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Chapter 2

Abstract

Background and purpose

Transforming growth factor (TGF)-β is important in lung injury and remodelling processes. 
TGF-β and WNT signalling are interconnected  however the WNT ligands/receptor 
complexes involved  are unknown. ere  we aimed to identify Frizzled (F D) receptors 
that mediate TGF-β-induced pro-fibrotic signalling. 

Basic procedures

M C-5 and primary human lung fibroblasts were stimulated with TGF-β  WNT-5A or WNT-
5B in the presence and absence of specific pathway inhibitors. Specific small interfering 

NA was used to knock-down F D8. In vivo studies using bleomycin-induced lung fibrosis 
were performed in wild-type and F D8 deficient mice.

Main findings

TGF-β  induced F D8 specifically via Smad3 dependent signalling in M C-5 and primary 
human lung fibroblasts. mportantly  F D8 knockdown reduced TGF-β -induced collagen 

1  fibronectin  versican  -smooth muscle(sm)-actin and connective tissue growth 
factor. Moreover  bleomycin-induced lung fibrosis was a enuated in F D8 deficient mice 
in vivo. While inhibition of canonical WNT signalling did not a ect TGF-β -induced gene 
expression in vitro  noncanonical WNT-5B mimicked TGF-β -induced fibroblast activation. 
F D8 knockdown reduced both WNT-5B-induced gene expression of fibronectin and 

-sm-actin as well as WNT-5B-induced changes in cellular impedance. 

Principal conclusions

Collectively  our findings demonstrate a role for F D8 in TGF-β-induced pro-fibrotic 
signalling  and imply WNT-5B as the ligand for F D8 in these responses.
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Introduction

Fibroblasts in the parenchyma and airways are the primary cells contributing to 
extracellular matrix (ECM) deposition and turnover in the lung. In this way, fibroblasts are 
important mediators influencing physiological repair processes and tissue homeostasis. 
However, in pathological conditions, e.g. in case of airway and pulmonary fibrosis, 
fibroblast function is altered, leading to myofibroblast differentiation and abnormal 
changes in ECM expression and composition [1, 2]. 
 A key player in fibroblast activation is transforming growth factor (TGF)-β. TGF-β is 
a pro-fibrotic growth factor that activates fibroblasts, thereby stimulating ECM production 
and initiating myofibroblast differentiation [1, 3, 4]. Myofibroblasts are characterized by 
a more contractile profile than fibroblasts and show an increased expression of markers 
such as α-smooth muscle(sm)-actin, connective tissue growth factor (CTGF), type III 
collagen and plasminogen activator inhibitor (PAI)-1 [5-7].
 Recent findings indicate similar key roles for the wingless/integrase-1 (WNT) 
signalling pathway in tissue homeostasis and remodelling in many organ systems, including 
the lung [8-12]. WNT ligands bind to transmembrane Frizzled (FZD) receptors and can 
thereby control cell differentiation, growth and polarity in a variety of cell systems. FZD 
receptors activate either the canonical pathway, which signals to β-catenin, or one of the 
noncanonical pathways, which mainly signal to calcium (WNT/Ca2+ pathway) or to RhoA/c-
Jun N-terminal kinase (JNK) (WNT/PCP (planar cell polarity) pathway) [13-16]. 
 We previously demonstrated that TGF-β signalling increases the expression 
of WNT ligands and FZD receptors in human lung fibroblasts, of which the induction of 
FZD8 was most profound. We furthermore showed that TGF-β-induced fibronectin and 
α-sm-actin expression was dependent on β-catenin [10, 11]. This underscores the role of 
WNT signalling in fibroblast activation and remodelling as well as the cross-talk that exists 
between TGF-β and WNT signalling in these responses. However, the exact functional 
roles of individual WNT ligands and FZD receptors such as FZD8 in these processes are 
still largely unknown. In the present study, we therefore investigated the functional role 
of FZD8 in TGF-β signalling in vitro as well as in vivo. We show that FZD8 is involved in 
TGF-β signalling in bleomycin-induced fibrosis using wild-type and FZD8 deficient mice. 
In addition, we demonstrate that FZD8 plays a role in TGF-β-induced ECM turnover and 
myofibroblast differentiation and provide evidence that WNT-5B is its ligand in these 
responses. 
 

Materials and methods

Ethics statement
Primary human lung fibroblasts were obtained from resected human lung tissue from 
the Asklepios bio bank for lung diseases at the Comprehensive Pneumology Center 
(CPC) and isolated as previously described [17]. All participants gave written informed 
consent and the study was approved by the local ethics committee of Ludwig-Maximilians 
University of Munich, Germany. The animal experiments were done in accordance with 
the guidelines of the Ethics committee of the Helmholtz Zentrum München, as approved 
by the Regierungspräsidum Oberbayern, Germany.
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Cell culture
M C-5 human lung fibroblasts 18  were cultured in am s F12 medium supplemented 
with 10  (v/v) foetal bovine serum (FBS)  2 mM L-glutamine  50 g/ml streptomycin  50 /
ml penicillin and 1.5 g/ml amphotericin B at 37 C with 5  C . rior to stimulation  cells 
were grown to confluence in 6-well cluster plates and serum deprived in supplemented 
medium with 0.5  (v/v) FBS for 24 hours. rimary human lung fibroblasts were cultured 
in DMEM / am s F12 (1:1) with 20  (v/v) foetal calf serum (FCS) and 100 g/ml 
streptomycin and 100 /ml penicillin at 37 C with 5  C . rior to stimulation  cells were 
grown to confluence and serum deprived for 24 hours in medium with 0.1  FCS and 100 

g/ml streptomycin and 100 /ml penicillin.

Cell stimulation
ulmonary fibroblasts were stimulated with either 2 ng/ml recombinant TGF-β  1 g/ml 

recombinant WNT-5A or 1 g/ml recombinant WNT-5B. The inhibitors Dickkopf (D )-1 
(0.3 g/ml)  S S3 (3 M)  -0126 (3 M)  -27632 (1 M)  F 115 584 (0.1 M)  and 
L -2 4002 (3 M)  were added 30 minutes prior to stimulation. The concentrations of 
these inhibitors were chosen based on their selectivity profiles described in literature 
1 -23  and e ectiveness against their respective targets in our cell system (unpublished 

observations). 

siRNA transfection
Cells were grown to 0  confluence and transfected with specific small interfering 
(si) NA against the F D8 transcript. Cells were transfected in serum-free am s F12 
without supplements using 100 pmol F D8-targeted si NA or non-targeting control 
si NA and Lipofectamine  2000 Transfection eagent ( nvitrogen  aisley  ). A er 6 
hours the medium was changed to supplemented medium with 10  (v/v) FBS for 18 
hours and subse uently to supplemented medium with 0.5  (v/v) FBS for 24 hours. Cells 
were stimulated as described above.

mRNA isolation and Real-Time PCR analysis
Total m NA of M C-5 human lung fibroblasts was extracted using the NucleoSpin  

NA  kit (Macherey-Nagel Gmb   Co. G  D ren  Germany). Total m NA of primary 
human lung fibroblasts and of the mouse lungs was extracted using pe Gold Total NA 

it including the DNase digestion ( e Lab  Erlangen  Germany). The eluted m NA was 
uantified using spectrophotometry (Nanodrop  Thermo Scientific  Wilmington  DE  
SA). E ual amounts of m NA (1 g) were then reverse transcribed according to the 
everse Transcription System ( romega Benelux b.v.  Leiden  the Netherlands) and the 

cDNA was stored at -20 C until further use. 5 l ABsolute  Blue S B  Green Supermix  
containing fluorescein to comprise well to well variation  1 M of gene-specific forward 
and reverse primer and 1 l of cDNA sample  were used in a total volume of 10 l in a 
48 well plate. The se uences of the primers used for determining genes of interest are 
listed in tables 1 and 2. Gene expression was determined using eal-Time C  which 
was performed with the llumina Eco ersonal C  System (Westburg  Leusden  the 
Netherlands). eal-time C  data were analysed using the comparative cycle threshold 
(Ct) method.
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Ta le  - Primers used for t e determination of s eci c uman enes of interest
   Primer sequence 
FZD1  Forward 5’ TCG ACT TCC TGA AGC TGG AT  3’
  Reverse 5’ AAG GTG GGA GAA GGG AGT GT  3’
FZD2  Forward 5’ CCC GACT TCAC GGT CTA CAT  3’
  Reverse 5’ CTG TTG GTG AGG CGA GTG TA  3’
FZD3  Forward 5’ TCT CTT TGG CCC TTG ACT G  3’
  Reverse 5’ ACA AAG AAA AGG CCG GAA AT  3’
FZD4  Forward 5’ CCA GGA TTC CTT CCA AGT CA  3’
  Reverse 5’ CCA TGT CCT TGT GGC CTA CT  3’
FZD5  Forward 5’ AGC TAA AAT GGC CAG AGC AA  3’
  Reverse 5’ AAT TCC CCC TGG GAA CTA TG  3’
FZD6  Forward 5’ TTG TTG GCA TCT CTG CTG TC  3’
  Reverse 5’ CCA TGG ATT TGG AAA TGA CC  3’
FZD7  Forward 5’ CGA CGC TCT TTA CCG TTC TC  3’
  Reverse 5’ GCC ATG CCG AAG AAG TAG AG  3’
FZD8  Forward 5’ GAC ACT TGA TGG GCT GAG GT  3’
  Reverse 5’ CAA ATC TCG GGT TCT GGA AA  3’
FZD9  Forward 5’ AGA CCA TCG TCA TCC TGA CC  3’
  Reverse 5’ CCA TGA GCT TCT CCA GCT TC  3’
FZD10  Forward 5’ CCT CCA AGA CTC TGC AGT CC  3’
  Reverse 5’ GAC TGG GCA GGG ATC TCA TA  3’
collagen Iα1 Forward 5’ AGC CAG CAG ATC GAG AAC AT  3’
  Reverse 5’ TCT TGT CCT TGG GGT TCT TG  3’
type III collagen  Forward 5’ CCA TGA ATG GTG GTT TTC AG  3’
  Reverse 5’ GTG TTT AGT GCA ACC ATC  3’
fibronectin  Forward 5’ TCG AGG AGG AAA TTC CAA TG  3’
  Reverse 5’ ACA CAC GTG CAC CTC ATC AT  3’
versican  Forward 5’ GGG AAC CTG GTG AAG AAA CA  3’
  Reverse 5’ CTT CCA CAG TGG GTG GTC TT  3’
α-sm-actin  Forward 5’ GAC CCT GAA GTA CCC GAT AGA AC 3’
  Reverse 5’ GGG CAA CAC GAA GCT CAT TG  3’
CTGF  Forward 5’ GGA AAA GAT TCC GAC CCA AT  3’
  Reverse 5’ TGC TCC TAA AGC CAC ACC TT  3’
PAI-1  Forward 5’ CGC CAG AGC AGG ACG AA  3’
  Reverse 5’ GGA CAC ATC TGC ATC CTG AAG T  3’
WNT-5A  Forward 5’ GGG TGG GAA CCA AGA AAA AT  3’
  Reverse 5’ TGG AAC CTA CCC ATC CCA TA  3’
WNT-5B  Forward 5’ ACG CTG GAG ATC TCT GAG GA  3’
  Reverse 5’ CGA GGT TGA AGC TGA GTT CC  3’
Axin2  Forward 5’ CCT GCC ACC AAG ACC TAC AT  3’
  Reverse 5’ CTT CAT TCA AGG TGG GGA GA  3’
HPRT  Forward 5’ AAG GAC CCC ACG AAG TGT TG  3’
  Reverse 5’ GGC TTT GTA TTT TGC TTT TCC A  3’
18S rRNA  Forward 5’ CGC CGC TAG AGG TGA AAT TC  3’
  Reverse 5’ TTG GCA AAT GCT TTC GCT C  3’
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Table 2 - Primers used for the determination of specific mouse genes of interest.
   Primer se uence 
F D8  Forward 5  CA A  A  CCC AAC TAA AC  3
  everse 5  A  CC CAA C  AT CA  3
Axin2  Forward 5  A C A A  ACA A ACC A  3
  everse 5  CAC TT  CCA TT TCT TT  CT  3

bronectin  Forward 5  T TA CA CAA CTT CCA ATT AC  3
  everse 5  A ATT TCC CC TC  A T CT  3

P T  Forward 5  CCT AA  AT  A C CA A T T A A 3
  everse 5  CCA CA  AC TA  AAC ACC T C TAA 3

Smad binding element-4 activity
C-5 human lung broblasts were plated on -wells plates and transfected as described 

above with 0.5 g plasmid D A encoding Smad binding element (SBE)-4- refly luciferase 
and with 0.12 g plasmid D A encoding C V- enilla luciferase. SBE-4 activity is a 
measure of activation of T F-β/S AD signalling. Transfected cells were then stimulated 
with T F-β1 (2 ng/ml) in the presence or absence of SIS3 (3 ) as described above. After 
24 hours, cells were lysed. Subse uently, refly luciferase and enilla luciferase activity 
were measured using a uminometer ( uminoskan Ascent, Thermo Electron Corporation, 

altham, A, SA) and using the Dual- uciferase  eporter Assay (Promega Benelux 
b.v., eiden, the etherlands). Firefly luciferase activity was normali ed against enilla 
luciferase activity.

Western blot analysis
To obtain whole cell lysates, cells were washed once with ice-cold (4 C) ank s balanced 
salt solution ( BSS  composition [mg/l]  Cl 400, PO  0, aCl 8000, a CO  350, 

a PO .1 O 50, glucose 1000  p  7.4) then lysed in ice cold sodium dodecyl sulfate 
(SDS) buffer (composition  2.5 m  Tris, 2  w/v SDS, 1 m  aF, 1 m  a VO , 10 mg/
ml aprotinin, 10 mg/ml leupeptin, 7 mg/ml pepstatin A  p  .8). Protein concentration 
was determined in whole cell lysates and whole lung homogenates using a Pierce  BCA 
protein determination assay (Thermo Fisher Scienti c Inc., ockford, I , SA). ysates 
were stored at  -20 C until further use. E ual uantities of protein (10-20 g/lane) were 
sub ected to electrophoresis on polyacrylamide gels and transferred to nitrocellulose 
membranes. These were analysed for proteins of interest using speci c primary antibodies 
and horseradish peroxidase ( P)-con ugated secondary antibodies. lyceraldehyde-3-
phosphate dehydrogenase ( APD ), β-actin or β-tubulin were used as a loading control. 
By using chemiluminescence reagents, bands were recorded in the BO  iChemi gel 
documentation system  e uipped with eneSnap image ac uisition software (Syngene, 
Cambridge, ). Band intensities were uanti ed by densitometry using eneTools 
analysis software (Syngene, Cambridge, ).

Immunocytochemistry
C-5 human lung broblasts were grown to confluence on ab-Tek  borosilicate 

chamber slides and changed to supplemented medium with 0.5  (v/v) FBS for 24 
hours prior to stimulation. Cells were stimulated with 2 ng/ml recombinant T F-β1, 1 

g/ml recombinant T-5A or 1 g/ml recombinant T-5B for 48 hours, xed for 
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15 min at room temperature ( T) in cytoskeletal buffer (CB  composition  10 m  ES, 
150 m  aCl, 5 m  E TA, 5 m  gCl  and 5 m  glucose  p  .1) containing 3  
paraformaldehyde (PFA). Cells were then permeabilised by incubation for 5 min at T in 
CB containing 3  PFA and 0.3  Triton -100. Fixed cells were then blocked for 2 hours at 

T in Cyto-tris buffered saline (TBS) buffer (20 m  Tris base, 154 m  aCl, 2.0 m  E TA 
and 2.0 m  gCl  p  7.2) containing 1  bovine serum albumin (BSA) and 2  normal 
donkey serum. Incubation with primary antibody (mouse anti- -sm-actin, diluted 1 100) 
happened overnight at 4 C in Cyto-TBS containing 0.1  Tween 20 (Cyto-TBST). Incubation 
with Cy3-con ugated secondary antibody was done for 2 hours at T in Cyto-TBST. uclei 
were stained with oechst 33342. After staining, coverslips were mounted using Pro ong 

old antifade reagent (Invitrogen, Paisley, ) and analy ed using an Olympus A 70 
microscope e uipped with digital image capture system (ColorView Soft System with 
Olympus  C AD2 lens).

Impedance measurement 
T-5B mediated cellular activation was assessed using the xCE igence system ( oche 

Applied Science, Pen berg, ermany), using E-plates (ACEA Biosciences Inc., San Diego, 
CA, SA). Impedance was measured by integrated microelectronic sensor arrays in the 
bottom of the E-plates. Electrode impedance can be affected by changes in intracellular 
mass redistribution and provides a means to assess activation of ligand-receptor 
complexes in living cells in real-time [24]. Changes in impedance were measured and 
converted to the relative and dimensionless cell index (CI), using the eal-Time Cell 
Analy er ( TCA) software ( oche Applied Science, Pen berg, ermany  ACEA Biosciences 
Inc., San Diego, CA, SA). CI represents the impedance change divided by a background 
value. CI  ( i - 0) / 15 . The change in impedance is represented by the impedance 
at an individual time point ( i) during the experiment minus the background electrical 
resistance measured in the absence of cells prior to the experiment ( 0). C-5 human 
lung broblasts were transfected as described above with speci c F D8-targeted si A 
or non-targeting control si A. 24 hours after transfection, cells were trypsini ed and 
plated in 1  well E-plates in supplemented medium with 0.5  (v/v) FBS. E-plates were 
then placed into the xCE igence station and maintained in 5  CO  at 37 C while CI was 
measured real-time. CI was measured every 15 minutes for 1  hours. CI increased while 
cells attached. After 1  hours, prior to the experiment, CI was stable. If cells respond to 
stimulation, CI will change immediately. Therefore prior to stimulation with ligands, CI was 
measured at 1 second intervals. Cells were stimulated with recombinant T-5B (1 g/
ml). After stimulation, time intervals for CI measurement were se uentially 1 second for 
300 seconds, 5 minutes for 1 hour and 15 minutes for 24 hours. Delta CI was determined 
using the CI value ust prior to T-5B addition and after stabili ation. 

Preparation of WNT-3A-conditioned medium
ouse -cells (subcutaneous broblasts  ATCC , esel, ermany) stably expressing  

T-3A were used to obtain T-3A-conditioned medium. Conditioned medium 
obtained from parental -cells was used as a control. Conditioned medium was prepared 
as per ATCC  guidelines.
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Animal studies 
eterozygous  inbred  specified-pathogen-free breeding colonies of F D8 /- mice 

(C57BL/6;12 2-FZD8tm1Dgen/J)  showing no obvious phenotype  were obtained from the 
Jackson Laboratory ( SA). A er breeding  homozygous F D8-/- mice and WT li ermates 
were used for experiments. Mice (8-12 weeks) were sedated intraperitoneally with a 
combination of 0.2 mg/ml medetomidine ( rion harma  amburg  Germany)  2.0 mg/
ml midazolam ( oche harma  Mannheim  Germany) and 0.02 mg/ml phentanyl (Janssen-
Cliag  Neuss  Germany)  according to the body weight. 50 l bleomycin (Sigma Aldrich  
Tau irchen  Germany) in phosphate bu ered saline ( BS; 3 /kg) or BS was intratracheally 
instilled through a MicroSprayer 20 G NT CAN ( enn Century  Wyndmoor  A  SA)  
consisting of a high pressure syringe and an intratracheal aeosolizer. A er installation  the 
narcosis was antagonized by a combination of 0.2  mg/ml atipamezole ( rion harma  

amburg  Germany)  0.05  mg/ml flumazenil ( exal  olzkirchen  Germany) and 0.14 
mg/ml naloxone (Actavis  Munich  Germany) according to body weight. n day 14 a er 
bleomycin installation  the mice were sedated according to body weight with 0.14  (v/v) 
ketamine ( harma artner amburg  Germany) and 0.03  (v/v) xylazine ( roxylaz  Bela 

harm  echta  Germany) in 0.  sodium chloride. Lung lobes were snap frozen and 
stored in  -80 C prior to m NA isolation and protein determination and one lobe was filled 
with 4  paraformaldehyde for histology. ara n-embedded sections were stained with 
haematoxylin-eosin and Masson-Goldner (Carl oth  arlsruhe  Germany) to evaluate 
collagen deposition. Staining intensity was uantified using mageJ 25 .

Anti odies and rea ents
ecombinant human TGF-β  recombinant human D -1  recombinant human/

mouse WNT-5A and recombinant mouse WNT-5B were obtained from D systems 
(Abingdon  ). 6 7-dimethyl-2- (2E)-3-(1-methyl-2-phenyl-1 -pyrrolo 2 3-b pyridin-3-yl-prop-
2enoyl)-1 2 3 4-tetrahydroiso uinoline hydrochloride (S S3) was obtained from Merck 
(Darmstadt  Germany). 1 4-diamino-2 3-dicyano-1 4-bis 2-aminophenylthio butadiene 
( -0126)  ( )-( )-trans-4-(1-aminoethyl)-N-(4-pyridyl) cyclohexane carboxamide ( -27632)  
2-(4-morpholinyl)-8-phenyl-4 -1-benzopyran-4-one (L -2 4002) were obtained from 
Tocris Cookson (Bristol  ). F 115-584 was obtained from Novartis harma AG (Basal  
Switzerland). F D8 si NA was obtained from Santa Cruz Biotechnology nc. ( eidelberg  
Germany)  non-silencing control si NA from iagen ( enlo  the Netherlands). 
Lipofectamine  2000 Transfection eagent and oechst 33342 were obtained from 
nvitrogen ( aisley  ). Mouse anti- -sm-actin  mouse anti-β-actin  -conjugated goat 

anti-mouse antibody and -conjugated rabbit anti-goat antibody were purchased from 
Sigma (St. Louis  M  SA). abbit anti-fibronectin ( -300; figure 3C) antibody  goat anti-
fibronectin (C20; figure 5D) antibody and mouse anti-GA D  antibody were obtained 
from Santa Cruz Biotechnology nc. ( eidelberg  Germany). abbit anti-phospho-L 5/6 
(Ser14 0) antibody and rabbit anti-β-tubulin were obtained from Cell Signaling (Biok  
Leiden  the Netherlands). All other chemicals were of analytical grade.

tatistical analysis
All eal-Time C  data were log-transformed before statistical analysis. For comparison 
between two conditions  a Student s t-test or Mann-Whitney test was used where 
appropriate as indicated in the legends. For comparisons between multiple conditions  
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one-way repeated measures A OVA was used, followed by a post hoc analysis using 
the Student- ewman- euls multiple comparisons test. For comparisons of the in vivo 
experiments, two-way A OVA was used, followed by a post hoc analysis using the 
Student- ewman- euls multiple comparisons test. P  0.05 was considered signi cant.

Results

TGF-β1-induced FZD8 gene and protein expression in human lung fibroblasts 
e previously showed that T F-β1 stimulation induced F D8 gene expression in primary 

human lung broblasts [11]. ere, we extended these ndings and investigated the 
regulation of F D8 by T F-β1 in more detail. e observed that T F-β1 strongly and 
speci cally induces F D8 gene and protein expression in C-5 and primary human 
lung broblasts with little to no effect on other F D receptor subtypes ( gures 1A-F). 
The effect on F D8 gene expression was already visible after 4 hours of stimulation and 
more pronounced after 24 hours ( gure 1B). The induction of F D8 gene expression was 
concentration dependent, with an EC50 for T F-β1 of 0.2  ng/ml and a maximal response 
at 2 ng/ml (18.5  3.2 fold increase compared to untreated control  p  0.001  gure 1C). 
T F-β1 also increased F D8 gene expression in primary human lung broblasts ( gures 
1E-F). Parallel with the induction of F D8, T F-β1 increased the gene expression of the 
EC  components collagen I 1, bronectin and versican as well as the differentiation 
markers -sm-actin, PAI-1 and CT F ( gure 2A). T F-β1 dose dependently increased the 
expression of bronectin, versican and CT F, which are T responsive genes [11, 2 -
29], with an EC50 of 0.14 ng/ml, 0.30 ng/ml and 2.52 ng/ml, respectively ( gure 2B). 
Based on these data, we used a concentration of 2 ng/ml T F-β1 and the 24-hour time 
point for gene expression analysis in subse uent experiments. 

TGF-β1-induced FZD8 gene expression in human lung fibroblasts is Smad3 dependent 
T F-β signals via several intracellular pathways involving Smad, mitogen activated protein 
kinase ( AP )/extracellular signal regulated kinases (E ), ho kinase, β-catenin/T-cell 
factor (TCF) and phosphoinositide (PI)3-kinase [30]. To investigate via which pathway the 
induction of F D8 by T F-β1 is established, we used speci c inhibitors of Smad3 (SIS3 - 3 

), AP  E  kinase ( E )1/2 ( -012  - 3 ), ho kinase ( -27 32 - 1 ), β-catenin/
TCF (P F 115-584 - 0.1 ) and PI3-kinase ( -294002 - 3 ). The concentrations of these 
inhibitors were chosen to provide (sub)maximal and selective inhibition of their respective 
targets in airway mesenchymal cells ([19-23] and unpublished observations). Importantly, 
the T F-β1-induced expression of F D8 was attenuated by the Smad3 inhibitor (57 ), 
but not affected by the inhibition of E 1/2, ho-kinase, β-catenin/TCF or PI3-kinase 
signalling ( gure 1 ). These results demonstrate that T F-β1-induced F D8 expression in 

C-5 human lung broblasts is Smad3-dependent. Smad3 inhibition also blocked T F-
β1-induced SBE-4 activity, which was studied as a measure of activation of T F-β/S AD 
signalling ( gure 2C), and impaired T F-β1-induced expression of bronectin, versican 
and CT F ( gures 2D-F).



Processed on: 1-11-2016Processed on: 1-11-2016Processed on: 1-11-2016Processed on: 1-11-2016

506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer

Processed on: 26-10-2016Processed on: 26-10-2016Processed on: 26-10-2016Processed on: 26-10-2016

506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer

- 42 -

Chapter 2

 Figure 1

 Figure 1

 Figure 1
 Figure 1

 Figure 1



Processed on: 1-11-2016Processed on: 1-11-2016Processed on: 1-11-2016Processed on: 1-11-2016

506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer

Processed on: 26-10-2016Processed on: 26-10-2016Processed on: 26-10-2016Processed on: 26-10-2016

506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer

- 43 -

TGF-β-induced pro-fibrotic signalling is regulated in part by the WNT receptor F D8

i ure  T - -induced  mRNA and rotein e ression in uman lun  ro lasts is mad  de endent  
MRC-5 human lung fibroblasts and primary human lung fibroblasts were stimulated with TGF-β1 for 4 or 24 
hours (mRNA) or 48 hours (protein). Specific inhibitors were used to block individual TGF-β1 signalling pathways. 
(A) Gene expression of FZD receptors in MRC-5 human lung fibroblasts after 24 hours of stimulation with 
TGF-β1 (2 ng/ml). Of note: high Ct-values correspond to low copy numbers. Data represent mean ± s.e.m. of 
3-6 independent experiments. (B) FZD8 gene expression in MRC-5 human lung fibroblasts after stimulation 
with TGF-β1 (2 ng/ml) at different time points. Data represent mean ± s.e.m. of 5 independent experiments. (C) 
Concentration dependent increase of FZD8 gene expression in MRC-5 human lung fibroblasts after 24 hours 
of stimulation with increasing concentrations of TGF-β1 (EC50: 0.26 ng/ml). Data represent mean ± s.e.m. of 
5-8 independent experiments. (D) FZD8 protein expression in MRC-5 human lung fibroblasts after 48 hours of 
stimulation with TGF-β1. Data represent mean ± s.e.m. of 10 independent experiments. (E) FZD8 gene expression 
in primary human lung fibroblasts after 24 hours of stimulation with TGF-β1 (2 ng/ml). Data represent mean ± 
s.e.m. of 4 patients. (F) FZD8 protein expression in primary human lung fibroblasts after 48 hours of stimulation 
with TGF-β1 (2 ng/ml). Data represent mean ± s.e.m. of 4 patients. (G) Involvement of specific signalling cascades 
in the TGF-β1-induced gene expression of FZD8. The inhibitors were used to inhibit the following pathways: SIS3 
(3μM) – Smad3, U-0126 (3 μM) – MEK1/2, Y-27632 (1 μM) – Rho kinase, PKF 115–584 (0.1 μM) – β-catenin/
TCF, and LY-294002 (3 μM) – PI3-kinase. Data represent mean ± s.e.m. of 8-10 independent experiments. *** 
p < 0.001 ** p < 0.01 * p < 0.05 compared to basal conditions (A-D: two-tailed Student’s t-test; E-F: two-tailed 
Mann-Whitney test), # p < 0.05 compared to the stimulated control (one-way repeated measures ANOVA with 
Student-Newman-Keuls multiple comparisons test).
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 Supplementary �gure 1

Figure 2: TGF-β1 induces the gene expression of different ECM proteins and myofibroblast differentiation 
markers in a Smad3 dependent fashion. C-5 human lung broblasts were stimulated with T F-β1 (2 ng/ml) 
for 24 hours. SIS3 (3 ) was used to block Smad3 signalling. (A) The effect of T F-β1 on the gene expression of 
different EC  proteins and myo broblast differentiation markers. Data represent mean  s.e.m. of 5 independent 
experiments. (B) Concentration dependent increase of bronectin (EC50  0.14 ng/nl), versican (EC50  0.30 ng/
ml) and CT F (EC50  2.52 ng/ml) after 24 hours of stimulation with increasing concentrations of T F-β1. Data 
represent mean  s.e.m. of 4-8 independent experiments. (C) The effect of inhibiting Smad3 on SBE4 activity. 
Data represent mean  s.e.m. of  independent experiments. (D) The effect of inhibiting Smad3 on the T F-β1-
induced gene expression of bronectin. Data represent mean  s.e.m. of 4 independent experiments. (E) The 
effect of inhibiting Smad3 on the T F-β1-induced gene expression of versican. Data represent mean  s.e.m. of 
5 independent experiments. (F) The effect of inhibiting Smad3 on the T F-β1-induced gene expression of CT F. 
Data represent mean  s.e.m. of 5 independent experiments.  p  0.001  p  0.01  p  0.05 compared 
to basal conditions (Student s t-test),  p  0.001  p  0.01  p  0.05 compared to the stimulated control 
(one-way repeated measures A OVA with Student- ewman- euls multiple comparisons test).

 Supplementary �gure 1

 Supplementary �gure 1
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 Figure 2

i ure  T - -induced C  e ression is re ulated y  MRC-5 human lung fibroblasts were stimulated 
with TGF-β1 (2 ng/ml) for 24 hours. The expression of FZD8 was silenced with specific FZD8-targeting siRNA 
using non-targeting siRNA as a control. Figure shows the effect of FZD8 knockdown on TGF-β1-induced gene 
expression of ECM components and myofibroblast differentiation markers. Data represent mean ± s.e.m. of 
7 independent experiments. *** p < 0.001 ** p < 0.01 * p < 0.05 compared to control siRNA, ### p < 0.001 
## p < 0.01 # p < 0.05 compared to the stimulated control (one-way repeated measures ANOVA with Student-
Newman-Keuls multiple comparisons test).

T - -induced C  e ression and myo ro last di erentiation is re ulated y 
TGF-β activates fibroblasts, resulting in an enhanced ECM turnover and myofibroblast 
differentiation [2, 6, 7, 31, 32]. We show that parallel with the induction of FZD8, TGF-β1 
increased the gene expression of the ECM components collagen Iα1, fibronectin and 
versican as well as the differentiation markers α-sm-actin, PAI-1 and CTGF (figure 2A). 
To study a possible role for FZD8 in this process, we used specific FZD8-targeting siRNA. 
As a control, FZD8 knockdown reduced the gene expression of this receptor by 56% at 
baseline and almost completely prevented the induction of FZD8 gene expression in 
response to TGF-β1 (from 4.5 ± 1.5 fold to 0.6 ± 0.2 fold of baseline FZD8 expression in 
control siRNA transfected cells; figure 3). FZD8 knockdown significantly reduced the TGF-
β1-induced expression of collagen Iα1, fibronectin, versican, α-sm-actin and CTGF, but not 
of PAI-1 (figure 3) and type III collagen (data not shown). The expression of these genes 
was differentially attenuated, versican expression being most affected (85% reduction), 
followed by CTGF (70%), fibronectin (60%), α-sm-actin (53%) and collagen Iα1 (38%). 
These results show that FZD8 is partly involved in the TGF-β1-induced gene expression of 
several ECM proteins and myofibroblast differentiation markers.
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 Figure 3

 Figure 3

Figure 4: Bleomycin-induced fibrosis in mice is partially dependent on FZD8. F D8-/- mice and T littermates 
were instilled with bleomycin to induce brosis and followed up after 14 days as described in the methods 
section. (A) F D8 gene expression in whole lung tissue. Data represent mean  s.e.m. of 5-8 mice per group. 

 p  0.001 compared to control T mice  p  0.001 compared to bleomycin-instilled T mice (two-
way A OVA with Student- ewman- euls multiple comparisons test). (B) Fibronectin gene expression and (C) 

bronectin protein expression in whole lung tissue. Data represent mean  s.e.m. of 3-  mice per group.  p  
0.01 compared to control T mice  p  0.001 and  p  0.01 compared to bleomycin-instilled T mice  p  
0.05 compared to PBS treated F D8-/- mice (two-way A OVA with Student- ewman- euls multiple comparisons 
test). (D) istologic assessment of brotic areas in the lung using the asson- oldner staining. Data represent 
mean  s.e.m. of 5-8 mice per group.  p  0.001  p  0.01 compared to control T mice,  p  0.05 
compared to bleomycin-instilled T mice (two-way A OVA with Student- ewman- euls multiple comparisons 
test). (E) epresentation for the uanti cation of the staining shown in gure 3D.
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leomycin-induced rosis in mice is artially de endent on 
Next, we investigated whether FZD8 also contributes to the development of lung fibrosis 
in vivo. To this end, FZD8-/- mice and WT littermates were instilled with bleomycin to 
induce fibrosis, a process highly dependent on TGF-β signalling [33]. We first confirmed 
that FZD8 gene expression was reduced in FZD8-/- mice compared to WT mice (figure 4A). 
Single bleomycin instillation caused strong fibrotic alterations within the lung after 14 
days, characterized by increased fibronectin and collagen deposition in the lungs of WT 
mice. Notably, collagen deposition was reduced by 34% (p < 0.05) and fibronectin protein 
expression by 57% (p < 0.05) in the lungs of bleomycin-subjected FZD8-/- mice compared 
to WT mice subjected to bleomycin (figures 4B-E). 

T - -induced C  e ression and myo ro last di erentiation is not re ulated ia 
canonical WNT signalling 
WNT signalling can occur via the canonical β-catenin dependent pathway and via the 
noncanonical, β-catenin independent signalling pathways [13-15]. Our previous studies 
showed that TGF-β1-induced α-sm-actin, collagen Iα1, fibronectin and versican expression 
are regulated by β-catenin signalling [10, 11]. We thus hypothesized that activation 
of FZD8 mediates canonical WNT signalling which might potentiate TGF-β1-induced 
ECM turnover and myofibroblast differentiation. We therefore studied the effects of 
endogenous canonical WNT signalling inhibition in the presence of TGF-β signalling. 
We applied the well-known WNT antagonist DKK-1 that targets the interaction of FZDs 
with the co-receptor low-density lipoprotein receptor-related protein (LRP)5/6. This co-
receptor is indispensable for canonical WNT signalling [13]. Interestingly, DKK-1 (0.3 μg/
ml) had no effect at all on TGF-β1-induced gene expression, suggesting that FZD8 signals 
through noncanonical WNT signalling (figure 6A). As a positive control, DKK-1 inhibited 
the expression of the canonical WNT target gene Axin2, which was induced by WNT-3A-
conditioned medium (figure 5). In line with this, the expression of the canonical WNT 
target gene Axin2 was increased at basal levels in the FZD8-/- mice (figure 6B) and a similar 
trend was observed for activated β-catenin expression (data not shown), suggesting that 
FZD8 does not target the canonical pathway, as its presence functions inhibitory. In further 
support, TGF-β1 had no effect on ser1490 LRP5/6 phosphorylation in MRC-5 human lung 
fibroblasts, an event necessary for canonical WNT signalling (figure 6C). 

 Supplementary �gure 2

Figure 5: DKK-1 regulates WNT-3A-induced gene 
e ression of A in  MRC-5 human lung fibroblasts 
were stimulated with WNT-3A-conditioned medium for 
24 hours. The canonical WNT signalling pathway was 
inhibited with DKK-1 (0.3 µg/ml). Figure shows the effect 
of DKK-1 on WNT-3A-induced Axin2 gene expression. Data 
represent mean ± s.e.m. of 3 independent experiments.
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 Figure 4

Figure 6: TGF-β1-induced ECM expression and 
myofibroblast differentiation is not regulated 
via canonical WNT signalling. C-5 human lung 

broblasts were stimulated with T F-β1 (2 ng/ml) 
for 24 hours (m A) or for different time points 
(protein) as indicated. The canonical T signalling 
pathway was inhibited with D -1 (0.3 g/ml). (A) 
The effect of the canonical T signalling pathway 
on T F-β1-induced gene expression of EC  
proteins and myo broblast differentiation markers. 
Data represent mean  s.e.m. of 5 independent 
experiments.  p  0.001  p  0.01 compared 
to basal conditions (one-way repeated measures 
A OVA with Student- ewman- euls multiple 

comparisons test). (B) F D8-/- mice and T littermates were instilled with bleomycin for 14 days as described in 
the methods section. Figure shows Axin2 gene expression in whole lung tissue. Data represent mean  s.e.m. of 
5-8 mice per group.  p  0.01  p  0.05 compared to control T mice,  p  0.001 compared to bleomycin-
instilled T mice (two-way A OVA with Student- ewman- euls multiple comparisons test). (C) Analysis of 
active β-catenin and ser1490 P5/  phosphorylation by T F-β1.
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Noncanonical WNT-5B is a ligand for FZD8
e previously demonstrated that T F-β induces speci c expression of the noncanonical 

ligand T-5B in human lung broblasts [11]. In view of these and our current results, 
we investigated the gene expression of two typical noncanonical ligands, T-5A and 

T-5B, in C-5 human lung broblasts in response to T F-β1. Indeed, T F-β1 induced 
the gene expression of both ligands in a concentration dependent manner with an EC50 
of 0,28 ng/ml and 0.2  ng/ml respectively ( gures 7A-B). Similar to F D8 gene expression, 
the T F-β1-induced T-5B gene expression was Smad3-dependent, whereas T-5A 
gene expression was not ( gures 7C-D). Functional studies showed that stimulation with 
recombinant T-5B mimicked the T F-β1-induced gene expression of EC  components 
and differentiation markers  T-5B signi cantly induced the gene expression of 

bronectin, versican, -sm-actin and CT F, whereas T-5A did not ( gure 7E). e 
con rmed these ndings at the protein level for bronectin and -sm-actin ( gures 7F- ). 
For these experiments, we used stimulation with recombinant T-5A as a control ( gures 
7F- ). This observation might imply that T-5B is a ligand for F D8-mediated broblast 
activation. Thus, we studied the impact of F D8 knockdown on T-5B-induced dynamic 
mass redistribution as a measure of ligand-mediated cellular activation. First, we showed 
that T-5B-induced changes in cellular impedance, a measure for ligand dependent 
receptor activation, are partially prevented by F D8 knockdown (41 ), con rming that 

T-5B engages F D8 receptor signalling for broblast activation ( gures 8A-B). ext, 
we studied the effect of F D8 knockdown on T-5B-induced gene expression in C-5 
human lung broblasts, focusing on the T-5B responsive genes bronectin, versican, 

-sm-actin and CT F. Indeed, the T-5B-induced expression of bronectin (34 ) and 
-sm-actin (38 ) was signi cantly downregulated by F D8 knockdown, indicating that 

T-5B is dependent on F D8 for the induction of these genes ( gure 8C). Collectively, 
these data show that noncanonical T-5B is a ligand for F D8 and that F D8 regulates 
T F-β1-induced EC  gene expression and myo broblast differentiation in human lung 

broblasts.
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Figure 5 Figure 5

i ure  Noncanonical NT-  mimics t e e ects of T -  on ro last acti ation  MRC-5 human lung 
fibroblasts were stimulated with TGF-β1 (2 ng/ml), WNT-5A (1µg/ml) or WNT-5B (1µg/ml) for 24 hours (mRNA) 
or for 48 hours (protein and immunocytochemistry). (A) Concentration dependent increase of WNT-5A gene 
expression after stimulation with increasing concentrations of TGF-β1 (EC50: 0.28 ng/ml). Data represent mean 
± s.e.m. of 5-8 independent experiments. (B) Concentration dependent increase of WNT-5B gene expression 
after stimulation with increasing concentrations of TGF-β1 (EC50: 0.26 ng/ml). Data represent mean ± s.e.m. 
of 5-8 independent experiments. (C) The effect of inhibiting Smad3 on the TGF-β1-induced gene expression of 
WNT-5A. Data represent mean ± s.e.m. of 5 independent experiments. (D) The effect of inhibiting Smad3 on 
the TGF-β1-induced gene expression of WNT-5B. Data represent mean ± s.e.m. of 5 independent experiments. 
(E) Recombinant TGF-β1-, WNT-5A- and WNT-5B-induced effects on ECM gene expression and myofibroblast 
differentiation. Data represent mean ± s.e.m. of 3-7 independent experiments. (F) The effect of recombinant 
TGF-β1, WNT-5A and WNT-5B on protein expression of fibronectin and α-sm-actin. Data represent mean ± s.e.m. 
of 3-5 independent experiments. (G) The effect of TGF-β1, WNT-5A and WNT-5B stimulation on sm-actin stress 
fiber formation. Cells were stained for α-sm-actin (red) and DNA (Hoechst 33342; blue). Pictures were taken 
at 100× magnification. *** p < 0.001 ** p < 0.01 * p < 0.05 compared to basal conditions compared to basal 
conditions (Student’s t-test; figures A- B, E-F). ** p < 0.01 * p < 0.05 compared to basal conditions ## p < 0.01 
compared to the stimulated control $$ p < 0.01 compared to inhibited control (one-way repeated measures 
ANOVA with Student-Newman-Keuls multiple comparisons test; figures C-D).



Processed on: 1-11-2016Processed on: 1-11-2016Processed on: 1-11-2016Processed on: 1-11-2016

506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer

Processed on: 26-10-2016Processed on: 26-10-2016Processed on: 26-10-2016Processed on: 26-10-2016

506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer506021-L-bw-Spanjer

- 52 -

Chapter 2

 Figure 6
Figure 8: WNT-5B functions as a ligand for 
FZD8. T-5B mediated cellular activation 
was assessed using the xCE igence system 
( oche Applied Science, Pen berg, ermany), 
as described in the methods section. C-5 
human lung broblasts were transfected as 
described above with speci c F D8-targeted 
si A or non-targeting control si A. Cells were 
stimulated with recombinant T-5B (1 g/ml). 
Delta CI was determined using the CI value ust 
prior to T-5B addition and after stabili ation. 
(A) Tracing shows representative example 
measurement of the effect of F D8 knockdown 
on T-5B-induced changes in impedance 
as a measure of receptor-mediated broblast 
activation. CI values are normali ed against 
Time  0 min. (B) The effect of F D8 knockdown 
on T-5B-induced changes in impedance 
as a measure of receptor-mediated broblast 
activation. Data represent mean  s.e.m. of 5 
independent experiments. (C) C-5 human 
lung broblasts were stimulated with T-5B (1 

l/ml) for 24 hours. The expression of F D8 was 
silenced with speci c F D8-targeting si A using 
non-targeting si A as a control. Figure shows 
the effect of F D8 knockdown on T-5B-
induced gene expression of EC  components 
and myo broblast differentiation markers. Data 
represent mean  s.e.m. of  independent 
experiments.  p  0.001  p  0.05 compared 
to basal conditions,  p  0.001  p  0.05 
compared to the stimulated control (one-way 
repeated measures A OVA with Student-

ewman- euls multiple comparisons test).
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Discussion

e show for the rst time that the F D8 receptor in human lung broblasts is re uired in 
part for the effects of T F-β on the expression of various EC  proteins and myo broblast 
differentiation in vitro as well as for bleomycin-induced brosis in vivo. Furthermore, 
we demonstrate that these effects are established via noncanonical T signalling and 
that speci cally T-5B functions as a ligand for F D8 to mediate the effects of T F-β 
on broblast activation. These ndings provide supportive evidence that a signalling 
axis involving F D8 and T-5B plays a role in T F-β-induced EC  turnover and repair 
mechanisms. 
 Fibroblasts contribute to tissue repair and remodelling by regulating EC  turnover 
and by their differentiation into myo broblasts [1, , 7]. T F-β activates broblasts, 
thereby stimulating EC  production and initiating myo broblast differentiation leading 
to a more contractile phenotype [3, 7, 31, 32, 34]. Epithelial cells and inflammatory 
cells can secrete T F-β, which can act upon broblasts to induce EC  production 
and myo broblast differentiation [35, 3 ]. e observe here that T F-β regulates the 
expression of EC  proteins and myo broblast markers, i.e. collagen I 1, bronectin, 
versican, -sm-actin and CT F, in a F D8 dependent manner in human lung broblasts. 
The induction of PAI-1 however, was unaffected by F D8 knockdown. In addition, not all 
genes were attenuated by F D8 knockdown to the same extent. hereas versican and 
CT F were nearly completely inhibited, collagen I 1, bronectin and -sm-actin were only 
partially inhibited. In vivo, bleomycin exposure induced the expression of both collagen 
and bronectin, which were partially inhibited in F D8 de cient mice. This indicates that 
signalling via F D8 is to some degree speci c for individual EC  components and that 
other mechanisms (e.g. Smad3-dependent gene transcription) play additional regulatory 
roles in the T F-β-induced expression of these components. Of importance, we show that 

T-5A and T-5B are induced in response to T F-β with a similar EC50 as observed 
for F D8 induction, but T F-β induced the expression of F D8 and T-5B, but not T-
5A, in a Smad3 dependent manner. 
 Our ndings strongly suggest that T-5B can function as an endogenous ligand 
for the F D8 receptor. This is supported by several observations. First, we con rmed our 
previous ndings showing that T-5A and T-5B are highly expressed in human lung 

broblasts [11]. owever, only T-5B expression was Smad3 dependent and only T-
5B mimicked the functional effects of T F-β on the induction of bronectin, versican, 

-sm-actin and CT F gene expression, as well as bronectin and -sm-actin protein 
expression. In addition, T-5B-induced changes in cellular impedance were partially 
prevented by F D8 knockdown, indicating that T-5B engages F D8 receptor signalling. 
Finally, our results showed that F D8 is re uired for the induction of bronectin and 

-sm-actin gene expression by T-5B. Collectively, this implicates that T F-β activates 
a T-5B/F D8 ligand/receptor complex that is re uired for the induction of bronectin 
and -sm-actin and that this complex plays a regulatory role in the induction of collagen 
I 1, versican and CT F gene expression. 
 hereas these data suggest a primary role for T-5B, we do not wish to 
completely rule out a role for T-5A in EC  production in general, as T-5A is known 
to regulate broblast proliferation [37] and our previous ndings indicate that in airway 
smooth muscle, T F-β induces the expression of both T-5A and F D8. In this study, we 
showed that both T-5A and F D8 knockdown reduced EC  production in response to 
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TGF-β 12 . Thus  the role of WNT-5A may be cell-specific  or context specific as the WNT 
ligand and receptor profile expressed by airway smooth muscle cells and fibroblasts do 
not completely overlap 11  12 .
 The WNT signalling pathway operates through canonical β-catenin dependent 
and noncanonical β-catenin independent signalling routes 13-16 . Although TGF-β 
is known to activate β-catenin 11  our current data show that the canonical WNT 
signalling pathway is not involved in TGF-β-induced ECM gene expression. We blocked 
the canonical pathway using D -1  which interferes with the interaction between the 
F D receptor and the L 5/6 co-receptor necessary for canonical pathway activation 
13 . nhibiting the canonical pathway had no e ect at all on the TGF-β-induced e ects  

whereas it did inhibit WNT-3A-induced Axin2 gene expression. Furthermore  stimulation 
with TGF-β did not result in L 5/6 phosphorylation  an event necessary for canonical 
WNT signalling  whereas TGF-β did promote the expression of noncanonical WNT-5B. n 
turn  WNT-5B mimicked the TGF-β e ects via the F D8 receptor. In vivo  expression of the 
canonical WNT signalling target gene Axin2 and activated β-catenin were not reduced in 
the F D8 deficient mice  or even significantly increased. This indicates that the signalling 
downstream of TGF-β/F D8 is not via canonical WNT signalling  which is in apparent 
contrast to previous findings from us and others showing that TGF-β activates β-catenin 
in vitro and in vivo 10  11  38-44  and to the findings that β-catenin is re uired for TGF-
β-induced ECM gene expression 10 . owever  in addition to canonical WNT signalling  
Smad2/3 is also known to activate β-catenin gene expression 3  40  and β-catenin 
can physically interact with Smad2/3/4 proteins to regulate target gene expression 45  
46 . Together with previous publications 11  47  our current data indicate therefore 
that TGF-β can activate β-catenin directly via 3-kinase/protein kinase B (Akt)/glycogen 
synthase kinase (GS )-3 dependent e ects on β-catenin protein stability and E 1/2 
dependent e ects on β-catenin gene expression  without the re uirement for canonical 
WNT signalling. This notion is supported by findings showing that D -1 has no e ect on 
TGF-β-induced ECM protein production or β-catenin expression in human airway smooth 
muscle cells 12  and that TGF-β does not promote the expression of classical canonical 
WNT target genes such as Axin2 in human lung fibroblasts 11 . Taken all results together  
this implies that F D8 partly regulates WNT-5B- and TGF-β-induced e ects on fibroblast 
activation via noncanonical WNT signalling and that this signalling branch operates parallel 
to TGF-β-induced  WNT independent  β-catenin signalling to promote gene expression.
 ecent studies indicate the involvement of WNT signalling in tissue remodelling 
in many organ systems including the lung 8  11  37 . Chronic lung diseases  such 
as chronic obstructive pulmonary disease (C D) or idiopathic pulmonary fibrosis 
( F) are progressive and devastating diseases  characterized by a lung function that 
is compromised by underlying inflammatory and remodelling mechanisms. To date  
only limited treatment options that target the underlying lung injury and remodelling 
are available. emodelling in C D occurs mainly in the small airways  while in F the 
parenchymal lung tissue is mostly a ected. owever  both diseases are characterized 
by TGF-β-induced fibroblast activation and remodelling 48  4 . ur current data show 
that TGF-β-induced fibroblast activation in vitro and bleomycin-induced fibrosis in vivo  
a process dependent on TGF-β signalling  is regulated via F D8. Furthermore  WNT-5B 
contributes to TGF-β-induced fibroblast activation as a ligand that signals via F D8. n 
line with these findings  it was recently reported that high F D8 gene expression in lung 
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tissue of IPF patients correlates with more rapid disease progression [44]. In addition, 
our published ndings showed that the T F-β-induced expression of T-5B and F D8 
is higher in broblasts of COPD patients compared to broblasts of non-COPD controls 
[11]. Collectively, our data provide evidence that signalling via the T-5B/F D8 ligand/
receptor complex may play an important role in EC  turnover and repair mechanisms in 
lung diseases. This pathway may play a role in chronic lung diseases, providing a rationale 
to further explore the therapeutic potential of this pathway.
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