation of DKK1 in basal bronchial eth

lial cells figure 8A, arrows). InIPF lungs, DKK1 was furthermorecaed in hype-
plastic alveolar epithelial celldigure 8B, right panel, arrows). Besides, gramytes
presented staining of DKK1 protein both, donor and IPF lung tissue sections (best
recognizable iriigure 8B, left panel).

A.

Figure 8A. L ocalization of DKK1 protein in donor and IPF lung tissuei

bronchial regions.
Immunohistochemical staininigr DKK1 proteinwasperformedon lung tissue sections ofod
nors and IPF patients. Stainings were performed at least twice using three different donor and
IPF lungtissues Representativbronchial regions of donor (eft panel) and IPF (ight panel)
lungs are shown in three gpafications as inctated. Arrows indicate basal bronchial epithelial
cells.
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Figure 8B. L ocalization of DKK1 protein in donor and IPF lung tissuei

alveolar regions.
Immunohistochenaial stainingfor DKK1 proteinwas performean lung tissue sections ofod
nors and IPF patients. Stainings were performed at least twice using three different donor and
IPF lungtissues Representativealveolar regionsof donor (eft panel) and IPF ight panel)
lungs are shown in three magnificatioas indicated Arrows indicate hyperplastic alveolar
epithelial cells.
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DKK4 protein was largelylocatedin bronchial epithelial cellgfigure 9A) andto a
slighter extent innterstitial cells,in donor as well ag1 IPF lungtissues (figure 9A and
9B). In comparison to DKK1, DKK4 expression exhibited a more equal {aqézdl
intensity in the bronchial epitheliunfigure 9A), whereas its general expressiotitgra
was scattered. As depictedfigure 9B, DKK4 was strongly expressed in leyplastic
alveola epithelial cellan IPF (figure 9B, right panel, arows).

A. DKK4

-":':";.’v. .

Figure 9A. Localization of DKK4 protein in donor and IPF lung tissuei
bronchial regions.
Immunohistochenaial stainingfor DKK4 proteinwas performean lung tissue setions of -
nors and IPF patients. Stainings were performed at least twice using three different donor and
IPF lungtissues Representativebronchial regions of donor (eft panel) and IPF (ight panel)
lungs are shown in three magnifications asdatéd.
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B. DKK4
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Figure 9B. Localization of DKK4 protein in donor and IPF lung tissuei

alveolar regions
Immunohistochenagial stainingfor DKK4 proteinwas performean lung tissue sections ofod
nors and IPF patients. Stainings were performielkast twice using three different donor and
IPF lungtissues Representativalveolar regionsof donor (eft panel) and IPF ight panel)
lungs are shown in three magnifications asidated. Arrows indicate hyperplastic alveolar
epithelialcells.
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LRP5 receptor was detecteid the bronchial ephelium of donor figure 10A, left

panel)andIPF tissues (figure 10A, right pane), with predominant staining of suptan
clear egionsin columnarbronchial epitheliakcells figure 10A, left and right panel,
arrons). In IPF, LRP5was slightlyexpressed in hyperpliés alveolar epitheliakcells

(figure 10B, right panel, arrows)Moreover immune cells presented stainingLd&RP5

in donor and IPF lung tissue sections (best recognizalilgure 10B, left pane).

A.

Figure 10A.  Localization of LRP5 protein in donor and IPF lung tissuei
bronchial regions
Immunohistochengial stainingfor LRP5 proteinwas performedn lung tissue sections ofod
nors and IPF patients. Stainings were performddaat twice using three different donor and
IPF lungtissues Representativebronchial regions of donor (eft panel) and IPF (ight panel)
lungs are shown in three magnifications as indicated. Arrows indicate supranuclear staining in
columnarbronchial epthelial cells.
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Figure 10B.  Localization of LRP5 protein in donor and IPF lung tissuei

alveolar regions.
Immunohistochenaial stainingfor LRP5 proteinwas performedn lung tissue sections ofod
nors and IPF patients. Stainingen performed at least twice using three different donor and
IPF lungtissues Representativalveolar regionsof donor (eft panel) and IPF ight panel)
lungs are shown in three magnifications asidatéd. Arrows indicate hyperplastic alveolar

epithelid cells.
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The DKK-binding receptor&RM1 and KRM2could also be detected in the lung tissue
sections. In detail, KRM1 protein was expresséd bronchialepithelial igure 11A)
and smooth muscle cells (best recognizablggre 11A, right panel, arra) in donor
andin IPF lung. In IPF,the bronchial epithelium displayedh&terogeneous stang
pattern figure 11A, right panel) and hyperplastic alveoégoithelialcell regions showed
expression of KRMrotein(figure 11B, right panel, arrow). KRM1 waslso foundin

alveolar macrophages (best recognizablegure 11A and 11B, left panels).

A.

="

[ = lehse

Figure 11A. Localization of KRM 1 protein in donor and IPF lung tissuei
bronchial regions.
Immunohistochenaial stainingfor KRM1 proteinwas performean lung tissue sections obd
nors and IPF patients. Stainings were performed at least twice using three different donor and
IPF lungtissues Representativbronchial regions of donor (eft panel) and IPF (ight panel)
lungs are shown in thremagnifications as irndated An arrowindicates smooth muscle cells.
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Figure 11B.  Localization of KRM 1 protein in donor and IPF lung tissuei

alveolar regions
Immunohistochenagial stainingfor KRM1 proteinwas performeabn lung tissue sections ofad
nors and IPF patients. Stainings were performed at least twice using three different donor and
IPF lungtissues Representativalveolar regionsof donor (eft panel) and IPF ight panel)
lungs are shown in three magnifications asdatéd.An arrowindicates hyperplastic alveolar
epithelial cells.
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KRM2 proteinwasdetectedn bronchial epitheliatells figure 12A) in donor and IPF

lung tissue sectionsvith a more scattered expressiorthe IPF lung. Mucus residals
within the ejithelium and in the bronchial lumen also depicted intense staining when
they werepresenton the tissue sectiondigure 12A, right panel). In IPF, hypplastic
alveolar epithelial cells expressed KRtein(figure 12B, right panel, arow).

A. KRM?2

Figure 12A.  Localization of KRM2 protein in donor and IPF lung tissuei

bronchial regions.
Immunohistochenaial stainingfor KRM2 proteinwas performean lung tissue sections obd
nors and IPF patients. Stainings were performed at least weing three different donor and
IPF lungtissues Representativebronchial regions of donor (eft panel) and IPF (ight panel)
lungs are shown in three magnifications asdatéd.
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Figure 12B.  Localization of KRM2 protein in donor and IPF lung tissuei

alveolar regions.
Immunohistochenagial stainingfor KRM2 proteinwas performeabn lung tissue sections ofod
nors and IPF giients. Stainings were performed least twice using three different donor and
IPF lungtissues Represntativealveolar regionsof donor (eft panel) and IPF ight panel)
lungs are shown in three magnifications as indicaddarrow indicates hyperplastic bveolar
epithelial cells.

Immunohistochemicasdtainings of tissue sectiofiom furtherdonor andPF lungs as
supplement to the pictures illustrated here are depicteldapterl0.4for the respetive

antibodies
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3.3 WN T /chtenin pathway components in bronchial
epithelial cells

Immunohistochemistry detected DKK1 and DKK4 as well as their LRP and K&RM r
ceptorsto be largely locateth the bronchial epithelium of donor and IPF lungs. th o
der toinvestigate whethehuman bronchial epithelial cellagalso expresstherkey
molecules of thaVN T fcéitenin pathwayndwould therefore be basically capaldé
respoming to WNT and DKK stimulationthe human bronchial epithelial cell line
BEAS-2B wasexamined RNA isolates of this cell line were analyzed for their mMRNA
exXpr essi o rateoih sigiahhg pabhway components @&KK receptors by
gRT-PCR €igure 13A, B). Additionally, the expression o¥WNT and DKK ligands was
examined fijgure 13C, D). Two flasks of BEAS2B cellk were tested and values were
averaged. As depicted frgure 13A and 13B, mRNA ofthe examined WNT receptors
FZD1-4, of the WNT and DKK kding receptord RPS and LRP§ as well as of the
DKK receptorKRM1andKRM2wasexpressed by BEARB cells figure 13A). LRPS
andLRP6displayed the highest expression levels of these recefysomponens of

t he Waohiedinbsignaling cascade were expressed as well, with a high relative
MRNA expression ob-catenin(b-CAT) (figure 13B). Of the examined ligandsiqure
13C, D), WNT1 WNT7h WNT10h as well asDKK1 and DKK3 could be detected.
WNT1and WNTXOb mRNA was only expressed on low level8YNT3a DKK2 and
DKK4 did not show an evaluable mRNA expressiontlie BEAS2B RNA isolates
(figure 13C, D).
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Figure 13. MRNA expressionof WNT/b-catenin pathway components

in the BEAS-2B cell line
The nRNA expression of the recepsoFZD1-4, LRP5 LRPG KRM1 and KRM2 (A), of the
WN T fclitenin pathwaygomponentd-catenin B-CAT), GSK3 bLEF1, TCF3 and TCF4 (B)
and of the ligandsWNTL, WNT3a WNT7hh WNT10b(C) and DKK1-4 (D) was analyzed in
RNA isolates ofthe human bronchial epithelial cell I(FBEAS-2B by quantitative (q)RPCR.
Averaged results of 2 isolates algown as relative mMRNA expression compared to ther+efe
ence gen¢PRT1( o Candarepresented asneant SEM. WNT3a DKK2 and DKK4 mRNA
was notexpressed, respectigeCt v al u eagailable(n/a. no't
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3.4 DKK1 protein in bronchoalveolar lavage fluids

The present study demonstrated that DKK1 mRNA and protein expressiancreased

in IPF canpared to donor lung tissues and that DKK1 is largely located in basal bro
chial epithelial cellsTo investigate whether the epitheliacalization leads to ocecu
rence of DKKL in the bronchial lumerand whether there are measurable differences
between IF patients and healthgontrols in vivo, bronchoalveolar lavage fluids
(BALF) were analyzed Therefore,DKK1 protein was quantified irBAL fluids of
healthy vounteers (n4) andIPF patients(n=9) using arenzymelinked immunosorbent
assay(ELISA). As depcted infigure 14, DKK1 was expressed ithe BAL fluids of
both groups While DKK1 levels inthe BAL fluids of healthy volunteers showed a
comparatively small divergencthe levels found in BAL fluids ofPF patients were
widespreagvaryingup toa triplicationof theabsdute protein valudetween théowest
and thehighest DKK1 concentrationHowever the concentration of DKKproteinin
BAL fluids from IPF patients (mean SEM: 456 + 55pg/ml) was significantly in-
creased compardd the healthy controls (266 1 pg/ml).
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Figure 14. DKK1 protein concentration in bronchoalveolar lavage fluid

The DKK1 protein concentration in bronchoalveolar lavage 8§BIALF) of healthy wlunteers
(control group,open bar, n=4and IPF patientgblack bar, n=9)was quantified usingn en-
zymelinked immunosorbent assay (ELISAllhe concentration of DKK1 proteiis givenin
pg/mlandis presentedsmeant SEM. * = p < 0.05
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4 Discussion

Idiopathic pulnonary fibrosis is a progressive afadal lung diseasthatinducesstruc-
tural remodeling ofthe lungs @rchitecture causesrespiratory mpairment andimits
qualty of life *1*31%8 Dye to the restricted response to pharmaceutical treatments, lung
transplantation is currently the only optiprovento notably prolong survival of IPF
paients'*?1®® The mechanism®f IPF have not been fully elucidated yatdnew in-
sights nto the pathogenesis may prommigrovement®f therapeutic stragies

Recent studies have highlighted an involvemendfT/b-catenin signalingn IPF. So

far, anaberrant reactivation of this developmentahpaty in IPF lung tissudas been
demorstrated?®®®. WN T £céitenin signalingmay contribute to disease progression,
since knockout of the WNTatget geneMMP7 % as well asspecific inhibition of
WN T LcBienin target gene tacription®® or canonical pathway inhibition vid-
catenin small interfering RN in the bleomycinmouse modeattenuategulmonary
fibrosis Although limitations concerning the transferabiliby this animal modeto
some aspects of IPF pathobiology have to be taken into acédunbdulators of WNT
signaling r@resent an attractive target in IPF reseafditkkopf proteins with their
ability to bind WNT coreceptors of the LRP family belong to the best studied regulators
of WNT /-datenin signal transdtion *°*

An antifibrotic effect of XK 1 via WNT/h-catenin inhibition has already been reported
in mouse models afholestatic liver fibrosié® andrenal fibrosis’®>. However,the role

of DKK proteins in IPF hadot been addressed befoiiéherfore, the present study
focused orthe expression and localization of DKK proteins anditirecepors inthe

healthyadult lung andn the lungs oilPF patients

4.1 Altered expression of DKK proteins and their receptors
in IPF

The present study reveal regulation of DKK and&KRM expressionn IPF. ThemRNA
expression ofDKK1 and DKK4 wasfound to beincreased in IPF compared to donor
lung tissuesconsistent with elevated protein levelsDKK1 and DKK4 detected by
Wedern Hot analysis. The increase in DKK2 protein expressioweverdid not match
the decreaseddKK2 mRNA levels in IPF lungssuggesting differences tnangational

control mechanisms or protein stabiliit first appearance,naincrease oDKK1 and
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DKK4 in IPF lungsseens to contradictthe reported activation of WNB+/catenin gj-

naling in IPF, conslering theirWNT-inhibitory capability. Bit actually this finding is
consistentvith anincreased WNT activation, sin@kK1 #°322and DKK4 °**have

been idetified asdownstreamarget gengof the WNTb-catenin pathwayin terns of
anegative feedback mbanism For DKK2 andDKK3, feedbackmechanisms haveot

been demonstrated yet.

Since availability of DKK receptors in the lung tissue represents a basic requirement for
modul at i o ncatanih signiNglviafecreted DKK proteins, the present study
focused on the expression profile of thgseteins as well. In bothjonor and IPF
lungs, mMRNA expression dfRP5andLRP6 could be confirmed by qRPCR. Add-
tionally, LRP5 protein expressioand localizabn could be demonstrateay immuro-
histochemistry The pesence oLRP6 proteinin its phosphorylated forrm homogg-

nates of IPF and donor lungs been deribedbeforeby Western ot analysis™®.
KRM1andKRM2 mRNA andthe respectivgroteinsKkRM1 and KRM2could also be
detected, with an increasespressiorof KRM1 in IPFsamples

When interpreting the data, it has to be taken into account that mMRNA and proetein e
pression analyses were performed on lung tissue homogenates. As presence of DKK
proteins and their receptors is cell type dependent, expression levels are suthject t

cellular composition of each donor and IPRpke.

4.2 Localization of DKK proteins and their receptors in the
lung tissue

Immunohigsochemical analyses supplemehe dataderived from lung homogenates
with the actual, celtype dependent localizationagbern They revealedKK1 and
DKK4 to belargely lacatedin the bronchial epithelium in donor as well as in IPF lung
tissue sectionsAdditionally, hyperplastic alveolar epithelial cells in IPF exhibitad i
tense staiing for these DKK proteinsRegardingthe WNT-targetgene characteof
DKK1 and DKK4, this obseration is compatible witithe report on nucleds-catenin
accumulation and thereforgth active WNTb-catenin signalingvithin these cell$®. It
has to be mentmeed that the observed expression of DKK4 proigimconsistent with
the potein expressin pattern detected by Westerotbanalysis, which did not depict
DKK4 protein expression in theonor samplegdowever, ithas to be taken intconsd-

erationthat smples of different donors had to be used for the two experinreats;
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over different DKK4 antibodiesFor interpretation of the immunohistochemical data
presented inhe present stugyt has to be noted thatainings of donor and IPF tissue
sections arenot quantitatively comparahlsince exposure to the chromogen solu
was performed until red color staining for each section wlaarly visible under a 1
croscope.

Interestingly,immunohistochemicadtaining for the receptotRP5, KRM1 and KRM2
reveded striking similarities to the expression patn of their ownligands.All of the
investigated reqe#ors were predomanty locaed in the bronchial epithelim in both,
donor and IPF lungand additionally inhyperplastic alveolar epithelial cells inetffi-
brotic lungs This correspond to the observedexpressiorpatternof DKK1 andDKK 4

in the present study. Furthermore, these observations are in line with the prewaeusly r
ported expression patterns of WNT1, WNT8&d G S K 3vihosepresence in lunggt
Ste also included the gxxession bybronchial epithelial cells anbly hyperplastic ATII
cells in IPF lung&®. Additionally, the analysis of theuman bronchial epithelial cell
line BEAS2B in the present studgemonstrated thdtuman bronchial epithelial cells
are able to expressther key components of th&NT/b-catenin signalig cascadgeas
well. Taken togetherhese datandicatethat autocrine and paracrine effects of the s
creted DKK proteins arenost likely the major type of interference with WNT in the
lung epthelium.

The detection of KRM proteins the lung epitheliuninas to beevaluated irthe catext

of recent findingsWhile some authorsupport the theory of DKK, LRP and KRM
forming a ternary coplex that undergoes endocyto¥i$'® other authors favor the
mere binding of DKK to LRP without enhanced removal of LRP frit@ plasma
membrane as suffient mechanism of WNT inhibitiol{®. Additionally, recentinvest-
gationsin KRM-knockout mice and cultured cells have highlighted that KRMs are not
necessarily required foWNT modulation via DKK**®® Another studyin Xenopus
even suggested a Dkidependent role for KRM in WNT modulation via direct dbin
ing to LRP, as KRM was able to activate WNiTthe absece of DKK1%. Nevertte-
less,KRM receptorsbind DKK proteinst®**®°and their ability to enforce the WNT-i
hibitory function of DKK proteins has been demonstrat&t®: On that accounit has
been suggdsed that the exact impact of KRM on WNT modulation might depend on the
level of LRPexpressiomwithin the respective celf§®. The present study detectbdth,

KRM andLRP, in the lung eghelium. Thereforean involvement of KRMreceptorsn
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WNT moduldionof t he | un g sseemembablébatifurtred studies aré s
needed to elucidate this topic iatall.

Notably, the bronchial epitheliunpartially depicted a heterogenous expression pattern
for KRM1 andKRM?2, andhyperplastic alveolar epithelial ceils IPF only exhibited a
slight staining of LRP5. This emphasizes the importancéh@imicroenvironmersl
composition for WNT modulatiorin vivo. LRP5 additionally revealeda distinct
supranuclear acmulation in bronchial epitheli cells.This may be indicative dfIRP5
containing veicles ands possiblylinked to internalizdion processesvhich have b
ready been reported for LRP@esides the presimed LRP6 endocytosisupon DKK

12,104,139;

stimulation in the context of WNT ihibition, further regulatory mechanisms of

the WNTh-cateninpathway thatare based on alterations of LRP6 internalizatiam pr
cessedave been describeRecent studies reported the internalization of L6

as well as thénhibition of its transcriptiori® upon stimulation with WNT3a. Furthe

more, the endocytosis &fRP6 in Xenopuswas suggestetb beinhibited by KRM °°,
butthere areonverse bservatioss in transfected human cell lin¥s

Based on the distinct supranuclear localization of LRP5 demonstrated in the present
study, similar internalizationand regulatiorprocesses should be taken intmsidea-

tion for LRP5 in the bronchiapithelum.

4.3 DKK in the conducting airways

SinceDKK proteinswere largely locatedh the lung epithelium, the present study
vestigated whther theyappearin BAL fluids. DKK1 protein contentvas asessedus-
ing an enzymelinked immunosorbent assdiLISA) andcould be detected in all 5a
plestested Interestingly, DKK1 exprasion was significantly increased in BAL fluids of
IPF patients wheeompared tdBAL fluids of healthy volunteetsThis result is in line
with the demonstrated increase of DKK1 mRNA and protein levels in IPF INegs:-
theless,it has to be mentioned that teudy hadimitations that have to be considered
when interpraehg the dataSincetotal cellnumberand protein content of the BALWH
ids is an uncontrolled factor ithis experimentthe increasein detected DKK1could
also rdlect a higha occurence of bronchial epithelial cell debris. Another important
concernarnsesfrom the DKK1 &pression pattern revealed by immunohisgmistry,
wherebesides in the epithelium, staining was alpoesentin neutrophil granulocytes. It

remains uncleawhetherthis finding depicts an endogenous expression, IS aeeons
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guence of the phagocytic capability or is just ammant of endogenous peroxidase
activity. These considerations are of intereas neutrophils are knowrto be increasg

in BAL fluids of IPF patients. In someof the other immunohistochemical experiments
performedin the present study, immonureactive cells depicted staining agforedx-
ample localization of.RP5 (igure 10B, left panel) and KRM1figure 11A and 11B,
left panels)) Therefore an insufficient quenching of peroxidase actiwvityhe study
protocol might after all be the cause far staining of the neutphils. More detailed
studies areequired for definite evaluation of thessues.

So far,BAL fluids are of subordinate use for tdmgnosis of IPF. In some casie
examination of BAL fluidcancontribute tothe exclusion of differentiatliagnoses**:
Interestingly, preious studiegeportedthat the insulinlike growth factor binding -
tein 4 (IGFBP), which has recently been identifieab inhibitor ofthe WNT/b-catenin
pathway'®> and MMF7, another WN7b-catenintarget®’, are alsoincreased irBAL
fluids of IPF patients*"*** It is furtherprominentthatbothproteinsare located ifasal
bronchial/ bronchiolarepithelial cells according to the localization pattern of DKK1 in
the present study

4.4 DKK proteins and their receptors in the lung epithelium

The lung efihelium is of crucial interestfor pathogenesis and disease pregian in

IPF, since repetitive epithelial microinjuries and inadequate repair mechanismsare co
sidered asssentiaimechanisra of the fibrosing proces$*2 Altered phenotypes of
alveolar epthelial cells as well as of the bronchiolar epithelium are fregifiedings in

&144and theyhave been associated wiahnomal WNTh-catenin gj-

IPF lung tissue
naling®®. The presenstudyrevealedhe expression of DKK proteins and their retes
in the lung epitheliunandraises interesting questions about their influence on the cell

type dependenhcrease ofVNT/b-cateninpathwayactivetion in IPF.

4.4.1 DKK proteins and their receptors in alveolar epithelial cells

The present studgentified expressionf the WNT modulators DKK and KRNh hy-
perplastic alveolar epithelial celts IPF ptients Alveolar epithelial cells (AEC) can be
divided in type | cell{ATI), thataccount for 996 of the AEC cellsand type Il cells
(ATII), that account for 36 of the AEC cels *’®. The function of ATll cells, which
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among other capabilities are able to serve as prugaslls for damaged ATI celf§®

is impaired in IPF“2 Abnormal ATII cell proliferation, ATIl cell apoptosis next to
fibroblast foci and a hyperplastic phenotype of ATII cells are common findings in IPF
lung histobgy ®°**2*** Furthermorethe alveolar ephelium and especiallyATI! cells
are an important source of cytokings;luding profibrotic mediator¥”*4*!4¢ Togeher
with a dysregulation of apoptmt processes angfailure in alveolar reepithelidization,
thesemediators arsuggested to contribute toe fibrosing pocess*®**® An enhanced
ATII cell proliferation has beerepoted in amouse model of bleomycin inducedi-
monaryfibrosis® and in motherrecent studythe targeted injury of ATII cellm trars-
genic micenducedthe occurrence dfing fibrosis*>2

For the abnormal hyperplastic ATII cell type IPF, a nuclear accumulatin o f b
catenin indicatig an ativation of theWNT/b-catenin pathwahas already been repor
ed?®. This observatin seems to be rathepecific to alveolar injury than disease
specific, since nucledr-catenin accumulation also occurs in other lung diseasegdha
along with alveolar damadé& Additionally, components othe WNT b-catenin pat-
way as wellas some of the WNTs themsehasowanincreased expression in primary
ATIl cells of IPF patient§®.

In the first place,hte expression of DKK proteins in the hyperplastic cell typserved
by the gesent studyorrespondto the previously describedlct i vati on- of t he
catenin pathway within these celnsideringthe targetgenecharacter of DKK1 and
DKK4. But the DKK proteinsmay additionally be of interest in tlaitocrine or pa-
crine reguation of alveolar epitheliakell proliferation as theywere able tanfluence
the proliferation ofthe human alveolar epithelial cell lif49 in a recentstudy pe-
formed by our workgroup™. A549 cellspossessharacteristicof alveolar epithelial
type Il cells® and WNT3aresponsieness of A549 ckl has been demonstrated-b
fore 8% The proliferation of this cell line wastreased upon WNT3a stimulatith
These data wersupplementedy detection ofa dose dependant inlion of WNT-
induced A549 cell proldration byDKK1 3 Interpretation of thesessultsis limited
by the usage of a cell lindespecidly A549 epithelial cellswith their adenocarcino
matous origin may depietn altered cellular respongpon WNT and DKK stimulation.
A goodpossibility b clarify the impact of DKK proteinen alveolar epitheliatell pro-

liferation would certainlybethe stimulation of isolated priary ATII cells.
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4.4.2 DKK proteins and their receptors in the bronchial epithelium

4.4.2.1 Proliferation and repair of the airway epithelium

In contrast to other epithelia like those of gut and skin, which exhibit a high cellular
turnover, he unimpaired lug epithelium is renewing slowf}°*** However, the @-
liferative activity can be markedly incressin case of epithelial injury**® The e-
generatingstrategies of the airwagpithelum are still not fully elucidatedMost of the
currentknowledge is based dnjury models performed in mic&°%'% |t is assumed
thatseveral resident cetlopulations can serve as potential progenitors for the luRg ep
thelium and possibly, but controversially debated, also somelowat cell types such

as bone marrow deréd stem cells?2%1%

The resident progenitor cells include several cell types that are located at diffenent co
partments of ta lung.As mentioned aboveATll cells are progenitor cells located in
the alvedi °°19°1%3 But besides the repair mechanisms of the alveolar cell compartment,
epithelial proliferation and repair gesses of the conducting airways are of interest for
IPF pathgenesis as well. Bronattar lesions and basal cell abnormalities including
basal cell hyperplasia and abnormal bronchiolalifpration are frequent and specific
findings in IPF when compared to other diffuse parenchymal lung disBaseshe
bronchioles, specifitypes ofClara cellsseem topossess proliferative capacity after
epithelial injury*®®® At the bronchoalveolar junctiofiurther cells that express Clara
cell and ATII cell markers (bronchioalveolar stem cells, BAG&)e been suggestéml
serve as epithiell progeniors®, but their existence is critically discuss&dAddition-

ally, multipotent relent stem cellfave recently been identified inetldistal airways

of adult human lungsThese cells were able to generate bronchioles, alveoli and-vasc
lature after injection into cryoinjured mouse ludgdn the tracheal and bronchialiep
thelium, basal cells and cells that originate from submucosal airway glanseearas
potential progenitor paulations®**% It was proposed that ciliated cells themselves
could serve for epithelial regeration by transdifferentiatiolt®, but there areonverse
findings .

The present study identified Dickkopf proteins and their receptors to be largely located
in the bronchial epitheliumA n i mp a c t -cateriin sighdlihg dregeneratiorand
proliferationof the bronchial andoronchiolarepithelium is recently under discussion.
Concerning the bronchiolar epitheliurmne recent studyepoted theWNT/b-catenin

pathwayto be activated duringpithelialregeneration and to promote arpansion of
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brondoalveolar stem cellst the bronchoalveolar junctidfi. Converselyanothempub-
lications t a t e datenih @atway @ctivation isiot necessary fdsronchiolar epitb-
lial proliferation orrepair mechanism€°. Concerning the bronchial epitheliymn in-
creasechuclearaccumulation ob-cateninindicating an activatediVN T fcéitenin gjj-
naling pathwaywas detecteéh anin vitro model of bronchial epithelial pair **®. The-
se studies wergerformedusinghumanbronchial epithkal cell linesas well aprimary
human bronchial epithelial celts®.

Therefore DKKproteinsas mo dul at o r-satemnf sigialng caseadd areb
interestconcerningthe regulation of maintenance and regenerationcggeesn the
bronchial andbronchiolarepithelium.In the present study]laf the investigatedKK
proteins and receptors were located in bronchial epithelial cellsnaerstingly, DKK1
depicted a pronounced and distiactumulation in basdronchal epithelialcells, one

of the cell populations considered as epithelial pragen

4.4.2.2 DKK1 in basal cells of thebronchial system

The function of basal cells alronchial epithelial pogenitors was examined in

mice®®* as well as in am vitro assay of primary human basal bronchial epithelial

136 A subset of them isonsideredo be capable of generating a differentiated ai

cells
way epthelium after epithelial injury®*® Basal bronchial epithelial cells can be found
throuchout the conducting airways of the humamduincluding the bronchioles, but
occurless frequentlyn the distalparts of the bronchial tréé®**® Particularly with e-
gard to the small airwayshis cell populatioras gained interest in IRfstgpathol@y.
Proliferative bronchiolar abnormalitiesere demonstrated to be specific findings in IPF
lungs when compared to other IIP destand healthy lung tissG& Those abnormal
ties includedatypical and hyperplastic basal bronchiolar epithelial caiswell as an
abnormal occurrencand superficial location of basal celisthe bronchoalveolgunc-
tions®?® These areashave been connected tthe formation of characteristic
histomorphologicalkchanges in PF lungs like honeycomb cystgdilated bronchioles
and bronchiolizatior{ectopic localization obronchiolarepithelial cellsin the alveolar
spacef>?® Furthermorethose lesions andspecially the basalell populationpreseir

ed an accumulation of nucleércateninand anelevatede x pr essi on -of

catenintarget gene MMP7, indicating an activation of this signalirsgade?.

t

he
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Immunohistochemical stainingé$ the present studevealedan accumulation 0DKK1
protan in basal epitheliatells of donor and IPFRungsandbrought up the quson ona
possibleinfluence of DKK1 on bronchial epitheliatell proliferaion. It could be
demonstrated thahe human bronchial epithelial cell liBEAS-2B expes®s MRNA
of majorconponent s o fcatanih pathwéalnd of the DKK recefors Thee-
fore bronchial epithelial cellseem to be abl® react on WNT and DKK stimation. In
consequence of the findings of the present study, our workgroup perfoxpertheents
on the prolifeation of BEAS2B cellsandcould demonstrate a dostependent regat
tion of WNT-induced BEAS2B cell proliferation by DKK1**%. Stimulation with
Wnt3acaused an grease of BEASB cell proliferationand this effect could be i
ited by high concentrations of DKK1Jnexpectedly,dw cancentrations of DKK1 alone

131 \Whether this effect is acoo

led to an increase in prolifaran of BEAS2B cells
plished byb-catenin pathwaynduced proliferation or is a WNTHeateninindependent
actionof DKK1 remains uncleart was showrthat DKK1 possesesWNT/ {oatenin
independent functionin the embryogenesis ofenopus® and canalso modulatenon

19203nd n

canonical WNT sigaling what could bedlemonstrateth Xenopusembiyos
human mesothama cell lines”.

Theresults suggest that DKK proteinsgay be of interest fathe molecular mechanisms
underlyingproliferation andmainenanceof the bronchial epitheliurandespeciallyfor

IPF histopathology where aberrantly activated canonical WNT signaling is found at
sites of atypial and proliferative basal epitheliaéll phenotype$®. However, interpe-
tation of theresultsis limited by the usage ofcell line. Asdemonstrated bthe present
study, the mRNA expression profile of BEAB cells does not exactly reflect the-e
pressiono f  WRNcaténim and DKK components donor lungs revealed by immomn
histochemistryBEAS-2B cellsexpress.RP5 KRM1 and KRM2 mRNA accoding to
theimmunohistochemical localization of the respective protgirtee bronchial epitb-
lium. They also express mRNA &by componentsf the WNT -gatenin padiway like
b-catenin andGSK3p, consistent witha previous report orthe localization of theer
spective proteini bronchial epithelial cell&’, But BEAS-2B cellsexhibit some diffe-
encesconcerningthe expressiopatternof the ligandsvhen compared to the bronchial
epithelium of an adult lungi/NT3awas not detected in BEAZB RNA isolatesin the
present studybut WNT3a proteincould beidentified in selected bronchial epithelial
cells of donor lung tissues by immunohistochemistrg pevious experimert. Like-

wise, BEAS2B cells did not expres®KK4 mRNA, while immunohistochemical
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stainings ofthe present study identified DKK4 protein to loedted in the bronchial
epithelium of the adult lundasically, hesefindings should not influence the capébi
ity of BEAS-2B cellsto react on WNT or DKK stimulatiorut theyindicate diffe-
ences between this cell line and an entire bronchial epithelium. Therefdherfstal-
ies will have to be performed to elucidate the influence of DKK1 on bronehil
bronchiolarepithelialcell proliferation Proliferation asays onprimary basalbronchial
epithelial cells woulccertainly contribute to a better understiang of WNT and DKK

function in epithelial cellproliferation in vivo.

4.4.2.3 Basal bronchial epithelial cellsand malignancies

Besides their physiologi@l proliferative apacity, basal cells are considereaagin of
squamous metame and dysplasia, which anegarded as facultativpreneoplastic
lesiors for the squamous cell cainoma(SCC)of the lung'”® Therefore, the distinct
expression oDKK1 in basal bronchial epithali cdls and its influence on bronchial
epithelial cell proliferatiommight also represeniterestingaspecs for lung cancer e-
search Especially sincanonsmaltcell lung cacinomas(NSCLC), including SCChave
already been associated widim actiation of WNT signaling®’*°'®© WNT1 and

H177and WNT1was con-

WNT2 werefound overexpressed someNSCLCs/ SCC
nected to NSCLC proliferatioff. Ot h e r C 0 mp 0 n e n-taseninopathwayh e
like Dishevelled 3 PSH3) andlymphoid enhancebinding factor 1 (EF1) were ove-
expressed as well*®? while the WNT inhibitorsWNT inhibitory factorl (WIF1) and
secreted frizzledelated proteinl (SFRPJ) were frequentlyfound downregulatedin
NSCLC tissue§>46-109110.186 themore, a inhibition of WNT1 and WNT2proteins
could nduce apoptosis dISCLC cell line*'"” DKK1 expressiorhas alreadypeen
found increased in several lung cancer samiplelsding SCC*">. So DKK1 as inhib-

tor of -darein dignalingnight be of particulainterest for the formation and
growth ofdysplasia and malignant transformations oftikealbronchialprogenitor cell
popuktion.

Interestingly,metaplastic epitheliand in particularthe squamous mepdasia are -

quent findngsin IPF lungs™®>®

andthe squamous cell lung caronmais a frequently
observed histological typef lung cancein IPF patient$'”". Squamous metaplasia and
invasive carcinoma in IPF patiengse often locatedperipherally,in areas offibrosis

and honeycombing®>® a structural abnormality that has already been related to the

WNT/ b
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occurrence of atypical basal cells that depiceabnomala ct i vat i ocaterinf WNT/ b

signaling?®.

4.5 Conclusionsand future perspectives

Aim of the present studwas toexaminethe expression and localization die WNT
modulatoryDKK proteins and theit RP and KRMreceptorsn the adult lung and in
IPF patientsExpression of these proteins could be confirmed in brémined groups
DKK1, DKK4 and KRM1expressiorwas significantly increased in IPRung tissue
homogenates®n the mRNA as wellas on therotein level The enhanced expression of
the DKK proteins underlinesin aberrant WNT-catenin pathway activation IPF, as
they are known target genes of this signal transduction ca¥t&dé&**°However this
established negativieedbackloop does notseem to be sufficient to effecély inhibit
the abnormahctivaion of WNT/ {oateninsignaling in IPF.Since DKK poteins and
their receptorsare mainlyexpressed in the lung epithelium, thentogenate derived
data aresubject to the cellular composition of the sd@s.As a next stepghe results of
the pesent studyshould besuppgementedoy expressioranalyse onisolatedpulmonary
epthelial cells.

The lung epithelium ief essential interest for thEathogenesis and disease presjen
in IPF?>1431%3nd jt seems to be theenterof DKK induced WNT modulation, as it
expresses DKK ligandsandreceptorsTherefore autocrineandpararine effectsappear
to bethemajortypeof DKK interference with WNTin the lung

The distinct accumulation of DKK1 in basal bronchial epithelial catid its infuence
on bronchial epithelial cell proliferatiofi* underlinethis proteinasan inteesting e-
seach target concerning thmeaintenance and repair of the bronchial epitmeliuture
experiments shouldocus on DKK1 influence n IPF, where aberrantly activated
WNT/b-catenin signaling is present at proliferatilesions of atypical basalairway
cells?. Moreover, the influence of DKK1 on formation and growth of squamoss dy
plasia and squamous cell cax@ma of the lunghould be ddressed. &ture in vitro
studies should focus on primary basal ceflshe bronchial epitheliunto elugdate the
effects of DKK1 orbronchialepithelial cell prolifeation.

Therapeutic antifibrotic capabilitiesf DKK1 via inhibition of WNT have already been
stated in animal mdels of cholestatic liver fibrosfS andrenal fibrosis’®. Furthermore

theinhibition of WNT target gene transcription walsle to supresslung fibrosis in the
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bleomycin mouse mod&f®4'# Future in vivo studiesabout DKK1 in mice with
bleomycin induced pulmonary fibrosis coydssiblyrevealwhetherthis proteinpos-
sessesherapeuticcapabilities for PF, while limitations of this animal model concer
ing the transferabilityto some aspects t®F pathobiology*? will hawe to be taken into

account.



57
5. Summary

S5 Summary

Idiopathic pulmonary fibrosis (IPF) is a severe interstitial lung disease that caises d
struction of the lungsarchitecture by accumulation of scar tissue. The prognosis of IPF
is poor and currentlthe benefit ofphamaceutical treatment igery limited The
pathogenetic mechanisms underlying initiation and progression of the disease are still
notcompletey elucidated and are subject of current investigations.

An aberrant activation of the WNG-tatenin signaling phtvay in the lung tissue of IPF
patients has recently been reported and aniiindmbof this signal transduction cascade
wasdemonstrated to keble to attenuate bleomycin induced pulmonary fibrosis in mice.
The present study focused on Dickkopf (DKK) ios, potent modulators of the
WNT/b-catenin pathway. An antifibrotic effect of these proteins via inhibition of
WNT/b-catenin signaling has already bed#monstratedh mouse models afther f-
brosing diseasediowever,the roleof DKK proteinsin IPF hal not been ddressed
before. Therefae theaim of the present study was to investigared to compare the
expression and localization of DKK proteins and their receptwsdensity lipoprotein
receptosrelated proteir{LRP) andKremen KRM) in the undéfected adult human lung
and in IPF.

By quantitativereverse transcription polymerase chain reaction (f®R)and Wes

ern Hot analysis, DKK proteins as well as their LRP and KRM receptors were found
expressed irunaffecteddonorandin IPF lung tissug with a significantlyenhanced
expressiornf DKK1, DKK4 and KRML1 in the fibrotic lungs

Immunohistochemistry id#ified the bronchial epithelium of donors and IPF patients as
well as hyperplastic alveolar epithelial cells of IPF patients as major sources for DKK
proteins and theireceptorsin the lung tissueA pronounced and sliinct accumulation

of DKK1 was dxserved in basal bronchial dpelial cells, one of the cell populations
considered as epithelial progenitors.

Additionally, an enhanced DKK1 protein content was detected in bronchoalvewtar
age fluids of IPF patients lnenzymelinked immunosorbentsaay(ELISA).

Analysis of the human brohial epithelial cell line BEA2B by gRTFPCR demonstta

ed thatbesides the DKK receptorspther key components of tNMENT/b-catenin signia

ing cascadean be expressed by humanrmbial epithelial cells as well.

Taken togethethesedataindicatean autocriner paracrine mode of action for DKK at

the bronchial epitdium.
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In sunmary, DKK proteins and their receptors daegely locatedn the lung efthelium
and their expression is altered in IFGice animpairment of epitheliafunctionsis a
keyfeaure of IPF, DKK proteins may be of interefstr theunderstanding@f IPF patlo-

genesisaandfor treatmenstrategie®f this fatal lung diease.
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6 Zusammenfassung

Die idiopathische Lungenfibrose (IPF) ist eine schwerwiegameestitielle Lungene
krankung bei welcher durch Anhaufung von Narbengewebe die Lungenarchitekiur ze
stort wird. Die IPF hat eine schlechte Prognose und derzeéli¢idtiutzenvon medika-
mentdsa Behandlungn sehr begrenztDie Pathomechanismemwelche dem Beginn
sowie dem Fortschreiten der Erkrankung zugrunde liegjad immer noch nicht vbl
standig aufgklart und sindGegenstander aktuellen Forschung.

Es wurde bereitsiber eine dnormeA k t i v i e r u n geatetieSsgnaWegd imb
Lungengewebe von IPF Patienten berichtet und es konnte gezeigt werden, dass die U
terbindung dieseS8ignaltransduktionskaskade di¢eBmycininduzierte Lungenfibrose

in Mausen hemmt.

Die vorliegende Arbeihat die Dickkopf (DKK) Proteine betrachtet, bei welchen es sich
um potente Moduat or en -datesinSMdlvégd handelEin antifibrotische
Effekt dieser ProteinmittelsHe mmu n g d ecatenMB8ighaltrrsduktion konnte
bereits in MausModellen aderer fibrosierender Erkrankunggezeigt werdenDie

Rolle von DKK Proteinen in der IPWwar zuvor jedochnoch nicht untersuctworden

Ziel der gegenwartigen Studie wardsher die Expression und Lokalisation von DKK
Proteinen undderen Rezeptorehow Density Lipoprotein Receptaelated Potein
(LRP) und Kemen (KRM) in der nicht betroffenen Erwachsenenlunge und in der IPF
Lunge zu untersuchen und zu verghen.

Mittels quantitativerReal Time Polymeraskettenreaktion(gRT-PCR und Western

Blot Analyse konnte die Expression von DKK Proteinen und deren Rezeptoren im
Lungengewebe vonicht betroffenen fendern und IPF Patienten aufgezeigt werden,
wobei DKK1, DKK4 und KRM1 in den fibrotischen Lungesignifikant verstéarkt
exprimiert wurden

Immunhistochensche Untersuchungendentifizierten das Bronchialepithel vdspen-

dern und IPF Patienten sowie hyperplastische Alveolarepithelzellen von IPF Patienten
als Haupquellenvon DKK Proteinen und deren Rezeptoren im LungengewEbe.
wurde eine deutlich verstaekiAnhaufung von DKK1 in basalen Bronchialepietien
beobachtet, eine der Zellpopulationen welche als epitheliale Vorlauferzefieaeden

werden.
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AulRerdem wurde mittels es enzymgekoppelten Immunadgapstests (ELISA) ein
erhohter Gehalt an DKK1 Btein in bronchoalveolaren Lavageflissigkeiten von IPF
Patienten fagestellt.

Die Untersuchung der humandronchialepithelzellhie BEAS2B mittels gRFPCR
zeigte, dassulRer den DKKRezeptoren auch were SchlisseMo | ek ¢ | e des
catenin Signalwegs von humanen Bronchialepithelzellen exprimiert werden kdnnen
In der Ztsammenschau weisatiese Ekenntnisseauf eine autokrineoder parakrine
Wirkungsweiserzon DKK am Bronchialepithel hin

Zusammengefassteigen dieErgebnissealer vorliegenden Arbeitdass DKK Proteine
und deren Rezeptoraiberwiegendm Lungenepitheiorkommenund dass ihre ¥
pression in der IPF verandert ist. Da die Beeintrgahtyvon epithelialen Funktionen
ein Schlusselratkmal der IPHst, konnten DKK Proteine fidas Verstandnis déPF
Pathogeneseind fir Behandlungstrategiendieser schwerwiegenden Lungenerkra

kung von Intersse sein.

WNT/ £
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7  Abbreviations

A
AEC
AlP
APC
APS
ALAT
ATl cells
ATl cells
ATS
BAL
BALF
bp
BSA
C

°C
ca*
cDNA
CK
(6{0)
CO;
COP
Ct

D

dd
DIP
DKK
DLco
DNA
dNTP
DPLD
DSH
DTT
EDTA
EGTA
ELISA
EMT
ERS
FEV;
for
FVC
FzZD

g

G
GSK
h
H,0,
HEPES
HPRT

ampere
alveolar epithelial cells

acute interstitial pneumonia
adenomatous polyposis coli
ammonium persulfate

Latin American Thoracic Association
alveolar epithelial type | cells
alveolar epithelial type 1l cells
American Thoracic Society
bronchoalveolar lavge
bronchoalveolar lavage fluid

base pair

bovine serum albumin

cytosine

degree Celsius

calcium

complementary deoxyribonucleic acid
casein kinase

carbon monoxide

carbon dioxide

cryptogenic organizing pneumonia
threshold cycle

delta

double distilled

desquamative interstitial pneumonia
Dickkopf

diffusing capacity of the lung for CO
deoxyribonucleic acid
deoxynucleoside triphpsate

diffuse parenchymal lung disease
Dishevelled

dithiothreitol
ethylenediaminetetraacetic acid
ethylene glycol tetraacetic acid
enzymelinked immunosorbent assay
epitheliakmesenchymal transition
European Respiratory Society
forced expiratory volume in 1 second
forward

forced vital capacity

Frizzled

gram

guanine

glycogen synthase kinase

hour

hydrogen peroxide
2-[4-(2-hydroxyethyl)piperazinl-yllethanesulfonic acid
hypoxanthineguanine phosphoribosyltransferase
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HRCT
HRP
IgG
IGFBP
IHC
P
ILD
IPF
JNK
JRS
kDA
KRM

I

LEF
LIP
LRP

m

mm

M

M
MgC'Z
mmHg
min
MMP
MRNA
MuLV
n

n/a
NaCl
NCBI
no.
NSCLC
NSIP
O,

oD

P

Pav2 / Pacoz
PBS

PCR

q
gRT-PCR
RB-ILD
rev

RNA
rpm

RT

S

scc
SDS
SDSPAGE

high-resolution computed tomography
horseadish peroxidase
immunoglobulin G

insulin-like growth factorbinding protein
immunohistochemistry

idiopathic interstitial pneumonia
interstitial lung disease

idiopathic pulmonary fibrosis

c-Jun Nterminal kinase

Japanese Respiratory Society

kilo (10°) Dalton

Kremen

liter

lymphoid enhancebinding factor
lymphoid interstitial pneumonia

low density lipoprotein receptaelated protein
milli (107%)

millimeter

mol/I

micro (10°)

magnesium chloride

millimeter of mercury

minutes

matrix metalloproteinase

messenger RNA

murine leukemia virus

nano (10)

not available

sodium chloride

National Center for Biotechnology Information

number

nonsmalkcell lung cacinoma
nonspecific interstitial pneumonia
(di)oxygen

optical density

pico (10%?)

partial pressure of O CO; in the arterialized ear lobe bloodgale

phosphate buffered saline
polymerase chaireaction

guantitative

quantitative reverse transcription PCR

respiratory bronchiolitiassociated interstitial lung disease

reverse

ribonucleic acid

rounds per minute

reverse transcription / reversanscriptase
seconds

squamous cell carcinoma

sodium dodecyl sulfate

SDS polyacrylamide gel electrophoresis
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SEM
SFRP
stdev
TAE
TCF
TGF
TEMED
TLC
Tris

U
UDG
]|
uv

V

VA
VC
viv
WB
WIF
WISP
wi/v

standard error of the mean
secreted frizzledelated protein
standard deviation

Tris, aetic acid and EDTA
T-cell-specific transcription factor
transforming growth factor
tetramethylethylenediamine

total lung capacity
trishydroxymethylaminomethane
enzyme unit

uracitDNA glycosylase

usua interstitial pneumonia
ultraviolet

volt

alveolar volume

vital capacity

volume fraction

Western bot

WNT inhibitory factor

WNT 1-induable-signaling pathway protein
mass concentration (masgalume percentage



64
8. List of figures

8 List of Figures

Figure 1.

Diffuse parenchymal lung diSEASES...........ccccuummiiiiimeeiie e 1
Figure 2.

Histological and radiological @macteristics of IPE..............ccooiiiie 3
Figure 3.

WN T £céitenin signaling pathway............occuveeeeiiiiic e
Figure 4.

Mechanism of DKK interference with WINT..........cccoiiiiiiiiiimcce 10
Figure 5.

MRNA expression 0DKK, LRPandKRMin donor andPF lung tissue................... 29
Figure 6.

Protein &pression of DKK in donor ankiPF lung tiSSUe..............uvvvvveiiiisicceennnnnnnns 30
Figure 7.

Protein epresion of KRM in donor andPF lung tiSSUE...............vvvviiiiiiiceeiininnnns 31
Figure 8A.

Localization of DKK1 protein in donor and IRng tissudé bronchial regions........ 32
Figure 8B.

Localization of DKK1 protein in donor and IPF lung tis§uaveolar regions.......... 33
Figure 9A.

Localization d DKK4 protein in donor and IPF lung tissudronchial regions........ 34
Figure 9B.

Localization of DKK4 protein in donor and IPF lung tis§ugveolar regions.......... 35
Figure 10A.

Localization of LRP5 protein in donor and IPF lung tiséleeonchial regions......... 36
Figure 10B.

Localization of LRP5 protein in donor and IPF lung tisEadveolar regions........... 37
Figure 11A.

Localization of KRM1protein in donor and IPF lung tissuéronchial regions....... 38
Figure 11B.

Localization of KRM1 protein in donor and IPF lung tis$usveolar regions......... 39
Figure 12A.

Localization of KRM2 protein in donor and IPF lung tissugronchial regions....... 40
Figure 12B.

Localization of KRM2 protein in donor and IPF lung tis$uaveolar regions......... 41
Figure 13.

MRNA expression of WNTBtcakenin pathway componenits theBEAS-2B cell line.43
Figure 14.

DKK1 protein concentration in bronchoalveolar lagdlyid....................................44
Figure 15.

Localization of DKK1 protein in donor and IPF lung tissue...............................788
Figure 16.

Localization of DKK4 protein in donor and IPF lung tissue.............cccccceeevveeeee . 799
Figure 17.

Localization of LRP5 protein in donor and IPF lung tissue..........cccccoeeeivieeeeeeenns 80
Figure 18.

Localization of KRM1 protein in donor and IPF lung tissue.............ccccccvvvenen. 811
Figure 19.

Localization of KRM2 protein in donor and IPF lung tissue.............ccccccvvveenn. 822


../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696782
../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696782
../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696783
../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696783
../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696784
../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696784
../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696785
../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696785
../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696786
../Doktorarbeit%202012/finale%20PDF%20Dateien/Thesis/Thesis%20schriftlich%20aktuell/Dr.%20Juni%202013%20komplett%20mit%20Anahng.doc#_Toc357696786

65

9. References

10.

11.

12.

13.

14.

15.

16.

17.

References

American Thoracic Society. Idiopathpulmonary fibrosis: diagnosis and trea
ment. International consensus statement. American Thoracic Society (ATS), and
the European Respiratory Society (ERS). Am J Respir Crit Care Med 161:646
664, 2000

American Thoracic Society/European Respiratoryi@gcinternational Mult
disciplinary Consensus Classification of the Idiopathic Interstitial Pneumonias.
This joint statement of the American Thoracic Society (ATS), and the European
Respiratory Society (ERS) was adopted by the ATS board of directors, June
2001 and by the ERS Executive Committee, June 2001. Am J Respir Crit Care
Med 165:277304, 2002

Adamali HI, Maher TM: Current and novel drug therapies for idiopathic pulm
nary fibrosis. Drug Des Devel Ther 6:2871, 2012

Akhmetshina A, Palumbo K, &es C, et al: Activation of canonical Wnt signa

ling is required for TGHbetamediated fibrosis. Nat Commun 3:735, 2012

Angers S, Moon RT: Proximal events in Wnt signal transduction. Nat Rev Mol
Cell Biol 10:468477, 2009

Aubry MC, Myers JL, DouglasVW, et al: Primary pulmonary carcinoma in
patients with idiopathic pulmonary fibrosis. Mayo Clin Proc 77:788, 2002
Baarsma HA, Konigshoff M, Gosens R: The WNT signaling pathway frgm i
and secretion to gene transcription: molecular mechanisms anagoblogical
targets. Pharmacol Ther 138:88, 2013

Bafico A, Liu G, Yaniv A, et al: Novel mechanism of Wnt signalling intidn
mediated by Dickkopil interaction with LRP6/Arrow. Nat Cell Biol 3:68336,

2001

Baumgartner KB, Samet JM, Stidley Cét al: Cigarette smoking: a risk factor
for idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 155:242,

1997

Bazzi H, Fantauzzo KA, Richardson GD, et al: The Wnt inhibitor, Dickkopf 4,
Is induced by canonical Wnt signaling during ectoderapglendage morjoh
genesis. Dev Biol 305:49807, 2007

Behr J, Thannickal VJ: Update in diffuse parenchymal lung disease 2008. Am J
Respir Crit Care Med 179:43%14, 2009

Binnerts ME, Tomasevic N, Bright JM, et al: The first propeller domain of
LRP6regulates sensitivity to DKK1. Mol Biol Cell 20:35%8560, 2009

Bjoraker JA, Ryu JH, Edwin MK, et al: Prognostic significance of
histopathologic subsets in idiopathic pulmonary fibrosis. Am J Respir Crit Care
Med 157:199203, 1998

Borchers AT, Chagp C, Keen CL, et al: Idiopathic Pulmonary Fibrears Ep-
demiological and Pathological Review. Clin Rev Allergy Immunol 40:13%,

2011

Brabletz T, Jung A, Dag S, et al: betatenin regulates the expression of the
matrix metalloproteinas@ in humancolorectal cancer. Am J Pathol 155:1033
1038, 1999

Brembeck FH, Rosario M, Birchmeier W: Balancing cell adhesion and \¢nt si
naling, the key role of betaatenin. Curr Opin Genet Dev 16:59, 2006

Brott BK, Sokol SY: Regulation of Wnt/LRP signalify distinct domains of
Dickkopf proteins. Mol Cell Biol 22:6106110, 2002



66

9. References

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cadigan KM, Liu YI: Wnt signaling: complexity at the surface. J Cell Sci
119:395402, 2006

Caneparo L, Huang YL, Staudt N, et al: Dickkdpfregulates gastrulation
movemens by coordinated modulation of Wnt/beta catenin and Wnt/PCH-activ
ties, through interaction with the Dallke homolog Knypek. Genes Dev
21:465480, 2007

Cha SW, Tadjuidje E, Tao Q, et al: Wnta and Wntll interact in a maternal
Dkk1-regulated fashioio activate both canonical and nrocanonical signaling

in Xenopus axis formation. Development 135:3B129, 2008

Chamorro MN, Schwartz DR, Vonica A, et al: F@6 and DKK1 are transqr
tional targets of betaatenin and FGRO is implicated in canceand develp-
ment. Embo J 24:784, 2005

Chapman HA: Disorders of lung matrix remodeling. J Clin Invest 1131648
2004

Cheng JH, She H, Han YP, et al: Wnt antagonism inhibits hepatic stellate cell
activation and liver fibrosis. Am J Physiol Gagttest Liver Physiol 294:.G39

49, 2008

Chilosi M, Doglioni C, Murer B, et al: Epithelial stem cell exhaustion in the
pathogenesis of idiopathic pulmonary fibrosis. Sarcoidosis Vasc Diffuse Lung
Dis 27:718, 2010

Chilosi M, Poletti V, Murer B, et alAbnormal reepithelialization and lunger
modeling in idiopathic pulmonary fibrosis: the role of delp®B8. Lab Invest
82:13351345, 2002

Chilosi M, Poletti V, Zamo A, et al: Aberrant Wnt/betatenin pathway acta+

tion in idiopathic pulmonary fibrosi Am J Pathol 162:1495502, 2003

Clevers H: Wnt/betzatenin signaling in development and disease. Cell
127:469480, 2006

Collard HR, Moore BB, Flaherty KR, et al: Acute exacerbations apathic
pulmonary fibrosis. Am J Respir Crit Care Medb1636643, 2007

Cong F, Schweizer L, Varmus H: Wnt signals across the plasma membrane to
activate the betaatenin pathway by forming oligomers containing its receptors,
Frizzled and LRP. Development 131:518B15, 2004

Crawford HC, Fingleton BM, BdolphrOwen LA, et al: The metallopteinase
matrilysin is a target of betaatenin transactivation in intestinal tumors. @nc
gene 18:2882891, 1999

Crosby LM, Waters CM: Epithelial repair mechanisms in the lung. Am J Physiol
Lung Cell Mol Physiol 298 715731, 2010

Crystal RG, Randell SH, Engelhardt JF, et al: Airway epithelial cellsecu
concepts and challenges. Proc Am Thorac Soc 577722008

de Kok JB, Roelofs RW, Giesendorf BA, et al: Normalization of gene sxpre
sion measurements itumor tissues: comparison of 13 endogenous control
genes. Lab Invest 85:18469, 2005

De Langhe SP, Sala FG, Del Moral PM, et al: DickkbgdDKK1) reveals that
fibronectin is a major target of Wnt signaling in branching mogeinesis of the
mouse emityonic lung. Dev Biol 277:31831, 2005

Dehan E, BetfDor A, Liao W, et al: Chromosomal aberrations and gene sxpre
sion profiles in norsmall cell lung cancer. Lung Cancer 56:118, 2007

Dempsey OJ: Clinical review: idiopathic pulmonary fibregast, present and
future. Respir Med 100:1871885, 2006



67

9. References

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

4.

55.

56.

Diarra D, Stolina M, Polzer K, et al: Dickkcefif is a master regulator of joint
remodeling. Nat Med 13:15663, 2007

du Bois RM: Strategies for treating idiopathic pulmonary fibrosis. NatlRag
Discov 9:129140, 2010

Eickelberg O, Laurent GJ: The quest for the initial lesion in idiopathic gulm
nary fibrosis: gene expression differences in IPF fibroblasts. Am J Respir Cell
Mol Biol 42:1-2, 2010

Ellwanger K, Saito H, Cleme#tacroix P, et al: Targeted disruption of the Wnt
regulator Kremen induces limb defects and high bone density. Mol Cell Biol
28:48754882, 2008

Enomoto N, Suda T, Kato M, et al: Quantitative analysis of fibroblastic foci in
usual interstitial pneumonia. Chest0132-29, 2006

Fernandez IE, Eickelberg O: New cellular and molecular mechanisms of lung
injury and fibrosis in idiopathic pulmonary fibrosis. Lancet 380:688, 2012
Flaherty KR, Colby TV, Travis WD, et al: Fibroblastic foci in usual iistiéal
pneumonia: idiopathic versus collagen vascular disease. Am J Respir Crit Care
Med 167:14161415, 2003

Forget MA, Turcotte S, Beauseigle D, et al: The Wnt pathway regulator DKK1
is preferentially expressed in hormeresistant breast tumours and in some
common cancer types. Br J Cancer 96:688, 2007

Frankel SK, Schwarz MI: Update in idiopathic pulmonary fibrosis. Curr Opin
Pulm Med 15:463169, 2009

Fukui T, Kondo M, Ito G, et al: Transcriptional silencing of secretexx|&d
related protein ISFRP 1) by promoter hypermethylation in remalktcell lung
cancer. Oncogene 24:638327, 2005

Gauldie J: Pro: Inflammatory mechanisms are a minor component of the path
genesis of idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 165:1205
1206, 2002

GharaeeKermani M, Hu B, Thannickal VJ, et al: Current and emerging drugs
for idiopathic pulmonary fibrosis. Expert Opin Emerg Drugs 12:626, 2007
Giangreco A, Reynolds SD, Stripp BR: Terminal bronchioles harbor a unique
airway stem celpopulation that localizes to the bronchoalveolar duct junction.
Am J Pathol 161:17382, 2002

Giles RH, van Es JH, Clevers H: Caught up in a Wnt storm: Wnt signaling in
cancer. Biochim Biophys Acta 165324, 2003

Glinka A, Wu W, Delius H, et alDickkopf-1 is a member of a new family of
secreted proteins and functions in head induction. Nature 3936571998
Gomperts BN, Strieter RM: Stem cells and chronic lung disease. Annu Rev Med
58:285298, 2007

GonzalezSancho JM, Aguilera O, GaeciJM, et al: The Wnt antagonist
DICKKOPF1 gene is a downstream target of bestenin/TCF and is
downregulated in human colon cancer. Oncogene 24:1008, 2005

Gordon MD, Nusse R: Wnt signaling: multiple pathways, multiple ptecs,

and multiple tanscription factors. J Biol Chem 281:22428133, 2006

Goss AM, Tian Y, Tsukiyama T, et al: Wnt2/2b and bedtenin signaling are
necessary and sufficient to specify lung progenitors in the foregut. Dev Cell
17:290298, 2009

Gross TJ, Hunninghak&W: Idiopathic pulmonary fibrosis. N Engl J Med
345:517525, 2001



68

9. References

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Grutters JC, du Bois RM: Genetics of fibrosing lung diseases. Eur Respir J
25:915927, 2005

Gunther A, Markart P, Eickelberg O, et al: [Pulmonary fibreaishespeutic
dilemma?]. Med Klin (Munich) 101:30812, 2006

Gurung A, Uddin F, Hill RP, et al: Betzatenin is a mediator of thesponse of
fibroblasts to irradiation. Am J Pathol 174:2285, 2009

Hassler C, Cruciat CM, Huang YL, et al: Kremen is required for neural cres
induction in Xenopus and promotes LRP@diated Wnt signaling. Devede
ment 134:42581263, 2007

He B, You L, Uematsu K, et al: A monoclonal antibody against-Wimduces
apoptosis in human cancer cells. Neoplasial@; 72004

He W, Dai C, Li Y, & al: Wnt/betacatenin signaling promotes renal irgttial
fibrosis. J Am Soc Nephrol 20:76576, 2009

Henderson WR, Jr., Chi EY, Ye X, et al: Inhibition of Wnt/betéenin/CREB
binding protein (CBP) signaling reverses pulmonaryoBis. Proc NatAcad Sci
USA107:143094314, 2010

Hilberg O, Simonsen U, du Bois R, et al: Pirfenidone: significant treatniient e
fects in idiopathic pulmonary fibrosis. Clin Respir J 6:1131B, 2012

Hironaka M, Fukayama M: Pulmonary fibrosis and lung carcin@rmampaa-

tive study of metaplastic epithelia in honeycombed areas of usual interstitial
pneumonia with or without lung carcinoma. Pathol Int 49:10666, 1999

Hoang BH, Kubo T, Healey JH, et al: Dickkopf 3 inhibits invasion aotlity

of Saos2 ost®sarcoma cells by modulating the \Abdtacatenin pathway.
Cancer Res 64:2732739, 2004

Hodgson U, Laitinen T, Tukiainen P: Nationwide prevalence of sporadic and
familial idiopathic pulmonary fibrosis: evidence of founder effect amongimult
plex families in Finland. Thorax 57:3382, 2002

Hong KU, Reynolds SD, Watkins S, et al: Basal cells are a multipotent progen
tor capable of renewing the bronchial epithelium. Am J Pathol 164887
2004

Horowitz JC, Thannickal VJ: Epithelimhesenchymalnteractions in pimonary
fibrosis. Semin Respir Crit Care Med 27:66102, 2006

Hsieh JC, Kodjabachian L, Rebbert ML, et al: A new secreted protein that binds
to Wnt proteins and inhibits their activities. Nature 398:436, 1999

Huang CL, Liu D, shikawa S, et al: Wnt1 overexpression promotes tumaur pr
gression in norsmall cell lung cancer. Eur J Cancer 44:2@888, 2008

Itasaki N, Jones CM, Mercurio S, et al: Wise, a contkeyiendent activator and
inhibitor of Wnt signalling. Development 0312954305, 2003

Johnston ID, Prescott RJ, Chalmers JC, et al: British Thoracic Society study of
cryptogenic fibrosing alveolitis: current presentation and initial management.
Fibrosing Alveolitis Subcommittee of the Research Committee of the British
Thoracic Society. Thorax 52:384, 1997

Kajstura J, Rota M, Hall SR, et al: Evidence for human lung stem cells. N Engl J
Med 364:17951806, 2011

Katzenstein AL, Myers JL: Idiopathic pulmonary fibrosis: clinicabvahce of
pathologic classificatio. Am J Respir Crit Care Med 157:130315, 1998

Kawano Y, Kypta R: Secreted antagonists of the Wnt signalling pathway. J Cell
Sci 116:26272634, 2003



69

9. References

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

Kawasaki H, Nagai K, Yokose T, et al: Clinicopathological characteristics of
surgically resectetung cancer associated with idiopathic pulmonabydsis. J
Surg Oncol 76:5%7, 2001

Khan Z, Vijayakumar S, de la Torre TV, et al: Analysis of endogenous LRP6
function reveals a novel feedback mechanism by which Wnt negativaly reg
lates its receptoMol Cell Biol 27:72917301, 2007

Kikuchi A, Yamamoto H, Kishida S: Multiplicity of the interactions of Wnopr
teins and their receptors. Cell Signal 1964, 2007

Kim CF, Jackson EL, Woolfenden AE, et al: Identification of bronchioalveolar
stemcells in normal lung and lung cancer. Cell 121:83%, 2005

Kim DS, Collard HR, King TE, Jr.: Classification and natural history of tie id
opathic interstitial pneumonias. Proc Am Thorac Soc 3Z85 2006

Kim TH, Kim SH, Seo JY, et al: Blockad# the Wnt/betacatenin pathwayta
tenuates bleomycimduced pulmonary fibrosis. Tohoku J Exp Med 223545
2011

King TE, Jr., Pardo A, Selman M: Idiopathic pulmonary fibrosis. Lancet
378:19491961, 2011

King TE, Jr., Schwarz MlI, Brown K, et ddiopathic pulmonary fibrosis: ra}
tionship between histopathologic features and mortality. Am J Respir Crit Care
Med 164:10251032, 2001

Konigshoff M: Lung cancer in pulmonary fibrosis: tales of epithelial cell gasti
ity. Respiration 81:35358, 2011

Konigshoff M, Balsara N, Pfaff EM, et al: Functional Wnt signalingh@geased

in idiopathic pulmonary fibrosis. PLoS One 3:e2142, 2008

Konigshoff M, Eickelberg O: WNT signaling in lung disease: a failure a-a r
generation signal? Am J Respir Odbol Biol 42:21-31, 2010

Konigshoff M, Kramer M, Balsara N, et al: WNdidducible signaling mtein-1
mediates pulmonary fibrosis in mice and is upregulated in humans wath idi
pathic pulmonary fibrosis. J Clin Invest 119:77&7, 2009

Korol O, Gupga RW, Mercola M: A novel activity of the Dickkogdf amino te-
minal domain promotes axial and heart development independently of canonical
Wnt inhibition. Dev Biol 324:131138, 2008

Kotton DN, Fine A: Lung stem cells. Cell Tissue Res 331:136, 2008

Krupnik VE, Sharp JD, Jiang C, et al: Functional and structural diversity of the
human Dickkopf gene family. Gene 238:3813, 1999

Lee AY, He B, You L, et al: Dickkopl antagonizes Wnt signaling iggendent

of betacatenin in human mesotheliom&iochem Biophys Res Commun
323:12461250, 2004

Lee HL, Ryu JH, Wittmer MH, et al: Familial idiopathic pulmonary édis:
clinical features and outcome. Chest 127:20841, 2005

Li C, Chen H, Hu L, et al: Ror2 modulates the canonical Wnt signatithgng
epithelial cells through cooperation with Fzd2. BMC Mol Biol 9:11, 2008

Li C, Xiao J, Hormi K, et al: Wnt5a participates in distal lung morphegjen
Dev Biol 248:6881, 2002

Li L, Mao J, Sun L, et al: Second cysteineh domain of Dicklpf-2 actvates
canonical Wnt signaling pathway via LFFRndependently of diskelled. J Biol
Chem 277:5976981, 2002

Li Y, Lu W, King TD, et al: Dkk1 stabilizes Wnt execeptor LRP6: imptation

for Wnt ligandinduced LRP6 dowanegulation. PLoS Ong&:e11014, 2010



70

9. References

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Lieber M, Smith B, Szakal A, et al: A continuous turcetl line from a human
lung carcinoma with properties of type Il alveolar epithelial cells. Int J Cancer
17:6270, 1976

Liu DW, Chen ST, Liu HP: Choice of endogenous controbfame exprssion in
nonsmall cell lung cancer. Eur Respir J 26:2Q028, 2005

Liu X, Engelhardt JF: The glandular stem/progenitor cell niche in airway-deve
opment and repair. Proc Am Thorac Soc 5:688, 2008

Logan CY, Nusse R: The Wnt signalipgthway in development andsdase.
Annu Rev Cell Dev Biol 20:78810, 2004

MacDonald BT, Tamai K, He X: Wnt/betatenin signaling: components,
mechanisms, and diseases. Dev Cell-2Z692009

Mao B, Niehrs C: Kremen2 modulates Dickkopf2 atyiviluring Wnt/LRP6
signaling. Gene 302:17883, 2003

Mao B, Wu W, Davidson G, et al: Kremen proteins are Dickkopf receptors that
regulate Wnt/betaatenin signalling. Nature 417.6&67, 2002

Mao B, Wu W, Li Y, et al: LDLreceptosrelated protein6 is a receptor for
Dickkopf proteins. Nature 411:32325, 2001

Mao J, Wang J, Liu B, et al: Lodensity lipoprotein receptaelated potein-5
binds to Axin and regulates the canonical Wnt signaling pathway. Mol Cell
7:801-809, 2001

Marshall RR Puddicombe A, Cookson WO, et al: Adult familial cryptaige
fibrosing alveolitis in the United Kingdom. Thorax 55:1486, 2000

Martinez FJ, Safrin S, Weycker D, et al: The clinical course of patients with
idiopathic pulmonary fibrosis. Ann Internéd 142:963067, 2005

Mazieres J, He B, You L, et al: Wnt signaling in lung cancer. Cancer Lett-222:1
10, 2005

Mazieres J, He B, You L, et al: Wnt inhibitory factbiis silenced by mmoter
hypermethylation in human lung cancer. Cancer Res 64:4720, 2004

McNeill H, Woodgett JR: When pathways collide: collaboration anthies@ance
among signalling proteins in development. Nat Rev Mol Cell Biol 11418}
2010

Meltzer EB, Noble PW: Idiopathic pulmonary fibrosis. Orphanet J Rare Djs 3:8
2008

Moeller A, Ask K, Warburton D, et al: The bleomycin animal model: efulis
tool to investigate treatment options for idiopathic pulmonary fibrosis? Int J
Biochem Cell Biol 40:36:382, 2008

Moon RT, Kohn AD, De Ferrari GV, et al: WNT andt&eatenin signking:
diseases and therapies. Nat Rev Genet 57691 2004

Morvan F, Boulukos K, Clemetitacroix P, et al: Deletion of a single allele of
the Dkk1l gene leads to an increase in bone formation and bone mass. J Bone
Miner Res 21:93445 2006

Mucenski ML, Nation JM, Thitoff AR, et al: Beteatenin regulates differeati

tion of respiratory epithelial cells in vivo. Am J Physiol Lung Cell Mol Physiol
289:L971979, 2005

Mucenski ML, Wert SE, Nation JM, et al: befatenin is requéed for specifia-

tion of proximal/distal cell fate during lung morphogenesis. J Biol Chem
278:4023140238, 2003

Nakajima M, Kawanami O, Jin E, et al: Immunohistochemical and
ultrastructural studies of basal cells, Clara cells and bronchiolar cubeltsinc
normal human airways. Pathol Int 48:9993, 1998



71

9. References

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Nakamura T, Aoki S, Kitajima K, et al: Molecular cloning and charazaéion

of Kremen, a novel kringleontaining transmembrane protein. Biochim Biophys
Acta 1518:6372, 2001

Nicholson AG, Fulford LG, Colby TV, et al: The relationship between individ

al histologic features and disease progression in idiopathic pulmonary fibrosis.
Am J Respir Crit Care Med 166:1-237, 2002

Niehrs C: Function and biological roles of the Dickkopf fanuf Wnt modué-

tors. Oncogene 25:7468181, 2006

Niida A, Hiroko T, Kasai M, et al: DKK1, a negative regulator of Wighaling,

is a target of the betzatenin/TCF pathway. Oncogene 23:8%826, 2004

Noble PW, Homer RJ: Back to the future: brétal perspective on the path
genesis of idiopathic pulmonary fibrosis. Am J Respir Cell Mol Biol 33:113
120, 2005

Noth I, Martinez FJ: Recent advances in idiopathic pulmonary fibrosis. Chest
132:637650, 2007

Nusse R: The Wnt Homepage, 1980113, Vol 2013

Nusse R, Fuerer C, Ching W, et al: Wnt signaling and stem cell control. Cold
Spring Harb Symp Quant Biol 73:885, 2008

Pan LH, Yamauchi K, Uzuki M, et al: Type Il alveolar epithelial cells and-inte
stitial fibroblasts express conneet tissue growth factor in IPF. Eur Respir J
17:12201227, 2001

Pardo A, Selman M: Idiopathic pulmonary fibrosis: new insights in itsopath
genesis. Int J Biochem Cell Biol 34:153838, 2002

Park KS, Wells JM, Zorn AM, et al: Transdifferentiatiof ciliated cells during
repair of the respiratory epithelium. Am J Respir Cell Mol Biol 34:157,
2006

Pendad-ranco N, Garcia JM, Pena C, et al: DICKKOG#®Hs induced by
TCF/betacatenin and upregulated in human colon cancer, promatesut cel
invasion and angiogenesis and is repressed by lalptdn@droxyvitamin D3.
Oncogene 27:4464477, 2008

Pfaff EM, Becker S, Gunther A, et al: Dickkopf proteins influence lung epithel
al cell proliferation in idiopathic pulmonary fibrosis. Eur Respi37:7987,
2011

Pinzone JJ, Hall BM, Thudi NK, et al: The role of Dickkdpin bone develo-
ment, homeostasis, and disease. Blood 113525/ 2009

Raghu G, Collard HR, Egan JJ, et al: An official ATS/ERS/JRS/ALATestat
ment: idiopathic pulmong fibrosis: evidencdased guidelines for diagnosis
and management. Am J Respir Crit Care Med 1838288 2011

Rawlins EL, Ostrowski LE, Randell SH, et al: Lung development apdim
contribution of the ciliated lineage. Proc Natl Acad Sci U S0%:410417,
2007

Rijsewijk F, Schuermann M, Wagenaar E, et al: The Drosophila homolog of the
mouse mammary oncogene-inis identical to the segment polarity genegvin
less. Cell 50:64%57, 1987

Rock JR, Onaitis MW, Rawlins EL, et al: Basal sads stem cells of the mouse
trachea and human airway epithelium. Proc Natl Acad Sci U S A 106:12771
12775, 2009

Rosas 10, Richards TJ, Konishi K, et al: MMP1 and MMP7 as potentialhperip
eral blood biomarkers in idiopathic pulmonary fibrosis. PLoS Ble®3, 2008



72

9. References

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Rothbacher U, Lemaire P: Creme de la Kremen of Wnt signallingitrdnibNat
Cell Biol 4:E172173, 2002

Sakane H, Yamamoto H, Kikuchi A: LRP6 is internalized by Dkk1 tapsess

its phosphorylation in the lipid raft and is recycfedreuse. J Cell Sci 123:360
368, 2010

Sato N, Yamabuki T, Takano A, et al: Wnt inhibitor Dickkdpés a target for
passive cancer immunotherapy. Cancer Res 70:5336, 2010

Scotton CJ, Chambers RC: Molecular targets in pulmonary fibroses: th
myofibroblast in focus. Chest 132:131321, 2007

Selman M, King TE, Pardo A: Idiopathic pulmonary fibrosis: prevailing and
evolving hypotheses about its pathogenesis and implications for therapy. Ann
Intern Med 134:13451, 2001

Selman M, Pam A: Idiopathic pulmonary fibrosis: an epitralfibroblastic
crosstalk disorder. Respir Res 3:3, 2002

Selman M, Pardo A: Role of epithelial cells in idiopathic pulmonaryos$iist
from innocent targets to serial killers. Proc Am Thorac Soc 333242006

Selman M, Pardo A, Barrera L, et al: Gene expression profiles distinguish idi
pathic pulmonary fibrosis from hypersensitivity pneumonitis. Am J Respir Crit
Care Med 173:18898, 2006

Selman M, Pardo A, Kaminski N: Idiopathic pulmonaryrdiéis: aberrant rec
pitulation of developmental programs? PLoS Med 5:e62, 2008

Semenov MV, Tamai K, Brott BK, et al: Head inducer Dickkaps a Igand

for Wnt coreceptor LRP6. Curr Biol 11:98561, 2001

Semenov MV, Zhang X, He X: DKK1 antagoag& Wnt signaling without pr
motion of LRP6 internalization and degradation. J Biol Chem 283:224232,
2008

Sheng SL, Huang G, Yu B, et al: Clinical significance and prognostic value of
serum Dickkopfl concentrations in patients with lung cancefin CChem
55:16561664, 2009

Shtutman M, Zhurinsky J, Simcha |, et al: The cyclin D1 gene is a target of the
betacatenin/LEF1 pathway. Proc Natl Acad Sci U S A 96:552227, 1999

Shu W, Guttentag S, Wang Z, et al: Wnt/beddenin signaling actgpstream of
N-myc, BMP4, and FGF signaling to regulate proxhuistal patterning in the
lung. Dev Biol 283:22&39, 2005

Shu W, Jiang YQ, Lu MM, et al: Wnt7b regulates mesenchymal prailder
and vascular development in the lung. Development 833:4842, 2002

Sisson TH, Mendez M, Choi K, et al: Targeted injury of type Il alveolar epith
lial cells induces pulmonary fibrosis. Am J Respir Crit Care Med 18128534
2010

Snyder JC, Teisanu RM, Stripp BR: Endogenous lung stem cells anibaentr
tion to disease. J Pathol 217:2884, 2009

Spagnolo P, Del Giovane C, Luppi F, et al: Nstaroid agents for idpathic
pulmonary fibrosis. Cochrane Database Syst Rev:CD003134, 2010

Steel MD, Puddicombe SM, Hamilton LM, et al: Begtenin/TFcell factor
mediated transcription is modulated by cell density in human bronchial epithel
al cells. Int J Biochem Cell Biol 37:1281R95, 2005

Strieter RM: Pathogenesis and natural history of usual interstitial pomeam
the whole story or the lashapter of a long novel. Chest 128:5Z268S, 2005



73
9. References

158. Swigris JJ, Kuschner WG, Jacobs SS, et al: Healtted quality of life in p-
tients with idiopathic pulmonary fibrosis: a systematic review. Thorax 60:588
594, 2005

159. Thannickal VJ, Horowitz JCEvolving concepts of apoptosis in idiopathid-pu
monary fibrosis. Proc Am Thorac Soc 3:3586, 2006

160. Thannickal VJ, Toews GB, White ES, et al: Mechanisms of pulmonlargsis.
Annu Rev Med 55:39417, 2004

161. TurnerWarwick M, Burrows B, Johnson ACryptogenic fibrosing alveolitis:
clinical features and their influence on survival. Thorax 35130, 1980

162. Uematsu K, He B, You L, et al: Activation of the Wnt pathway in non small cell
lung cancer: evidence of dishevelled overexpression. Oncogengl187221,
2003

163. Uhal BD: Cell cycle kinetics in the alveolar epithelium. Am J Physiol
272:L10311045, 1997

164. Uren A, Reichsman F, Anest V, et al: Secreted frizzéddted proteirl binds
directly to Wingless and is a biphasic modulator of Wghaling. J Biol Chem
275:43744382, 2000

165. van Amerongen R, Nusse R: Towards an integrated view of Wnt signaling in
development. Development 136:328814, 2009

166. Van Scoyk M, Randall J, Sergew A, et al: Wnt signaling pathway and lgng di
ease. TrandRes 151:178.80, 2008

167. Visscher DW, Myers JL: Histologic spectrum of idiopathic interstitial preeum
nias. Proc Am Thorac Soc 3:3329, 2006

168. Walter N, Collard HR, King TE, Jr.: Current perspectives on the treatment of
idiopathic pulmonary fibrosidProc Am Thorac Soc 3:33%88, 2006

169. Wang K, Zhang Y, Li X, et al: Characterization of the Krerbamling site on
Dkk1 and elucidation of the role of Kremen in Diiediated Wnt matagonism.J
Biol Chem 283:2337-23375, 2008

170. Welsch U: Lehrbuch Histogie: Urban & Fischer Verlag, 2003, Vol 1

171. White ES, Lazar MH, Thannickal VJ: Pathogenetic mechanisms in usual inte
stitial pneumonia/idiopathic pulmonary fibrosis. J Pathol 201388 2003

172. Williams TJ, Wilson JW: Challenges in pulmonary fibisa 7#-Novel theapies
and lung transplantation. Thorax 63:22g4, 2008

173. Wistuba, Il, Gazdar AF: Lung cancer preneoplasia. Annu Rev Pathol-34331
2006

174. Wu W, Glinka A, Delius H, et al: Mutual antagonism between dickkopfl and
dickkopf2 regulags Wnt/betacatenin signalling. Curr Biol 10:1611614, 2000

175. Yamabuki T, Takano A, Hayama S, et al: Dikkdphs a novel serologic and
prognostic biomarker for lung and esophageal carcinomas. Cancer Res 67:2517
2525, 2007

176. Yamamoto H, Sakane H, Yfeamoto H, et al: Wnt3a and Dkk1 regulate distinct
internalization pathways of LRP6 to tune the activation of-batanin signia
ing. Dev Cell 15:3748, 2008

177. You L, He B, Xu Z, et al: Inhibition of Wr2-mediated signaling inducesagar
grammed cell deatln nonsmalklcell lung cancer cells. Oncogene 23:6170
6174, 2004

178. Yue W, Sun Q, Dacic S, et al: Downregulation of Dkk3 activates- beta
catenin/TCH4 signaling in lung cancer. Carcinogenesis 29842008



74

9. References

179.

180.

181.

182.

183.

Zemke AC, Teisanu RM, Giangreco A, et bétaCatenin is not necessary for
maintenance or repair of the bronchiolar epithelium. Am J Respir Cell Mol Biol
41:535543, 2009

Zeng X, Tamai K, Doble B, et al: A dukinase mechanism for Wnt e¢eceptor
phosphorylation and activation. Nature 43&877, 2005

Zhang Y, Goss AM, Cohen ED, et al: A Gatdtt pathway required for epgh

lial stem cell development and airway regeneration. Nat Genet 4867852008

Zhu W, Shiojima |, Ito Y, et al: IGFBR is an inhibitor of canonical Wnt sighra

ling required for cardiogenesis. Nature 454348, 2008

Zuo F, Kaminski N, Eugui E, et al: Gene expression analysis reveals matrilysin
as a key regulator of pulmonary fibrosis in mice and humans. Proc Natl Acad
SciU S A 99:62956297, 2002



75
10. Appendix

10 Appendix

10.1 Table 1 Lung tissue biopsies

Characteristics of IPF patients.

VC = vital capacity, TLC = total lung capacity, B¥VA = diffusing capacity of the
lung for CO per unit of alveolar volume (all in % predicted),= additional nasal ox
gen supplementatioduring blood gas analysiBa, / Pa-o, = partial pressure of O
CO;in the arterialized ear lobe blood sample, s fsot available.

no. | diagnosis| gender| age | VC | TLC | DLco/VA O, Pay, Paco2
(year9 | (%) | (%) (%) | (min) | (mmHg) | (mmHg)
1 | IPFUIP | male 63 56 | 48 33 3 52 33
2 | IPFUIP | male 62 50 | 52 26 3 49 38
3 | IPFUIP | male 58 49 | nla n/a n/a n/a n/a
4 | IPHUIP | male 65 59 | 42 20 3 53 38
5 | IPFUIP | male 65 59 | 42 20 4 69 41
6 | IPFUIP | male 43 48 | 51 27 n/a n/a n/a
7 | IPFMJIP | male 71 40 | 46 24 n/a n/a n/a
8 | IPFUIP | male 64 59 | 52 22 2 58 38
9 | IPFUIP | male 60 51| 49 18 2 59 39
10 | IPFUIP | male 65 51 | 66 20 2 53 38
11 | IPFUIP | male 44 47 | 55 25 2 36 35
12 | IPFUIP | female| 43 40 | n/a n/a 2 54 35
13 | IPFUIP | female| 42 50 | 58 17 3 52 36
14 | IPFUIP | female| 66 29 | 45 23 4 56 45
15 | IPFUIP | female| 62 27 | 48 n/a 4 71 65

10.2 Table 2 Bronchoalveolar lavage fluids (BALF)

Characteristics of IPF patients.

VC = vital capacity, TLC = total lung capacity, B&VA = diffusing capacityof the
lung for CO per unit of alveolar volume (all in % greted),O, = additional nasal ox
gen supplementation during blood gas analyRs, / Pa-o, = partial pressure of O
CO;in the arterialized ear lobe blood sample, n/a = not available.
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no. | diagnosis| gender| age | VC | TLC | DLco/VA O, Pao2 Paco2
(yearg | (%) | (%) (%) | (Vmin) | (mmHg) | (mmHg)
1 | IPFUIP | male 66 86 | 78 56 2 90 41
2 | IPFMJIP | male 76 41 | 47 73 - 79 38
3 | IPFUIP | male 68 57 | 55 37 - 51 34
4 | IPFUIP | male 60 33| 42 n/a 5 69 41
5 | IPFUIP | male 64 69 | 71 54 - 70 35
6 | IPFUIP | male 79 81| 75 42 - 45 37
7 | IPFMJIP | male 65 60 | 62 48 - 61 34
8 | IPFUIP | male 65 64 | 58 75 - 78 35
9 | IPFUIP | male 69 36 | 41 n/a n/a 71 46

10.3Table 3 gRT-PCR primer

Sequences were taken from the NCBI GenBank. All accession numbers are listed.

gene accession sequences (5Y 37) length | amplicon

for | AAGTGGGTGGTATAGAGGCTCTTG 24bp
B-CAT | NM001904 77bp
human rev | GATGGCAGGCTCAGTGATGTC 21bp

for | CGCCGAAAACGCTGCAT 17bp
DKK1 | NmM012242 109bp
human rev | TTTCCTCAATTTCTCCTCGGAA 22bp

for | TCAGGCCGCCAATCGA 16bp
DKK2 | NM014421 85bp
human rev | GTAGGCCTGCCCCAGGTT 18bp

for | GCTTCTGGACCTCATCACCTG 21bp
DKK3 | NmM015881 119bp
human rev | TCGGCTTGCACACATACACC 20bp

for | GAAGGGCTCACAGTGCCTGT 20bp
DKK4 | NM014420 131bp
human rev | AGCACATGGCATCTCGCTG 19bp

for | AGCGCCGTGGAGTTCGT 17bp
FZD1 | NM003505 64bp
human rev | CGAAAGAGAGTTGTCTAGTGAGGAAAC | 27bp

for | CACGCCGCGCATGTC 15bp
FZD2 | NM001466 63bp
human rev | ACGATGAGCGTCATGAGGTATTT 23bp

for | GGTGTTCCTTGGCCTGAAGA 20bp
FZD3 | NM017412 72bp
human rev | CACAAGTCGAGGATATGGCTCAT 23bp

for | GACAACTTTCACACCGCTCATC 22bp
FZD4 | NM12193 164bp
human rev | CCTTCAGGACGGGTTCACA 19bp
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for | CTCATGCTCGGATTCAAGCA 20bp
G S K 3| NM002093 86bp
human rev | GGTCTGTCCACGGTCTCCAGTA 22bp

for | AAGGACCCCACGAAGTGTTG 20bp
HPRT1 | NM000194 157bp
human rev| GGCTTTGTATTTTGCTTTTCCA 22bp

for | TGGAAGCCACAGAGTTGAAGG 21bp
KRM1 | NM001039570 146bp
human rev | GACAATCCCTAAGGTCCCCTG 21bp

for | CTGGCGCTACTGCGACATC 19bp
KRM2 | NM172229 62bp
human rev | AGTCCACAAAGCATCCCAGGTA 22bp

for | CATCAGGTACAGGTCCAAGAATGA 24bp
LEF1 | NM016269 93bp
human rev | GTCGCTGCCTTGGCTTG 18bp

for | GACCCAGCCCTTTGTTTTGAC 21bp
LRPS | NM002335 134bp
human rev | TGTGGACGTTGATGGTATTGGT 22bp

for | GATTCAGATCTCCGGCGAATT 21bp
LRP6 | NM002336 83bp
human rev | GGCTGCAAGATATTGGAGTCTTCT 24bp

for | ACCATCTCCAGCACACTTGTCTAATA | 26bp
TCF3 | NM031283 71bp
human rev | GAGTCAGCGGATGCATGTGA 20bp

for | GCGCGGGATAACTATGGAAAG 21bp
TCF4 | NM030756 89bp
human rev | GGATTTAGGAAACATTCGCTGTGT 24bp

for | CTCATGAACCTTCACAACAACGA 23bp
WNTL | NM005430 80bp
human rev | ATCCCGTGGCACTTGCA 17bp

for | GCCCCACTCGGATACTTCTTACT 23bp
WNT3a | NM033131 98bp
human rev | GAGGAATACTGTGGCCCAACA 21bp

for | GCAAGTGGATTTTCTACGTGTTTCT 25bp
WNT7b | NM058238 65bp
human rev | TGACAGTGCTCCGAGCTTCA 20bp

for | GCGCCAGGTGGTAACTGAA 19bp
WNT10b| NM003394 59bp
human rev | TGCCTGATGTGCCATGACA 19bp

10.4 Immunohistochemistry - supplements

Immunohistochemicattainings of tissue sectiofi®m furtherdonor and IPF lungs are
presentedon the following pages. Representative bronchial and alveolar regions of
lungs other than depicted in the resdbapter(chapter3.2) are shown for each ant
body.
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