Article

Journal of Histochemistry & Cytochemistry 2016, Vol. 64(2) 99-111
© 2016 The Histochemical Society
Reprints and permissions:
sagepub.com/journalsPermissions.nav
DOI: 10.1369/0022155415617988
jhc.sagepub.com

®SAGE

JHC

Expression of WNTS5A in Idiopathic Pulmonary
Fibrosis and Its Control by TGF-f3 and
WNT7B in Human Lung Fibroblasts

Donna R. Newman, W. Shane Sills, Katherine Hanrahan, Amanda Ziegler,
Kathleen McGinnis Tidd, Elizabeth Cook, and Philip L. Sannes

Department of Molecular Biomedical Sciences, Center for Comparative Medicine and Translational Research, College of Veterinary Medicine, and
Center for Human Health and the Environment, College of Sciences, North Carolina State University, Raleigh, North Carolina (DRN, WSS, KH, AZ,
KMT, EC, PLS)

Summary

The wingless (Wnt) family of signaling ligands contributes significantly to lung development and is highly expressed in
patients with usual interstitial pneumonia (UIP). We sought to define the cellular distribution of Wnt5A in the lung
tissue of patients with idiopathic pulmonary fibrosis (IPF) and the signaling ligands that control its expression in human
lung fibroblasts and IPF myofibroblasts. Tissue sections from 40 patients diagnosed with IPF or UIP were probed for the
immunolocalization of Wnt5A. Further, isolated lung fibroblasts from normal or IPF human lungs, adenovirally transduced
for the overexpression or silencing of Wnt7B or treated with TGF-B1 or its inhibitor, were analyzed for Wnt5A protein
expression. Wnt5A was expressed in IPF lungs by airway and alveolar epithelium, smooth muscle cells, endothelium, and
myofibroblasts of fibroblastic foci and throughout the interstitium. Forced overexpression of Wnt7B with or without
TGF-B1 treatment significantly increased Wnt5A protein expression in normal human smooth muscle cells and fibroblasts
but not in IPF myofibroblasts where Wnt5A was already highly expressed. The results demonstrate a wide distribution
of Wnt5A expression in cells of the IPF lung and reveal that it is significantly increased by Wnt7B and TGF-1, which,
in combination, could represent key signaling pathways that modulate the pathogenesis of IPF. (] Histochem Cytochem
64:99-111, 2016)
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shown to comprise a complex, interconnected reticulum
extending from the pleural surface into the core of the lung
parenchyma (Cool et al. 2006). FF are typically sub-epithe-
lial and can be found near normal pulmonary tissue
(Katzenstein and Myers 1998; Katzenstein etal. 2002).

Introduction

Idiopathic pulmonary fibrosis (IPF), or usual interstitial
pneumonia (UIP), is a disease characterized by the failure of
alveolar epithelial surfaces to repair effectively following
damage of unknown origin. This results in epithelial hyper-
plasia, hypertrophy, and metaplasia, the expansion of a het-
erogeneous population of long-lived myofibroblast-like
cells, and an expanded fibrous extracellular matrix (ECM)
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with advancing loss of normal pulmonary architecture and
function (Schwartz et al. 1994; Green 2002). One of the key
features of this disorganized restructuring are fibroblastic
foci (FF), indicative of progressive disease, which have been
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Their development leads to end-stage fibrosis with shrinking
functional pulmonary structure (Kapanci etal. 1995;
Katzenstein and Myers 1998; Katzenstein et al. 2002).

A variety of factors have been demonstrated to be
involved or otherwise drive the cellular and reorganized
ECM features common to IPF. TGF-f is probably best
known for its regulatory influences on fibrogenesis in IPF
(Chilosi et al. 2003; Fernandez and Eickelberg 2012) by
fostering the growth of myofibroblasts and the expansion of
fibrillar collagen and various components of the ECM,
which, in many cases, is cooperatively controlled by Wnt
signaling (Broekelmann et al. 1991; Scotton and Chambers
2007; Salazar, Lankford, and Brody 2009). Wnt7B gene
expression has been reported to be upregulated in IPF lungs
(Konigshoff et al. 2008) and found to be localized in tissue
sections within distinct sites that include cells and the ECM
within FF of IPF lungs (Meuten et al. 2012). Wnt7B is
known to be important during early lung development as a
signaling glycopeptide that directs proliferation of adjacent
epithelium and mesenchymal cells (Rajagopal et al. 2008)
and controls the growth of vasculature (Shu et al. 2002).
This has led to the suggestion that Wnt7B may be reacti-
vated to significantly impact the progression of IPF in the
adult lung (Morrisey 2003; Meuten et al. 2012).

Wnt5A has been shown to be involved in distal lung
morphogenesis (Li et al. 2002), in part through the regula-
tion of sonic hedgehog (SHH) and fibroblast growth factor
10 (FGF10) (Li et al. 2005). It has also been demonstrated
to be involved in alveolarization (Boucherat et al. 2007)
and airway and vascular tubulogenesis (Loscertales et al.
2008), and in the regulation of pulmonary vascular develop-
ment (Cornett et al. 2013). Wnt5A has also been shown to
be significantly upregulated in UIP/IPF and to promote pro-
liferation and prevent apoptosis in fibroblasts from patients
with UIP/IPF (Vuga et al. 2009). Its fibrogenic qualities are
also demonstrated by its up-regulation in sarcoidosis
(Levénen et al. 2011), ventilator-induced pulmonary fibro-
sis (Villar, etal. 2011), and liver fibrosis (Rashid et al.
2012). Recent studies have demonstrated an increased
expression of Wnt5A in smooth muscle cells in asthma and
its necessity for TGF-B-induced production of ECM
(Kumawat et al. 2013). We show here that Wnt5A is widely
distributed in and expressed by epithelium, fibroblasts, and
smooth muscle cells of IPF lungs and is regulated by TGF-
B1 and Wnt7B.

Materials & Methods

Immunostaining

Tissue blocks of 60 formalin-fixed lung tissue samples were
obtained from the Lung Tissue Research Consortium
(LTRC). The samples used for immunostaining came from
patients who had previously been placed into one of three

groups: (1) patients with forced vital capacities (FVCs)
>80% (normal, or no specified major or minor diagnosis,
n=3); (2) patients with FVCs between 50% to 80% [major
final clinical diagnosis as interstitial lung disease (ILD,
n=8) and minor final clinical diagnosis as usual interstitial
pneumonia/idiopathic pulmonary fibrosis (UIP/IPF)]; and
(3) patients with FVCs <50% (major final clinical diagnosis
of ILD and minor final clinical diagnosis as UIP/IPF, n=8).
No other patient identifiers were provided, and their ano-
nymity and confidentiality were preserved. The study was
approved by the North Carolina State University Institutional
Review Board. Paraffin blocks were sectioned and stained
with hematoxylin and eosin (H&E) and examined by a
board-certified pathologist to independently confirm/reclas-
sify initial clinical diagnoses (Meuten et al. 2012).

Sections randomly selected from each of the three groups
(10 from each, 30 total) were treated with citrate buffer for
antigen retrieval and probed with a rabbit polyclonal anti-
human Wnt5A antibody that was raised against a synthetic
peptide between aal80-229 of NP_003383 and immunoaf-
finity purified (LS-B4565, lot UZ03; LifeSpan Biosciences,
Inc., Minneapolis, MN) and used at a dilution of 5 pug/ml
overnight at 4°C. A rabbit monoclonal anti-human Wnt5SA/B
antibody (#2530, lot 2; Cell Signaling Technology, Danvers,
MA) for western blot served as a negative control, as it was
not certified for immunohistochemistry (IHC). A mouse
monoclonal anti-a-smooth muscle actin (a-SMA) antibody
(A5228, lot 110M4795; Sigma-Aldrich, St. Louis, MO) was
used at a 1:500 dilution for 2 hr at room temperature. A rab-
bit polyclonal anti-human SP-C antibody raised against the
full-length protein (sc-13979; Santa Cruz Biotechnology,
Inc., Dallas, TX) was used at a 1:100 dilution for 2 hr at
room temperature. All primary incubations were followed
by peroxidase-labeled secondary antibodies (Dako LSAB+
[Dako Laboratories; Carpinteria, CA] or ImmPRESS
Polymer Detection Reagent [Vector Laboratories;
Burlingame, CA]) and visualized with Nova Red (Vector
Laboratories). Control samples substituted normal rabbit
serum or ascites fluid for the primary antibody at an equiva-
lent protein concentration. To demonstrate specificity of the
Wnt5A stain, Wnt5A antibody (LifeSpan) was incubated
overnight at 4°C with its immunizing peptide P41221 (LS-
E11228, LifeSpan) at a 20-fold molar excess before its use
in IHC. Sections were counterstained with methylene blue
or Celestine blue and routinely mounted. When appropriate,
adjacent or parallel sections were used to compare the local-
ization of different target molecules in the same site.

Cell Preparations

Human alveolar type II (hAT?2) cells and lung fibroblasts
(hLF) were isolated by elastase digestion from organ donor
lungs provided by the Tissue Procurement and Cell Culture
Core of the Cystic Fibrosis/Pulmonary Research and
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Treatment Center (the Core) at the University of North
Carolina at Chapel Hill (UNC-CH). Organ donor lungs not
suitable for transplantation but still useful for cell harvest
were obtained by the Core through the National Disease
Research Interchange (Philadelphia, PA). All human mate-
rials were handled per protocols approved by the UNC
Institutional Committee on the Protection of the Rights of
Human Subjects (IRB) and strict procedures were followed
to ensure patient confidentiality. Age, sex, and ethnic back-
ground were not considered when obtaining specimens and
are expected to reflect those of the U.S. population of gen-
eral organ donors. Uniform consent is not practicable or
feasible because donors were deceased (i.e., cadaveric
organ donors). For these specimens, consent for research
use of tissue was obtained from an authorized representa-
tive of the deceased by the organ procurement agency and
has been deemed acceptable by the UNC IRB. The waiver
does not adversely affect the rights and welfare of the tis-
sue donors because of procedures to insure subject ano-
nymity. The use of anonymous cadaveric organ donor
tissue is considered to be exempt from IRB review.
Following isolation (see below), hAT2 cells were main-
tained in low-glucose DMEM medium (Life Technologies;
Grand Island, NY) supplemented with 10% FBS and gen-
tamicin (both from Life Technologies) and antibiotic-anti-
mycotic solution (Cellgro; Manassas, VA). Fibroblasts
were maintained in high-glucose DMEM (Cellgro) with
the same supplements.

Fibroblasts were also isolated from tissue obtained from
patients with known IPF undergoing lung transplant, recruited
from the Interstitial Lung Disease Clinic of Duke University
Hospitals before their day of transplant. Their evaluation was
performed as part of clinical care within this specialty clinic
and includes pulmonary function tests, chest CT, serological
evaluation, and possible biopsy. All subjects provided written
informed consent to participate and to donate a sample of
their lung tissue following transplant. All patient medical
information was de-identified such that all tissue obtained for
fibroblast isolation was completely anonymous to this investi-
gation other than a diagnosis of IPF.

Cell Isolation and Culture

Primary hAT?2 cells were isolated according to a scaled-up,
modified version of the Dobbs procedure (Dobbs et al. 1986;
Apparao et al. 2010) and fibroblast-depleted using an anti-
Thy-1 antibody (AS02; EMD Chemicals, Gibbstown, NJ)
and pan-mouse IgG Dynabeads (Invitrogen; Carlsbad, CA),
as previously described (Zhang et al. 2012). Highly pure
hAT?2 were seeded in low-glucose DMEM/10% FBS on rat-
tail collagen-coated tissue culture dishes or cryopreserved.
After a medium change the next day, cells were treated and
cultured for up to 5 days. Normal human lung fibroblasts
(hLFs) were grown out from non-fibroblast-depleted lung

cell isolates, purified by two sequential passages, and
cryopreserved.

Primary IPF fibroblasts (IPFF) were cultured from IPF
donor tissue, which was minced into 1- to 3-mm cubes and
plated in flasks with complete high-glucose medium. When
they migrated out from the tissue edges, IPFFs were tryp-
sinized and cultured for two sequential passages, then cryo-
preserved for further experiments.

Human airway smooth muscle cells (hASMCs) were the
generous gift of Dr. Julian Solway, University of Chicago.
Cells were cultured in high-glucose DMEM:F-12 medium
(50/50) (Cellgro) supplemented with 10% FBS, antibiotics,
and selected growth factors.

An adherent human kidney epithelial cell line, 293A,
was obtained from Life Technologies as a component of its
ViraPower Adenoviral Expression kit and cultured in high-
glucose DMEM medium with 10% FBS, MEM non-essen-
tial amino acids (Life Technologies), and antibiotics.

Plasmid Constructs and Adenovirus Generation

The ViraPower Adenoviral Expression System (Life
Technologies) was used to construct an adenoviral vector
for the overexpression of human Wnt7B. The Gateway
entry clone IOH23284 (Life Technologies) encoding
human Wnt7B ending with a stop sequence was combined
with pAd-CMV/V5-DEST in a Clonase II LR reaction to
generate the adenoviral plasmid pAd-CMV-Wnt7B. A
clone with perfect sequence was amplified, cut with Pacl,
and transfected into 293A cells to generate the CMV-
Wnt7B adenovirus. CMV-LacZ adenovirus was gener-
ated by linearizing and transfecting into 293A cells the
positive expression control plasmid pAd/CMV/V5-GW/
lacZ supplied in the pAd/CMV/V5-DEST Gateway
Vector kit (V493-20; Life Technologies). Purchased con-
trol adenoviruses for overexpression, Ad5.GFP (ADV-
GPF-S, lot 02171; QBIOgene, Inc., Montreal, CA), and
for silencing, Ad-U6-shRNA(scramble)-GFP (SignaGen
Laboratories, Rockville, MD) were amplified in 293A
cells to produce CMV-GFP and shScramble adenoviruses,
respectively.

Entry plasmids targeting the human Wnt7B gene
(NM_058238) for silencing were constructed in the
Block-iT U6 entry vector (Life Technologies) according to
the manufacturer’s instructions, targeting sequences start-
ing at nucleotides 907, 1055, and 1339. A successful clone
of each entry construct was flipped into the promoterless
adenoviral vector pAd/Block-iT-DEST using Clonase II
LR. Plasmids of the correct sequences were amplified, cut
with Pacl, and transfected into 293A cells to generate
shWnt7B adenoviruses. A mixture of all three shWnt7B
adenoviruses was effective in silencing Wnt7B in rat lung
epithelial cells transduced with CMV-Wnt7B adenovirus
for hWnt7B overexpression.
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The overexpression plasmid for “Active” Wnt5A-V5 (a
gift from Xi He, Addgene plasmid #43813) (MacDonald
etal. 2014) was transfected into 293A cells to generate
V5-tagged hWnt5A-positive control lysates for western
analysis.

Adenoviral Transduction for Overexpression and
Silencing, and Cell Treatments

Both Wnt7B and TGF-B1 are present in or near fibroblastic
foci (Khalil et al., 1991; Meuten et al., 2012) and could be
expected to modulate Wnt5A expression. To model in vivo
conditions and potentially enhance Wnt5A expression,
some hLF, IPFF, and hASMC cells were transduced (in sus-
pension for 1 hr with occasional re-suspension before plat-
ing) with CMV-GFP or CMV-LacZ (control) or
CMV-Wnt7B (for Wnt7B overexpression) adenoviruses at
50 MOI (Multiplicity of Infection) for 24-30 hr before
overnight quiescence in 0.1% FBS medium and treatment
with vehicle (4 mM HCl/1 mg/ml BSA) or recombinant
human TGF-B1 (240-B; R&D Systems, Minneapolis, MN)
at 5-10 ng/ml for 24-36 hr before termination. HAT2 cells
were seeded, allowed to attach overnight, adenovirally
transduced with the same overexpression constructs at 20
MOI for 30 hr before quiescence, treated with vehicle or
TGF-B1 (10 ng/ml), and harvested on day 5.

In other experiments, Wnt7B was first silenced in hLF
and IPFF cells using a mixture of all three shWnt7B adeno-
viruses or a control silencing hairpin adenovirus (shScram-
ble), at high (200) MOI. Fibroblasts express CAR
(Coxsackie-adenovirus receptor) at a low level, but silenc-
ing in hLFs and IPFFs was achieved when these cells were
transduced at 200 MOI for 1 hr in suspension before plat-
ing. Silenced cells (48 hr) were then trypsinized, transduced
for GFP or Wnt7B overexpression, plated, and cultured for
24 hr before treatment with DMSO or the TGF-$1 receptor
kinase inhibitor SB431542 (Sigma-Aldrich) (10 uM) to
inhibit TGF-B1 signaling.

Gene Expression Analysis

Parallel cultures to those for protein expression (below)
were processed for total RNA isolation using the RNeasy
Plus Mini kit (Qiagen; Valencia, CA). Briefly, cells were
drained of medium and lysed in RLT Plus containing
B-mercaptoethanol, mechanically disrupted (Shredder col-
umns), depleted of genomic DNA (gDNA Eliminator col-
umns), and processed according to the manufacturer’s
instructions. Pure RNA (2 pg) was reverse-transcribed
using the Applied Biosystems High Capacity cDNA Reverse
Transcription kit (Applied Biosystems; Foster City, CA)
and diluted to 10 ng/ul ¢cDNA. For gene expression analy-
sis, 100 ng cDNA was combined with TagMan Gene
Expression Master Mix and TagMan primers and probes

(Applied Biosystems) specific for Wnt5SA (Hs00998537
ml) or GAPDH (Hs99999905 m1), in duplicate, and sub-
jected to 40 rounds of amplification in a MyiQ iCycler
(Bio-Rad Laboratories, Inc., Hercules, CA). Normalized
levels of Wnt5A gene expression (**Ct) were graphed in
Microsoft Excel (Microsoft Corp., Redmond, WA).

Protein Expression Analysis

Cell cultures were terminated by draining, rinsing once with
PBS, and lysing in RIPA Buffer (bioWORLD; Dublin, OH)
containing additional protease and phosphatase inhibitors
(Roche, Indianapolis, IN) at 1.3x concentration. Lysates
were subjected to three rounds of sonication at 5-8 sec
each, incubated for 30 min at 4°C with end-over-end roll-
ing, and centrifuged for 15 min at 12,000 rpm, 4°C. Cleared
supernatants were quantitated using the Pierce 660 reagent
(Thermo Scientific, Rockford, IL) and equal amounts of
protein were combined with 4% Laemmli dye -+
B-mercaptoethanol to achieve a 1x dye concentration.

For western blotting, equal (10 to 15 pg) amounts of pro-
tein in Laemmli sample dye were heated to 95°C for 10 min
and subjected to electrophoretic separation in MOPS run-
ning buffer under reducing conditions at 200 V for 60 min
on NuPAGE 4% to 12% Bis-Tris gels (Life Technologies).
Proteins were transferred to 0.2-pum nitrocellulose mem-
branes (Bio-Rad) and blocked with Tris-buffered saline
containing 0.1% Tween-20 (TBST) and 5% milk for 1 hr.
Blocked membranes were incubated with primary antibod-
ies in TBST/5% BSA (TBST/BSA) overnight at 4°C.
Primary antibodies used for western blotting included goat
anti-human Wnt7B (AF3460, R&D Systems) at 1:1000,
rabbit monoclonal anti-human Wnt5A/B (#2530, Cell
Signaling Technology) at 1:1000, mouse anti-a-smooth
muscle actin (A5228, Sigma-Aldrich) at 1:6000, mouse
anti-Vimentin (sc-6260, Santa Cruz Biotechnology) at
1:1500, and mouse anti-human plasminogen activator-1
(PAI-1) (612024; BD Biosciences, San Jose, CA) at 1:5000.
Mouse anti-GAPDH (sc-32233), anti-Tubulin mouse mono-
clonal IgM (sc-8035), and rabbit anti-Vinculin (sc-5573),
all from Santa Cruz Biotechnology, were used as loading
controls. After washing in TBST, blots were incubated in
TBST/5% milk containing secondary antibodies conjugated
to horseradish peroxidase (Cell Signaling Technology or
Santa Cruz) for 2 hr with agitation. Bands on the membrane
were detected by chemiluminescence using SuperSignal
West Pico or Dura substrate (Pierce Biotechnology;
Rockford, IL) and visualized by autoradiography.

Statistics

Where the dynamics of expression are difficult to see, bands
from three separate blots were scanned and quantitative
image analysis was done using Image] software (NIH;
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Figure 1. Sections randomly selected from each of the three groups (10 from each, 30 total) were immunostained for Wnt5A,
SP-C, or a-SMA, with appropriate controls, as described. (A) Normal human lung tissue treated for the localization of Wnt5A by
immunohistochemistry showed reactivity in the smooth muscle (double arrows) of airways (Air) and vessels (V), and in the epithelium
(single arrows) of airways (Air) and alveoli (Alv). (B) Higher magnification of lung parenchyma shows reactivity in some but not all
cuboidal (alveolar type lI; single arrows) and more squamous (alveolar type |; double arrows) cells. All sections were counterstained

with methylene blue. Scale, 100 pm.

Bethesda, MD). Experimental groups were compared to
“NA” or “CMV-GFP” or “CMV-LacZ” samples for statisti-
cal significance by unpaired, two-tailed #-test using the
Microsoft Excel Analysis ToolPak Add-in software suite,
and Excel-generated charts are shown with relevant signifi-
cances at p<0.05 (*) and p<0.01 (**).

Results

In normal human lung, Wnt5A was observed in airway and
alveolar epithelial cells, smooth muscle cells, interstitial
fibroblasts, and some endothelial cells by immunohisto-
chemistry (Fig. 1A, 1B). In IPF patients, Wnt5A reactivity
was more widely observed and strongly expressed in air-
way and alveolar epithelium, endothelial cells, smooth
muscle of airways and vessels of all sizes, and almost all
interstitial fibroblasts (Figs. 2A, 3A, 3B). Parallel sections
treated with pre-immune rabbit serum (Fig. 2B), a Wnt5A/B
antibody not certified for IHC by the manufacturer (Fig.
2C), and a Wnt5A antibody blocked by pre-incubation with
its immunizing peptide (Fig. 2D) were non-reactive and
lacked label contrast. Airway epithelial cells were reactive
for WntSA in IPF lungs (Fig. 3A) but not to the extent of
alveolar epithelium (Fig. 3A, 3B). The AT2 phenotype of
the latter was confirmed by their SP-C reactivity (Fig. 3C).
These cells were often hyperplastic, hypertrophic and
detached, and sometimes appeared in alveolar and even
small airway spaces. The vast majority of fibroblasts in IPF
lungs were immunoreactive for WntSA, whether located
within FF (Figs. 2A, 3B) or simply within the thickened and

distorted interstitium characteristic of IPF (Figs. 3A, 3B).
Their myofibroblastic phenotype was confirmed by staining
positive for a-SMA (Fig. 3D). Of interest was the strong
Wnt5A reactivity of all smooth muscle found in IPF lungs,
especially that associated with airways (Fig. 3A), and in
endothelium of large vessels and in the large number of
small vascular elements either trapped in the expanding
fibrotic ECM or as neovascular growth common in fibro-
genesis (Figs. 2A, 3A, 3B). These cells were also predict-
ably a-SMA-positive (Fig. 3D).

Western blots showed detectable WntSA in isolated nor-
mal hLFs, which increased with TGF-B1 (5 ng/ml) treat-
ment or after adenoviral transduction for Wnt7B
overexpression (Fig. 4). The combination of TGF-B1 and
Wnt7B transduction appeared to increase Wnt5A additively
(Fig. 4). Similarly, in hASMC cells, Wnt5A was increased
by CMV-Wnt7B or TGF-f1 individually, and additively in
combination (Fig. 5). Expression of Wnt5A by primary
hAT?2 cells at day 5 in culture (Fig. 6) was significantly up-
regulated by TGF-B1 in control LacZ-overexpressing cells.
In hAT?2 cells, successful CMV-Wnt7B transduction did not
significantly affect WntSA or add to the stimulatory effects
of TGF-B1 treatment (Fig. 6). Isolated IPFF cells expressed
a predictably higher baseline of Wnt5SA as compared with
hLFs, and it was slightly increased (p<0.05) over controls
by CMV-Wnt7B transduction (Fig. 7). Significant TGF-f1-
stimulated up-regulation of Wnt5A in control IPFF cells
(p<0.01) was apparent after quantitation of scanned western
blot bands but was not additive in the Wnt7B-overexpressing
cells (Fig. 7).
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Figure 2. (A) Section from an IPF lung stained for the localization of Wnt5A as in Figure I. The epithelium lining an airway (Air)
expresses Wnt5A (single arrows) as do endothelial cells of small nearby vessels (double arrows). (B-D) Sections adjacent to (A) were
treated identically except for: (B) substitution of primary antibody with pre-immune rabbit serum; (C) substitution of the primary
antibody with a Wnt5A antibody not certified for IHC-P; or (D) pre-incubation of the primary antibody with its blocking peptide. All
antibodies were used at protein concentrations comparable to the primary antibody in (A). All sections were counterstained with

methylene blue. Scale, 100 pm.

Control of endogenous and stimulated expression of
Wnt5A protein was explored further in hLFs and IPFFs,
using Wnt7B-silencing and overexpressing adenoviruses
and an inhibitor of TGF-B1 signaling. Both types of fibro-
blasts were adenovirally transduced (200 MOI) to silence
Wnt7B (shWnt7B) or with silencing Control (shScramble)
for 48 hr before adenoviral transduction (50 MOI) to over-
express Wnt7B (CMV-Wnt7B) or with overexpression
Control (CMV-GFP). After 24 hr, quiescent cells in 0.1%
FBS medium were treated with DMSO or 10 uM SB431542
(TGF-B1 Receptor kinase inhibitor) and cultured for an
additional 24 hr.

Successful adenovirally transduced overexpression and
silencing of Wnt7B in hLFs were confirmed by western
blot (Fig. 8A). Adenoviral transduction for forced

expression of Wnt7B greatly increased Wnt5A levels over
that of the control. Silencing with shWnt7B adenoviruses
appeared to increase the expression of Wnt5A over control
silencing in both overexpression backgrounds. The loading
control, Vinculin, however, was reduced in the shScramble
lanes. When the CMV-Wnt7B samples were normalized to
the loading control, the apparent increase in Wnt5A by
shWnt7B silencing disappeared. SB431542 significantly
reduced Wnt7B-stimulated Wnt5A in both silencing back-
grounds (Fig. 8B). A downstream target of Wnt7B and
TGF-B signaling, a-SMA, was significantly increased by
Wnt7B overexpression and decreased in these cells by
shWnt7B; however, SB431542 had no effect (Fig. 8A).
Overexpression of Wnt7B had little effect on PAI-1, an
inhibitor of fibrin breakdown and a marker of matrix
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Figure 3. (A) Wnt5A immunostaining of IFP lungs is observed in smooth muscle bundles (single arrows), in the epithelium surrounding
an airway (Air), in small vessels (double arrows), and in the epithelium lining the alveoli (Alv). (B) Wnt5A also localizes to numerous
fibroblasts (single arrows) within a fibroblastic focus (FF), in the epithelium surrounding a misshapen alveolus (Alv), and in endothelial
cells (double arrows) near the FF. (C) Immunostaining for SP-C confirmed the alveolar type Il cells within distorted, thickened alveolar
regions (Alv). (D) Alpha-smooth muscle actin identified myofibroblasts (single arrows) in FF adjacent to an alveolus (Alv) and endothelial
cells of small vessels having undergone endothelial-mesenchymal transition (double arrows). All sections were counterstained with

methylene blue. Scale, 100 pm.

production, which was reduced by SB431542. Silencing
Wnt7B greatly increased PAI-1 over shScramble controls,
with or without Wnt7B overexpression (Fig. 8A).
Normalized Vimentin levels did not change (data not
shown). Similarly treated silenced hLF cells, which had
not been transduced for overexpression, exhibited expres-
sion patterns for these proteins nearly identical to those of
cells transduced with CMV-GFP (data not shown). Gene
expression analysis confirmed the stimulatory influence of
Wnt7B overexpression on wnt54 in hLFs, its decrease due
to shWnt7B silencing, and its decrease with SB431542
(Fig. 8C).

In IPFF cells, cultured and transduced identically to
hLFs as above, successful adenoviral transduction for
forced expression of Wnt7B only modestly increased

Wnt5A protein expression (Fig. 9A, 9B). In all the CM V-
GFP and the Wnt7B-shScramble-transduced cells, the
normalized levels of Wnt5A were significantly reduced
by SB431542 but, in CMV-Wnt7B + shWnt7B-silenced
cells, SB431542 had a much less—although still signifi-
cant—reducing effect (Fig. 9B). Wnt7B overexpression
in control-silenced cells strongly increased a-SMA,
which was reversed in shWnt7B-silenced cells; SB431542
had no effect (Fig. 9A). Control shScramble-silenced
IPFF cells expressed PAI-1 strongly, which appeared
resistant to downregulation by CMV-Wnt7B but was sen-
sitive to SB431542. The strong downregulation of PAI-1
in shWnt7B-silenced cells when Wnt7B was overex-
pressed was reversed by SB431542. Normalized to the
Vinculin loading control, Vimentin showed no changes
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Figure 4. Western blot analysis of isolated normal human lung
fibroblasts, untreated or transduced with CMV-GFP or CMV-
Whnt7B adenovirus for 30 hr, then treated with or without 5
ng/ml TGF-B1 for 24 hr. Wnt7B overexpression (CMV-Wnt7B)
and TGF-B1, separately, increased Wnt5A protein. This increase
was enhanced by the combination of Wnt7B overexpression
and TGF-BI. The positive staining reaction and appropriate
molecular weight (~45 kDa) of the rhWnt5A-V5 band generated
in pWnt5A-V5-transfected 293A cells and its absence in the
pEGFP-transfected cells confirms the specificity of the CST 2530
anti-Wnt5A/B antibody. Vinculin was used as a loading control.
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Figure 5. Western blot analysis of isolated normal human
airway smooth muscle (hASMC) cells, untreated or transduced
with CMV-GFP or CMV-Wnt7B adenovirus for 30 hr, then
treated with or without 10 ng/ml TGF-B1 for 36 hr. Wnt7B
overexpression (CMV-Wnt7B) and TGF-$ | treatment separately
increased Wnt5A protein. This increase was enhanced further
by CMV-Wnt7B and TGF-$1 together. GAPDH was used as a
loading control.

due to treatment (data not shown). Similarly treated and
silenced IPFF cells, which had not been transduced for
overexpression, exhibited expression patterns that were
nearly identical to those of CMV-GFP-transduced IPFF
cells (data not shown). Gene expression analysis con-
firmed the minimal effect of forced Wnt7B overexpres-
sion on wnt54 in IPFFs; its decrease by SB431542
treatment and shWnt7B silencing, and by their combina-
tion in control overexpression and silenced cells; and the
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Figure 6. Western blot analysis of day 5-isolated normal
human alveolar type 2 (hAT2) cells, untreated or transduced
with CMV-LacZ or CMV-Wnt7B adenovirus (20 MOI) for 30
hr, then treated with or without 10 ng/ml TGF-B1 for 24 hr.
TGF-B1 alone had no effect on Wnt5A expression but, when
added to CMV-LacZ-transduced cells, Wnt5A expression
increased significantly. Successful Wnt7B overexpression did
not significantly increase Wnt5A expression, and did not add to
the TGF-B1-stimulated increase. Transfected 293A rhWnt5A-
V5-positive and -negative lysates are as in Figure 4. Tubulin was
used as a loading control. The chart illustrates the results of
band density quantitation, with standard deviation error bars
shown. *p<0.05, **p<0.01.

moderating effects in CMV-Wnt7B cells of combined
shWnt7B silencing and SB431542 (Fig. 9C).

Discussion

In normal human lungs, relatively light immunohistochem-
ical reactivity for Wnt5A was principally confined to air-
way epithelial cells, smooth muscle of airways and vessels,
and a small subpopulation of interstitial fibroblasts, and
more rarely was seen in some endothelial cells. The posi-
tive staining in smooth muscle cells and fibroblasts was
confirmed by Wnt5A protein expression in isolated normal
adult lung fibroblasts and airway smooth muscle cells.
Wnt5A was not observed histochemically in normal alveo-
lar epithelial cells (Fig. 1A, 1B), but it was detected by
western blot in isolated day 5 primary hAT?2 cells cultured
on collagen matrix (Fig. 6). Recent data indicate that inhi-
bition of Wnt5A expression abrogates the differentiation of
isolated rat AT2 cells into AT1 cells, demonstrating its
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Figure 7. Western blot analysis of isolated fibroblasts/
myofibroblasts (IPFFs) from a patient with idiopathic pulmonary
fibrosis, untreated or transduced with adenoviruses for control
(CMV-GFP) or Wnt7B overexpression (CMV-Wnt7B) for 30 hr,
then treated with or without 5 ng/ml TGF-B1 for 24 hr. TGF-
Bl treatment alone or with CMV-GFP had a significant effect
on Wnt5A protein (*¥p<0.01). Although TGF-B1 and Wnt7B
each significantly upregulated Wnt5A over untreated “No Adv”
and “CVM-GFP” levels (*p<0.05), Wnt7B overexpression was
statistically ineffective at increasing Wnt5A over levels induced
by TGF-BI alone. Untreated and TGF-f|-treated hLF cells are
shown to compare the basal and stimulated levels of Wnt5A to
those of IPFFs. GAPDH was used as a loading control. The chart
illustrates the results of band density quantitation, with standard
deviation error bars shown (n=3). Vinculin was used as loading
control for chart and statistics.

contributions to alveolar maintenance in the normal lung
(Ghosh et al. 2013). Interestingly, Wnt5A-related signaling
is reported to contribute to the differentiation of mesenchy-
mal stem cells into AT2 cells (Liu et al. 2014). Wnt5A gene
expression has been shown to be high in isolated normal
vascular smooth muscle cells and associated with ECM
production (Zhu et al. 2013). It has also been demonstrated
to be an important proliferation and survival factor for
endothelial cells (Masckauchan et al. 2006) as well as a
regulator of neovascularization (Murdoch et al. 2014). And
in normal fibroblasts, Wnt5A promotes adhesion on colla-
gen substrata (Kawasaki et al. 2007). Clearly a role for
Wnt5A in lung homeostasis is beginning to emerge, giving
context to the histochemical localization seen here in nor-
mal lung.

In lungs from patients with IPF, the wide distribution of
Wnt5A in myofibroblasts of FF and throughout the intersti-
tium was impressive but largely confirmatory, as its high
level of gene and protein expression was previously estab-
lished (Vuga et al. 2009). It was further demonstrated that
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Figure 8. Wnt5A expression in shWnt7B-silenced normal
human lung fibroblasts (hLFs) or overexpressing Wnt7B when
TGF-B1 signaling is inhibited. Normal hLFs were adenovirally
transduced to silence Wnt7B (shWnt7B) or with silencing Control
(shScramble) before adenoviral transduction with CMV-Wnt7B
or with CMV-GFP adenovirus. Some cells were subsequently
treated with vehicle or 10 yM SB431542 (TGF-f | Receptor kinase
inhibitor) for an additional 24 hr. (A) Western blot. Silenced hLF
cells not transduced for overexpression exhibited responses
very similar to those of silenced CMV-GFP-transduced cells (data
not shown). Each band is from the same exposure of the same
representative western blot. Vinculin was used as loading control.
(B) Quantitation of Wnt5A protein expression, normalized to
Vinculin. Wnt7B overexpression strongly upregulates Wnt5A,
and SB431542 counteracts this upregulation. ¥p<0.05, *p<0.01.
(C) TagMan gene expression analysis of wnt5A gene expression,
normalized to gapdh, is shown as fold-changes relative to “No
CMV adyv, shScramble, NA”. CMV-Wnt7B in hLF cells increases
wnt5A over baseline expression, silencing Wnt7B reverses this,
and in “CMV-Wnt7B + shWnt7B + SB” cells, inhibition of TGF-3 |
signaling further reduces wnt5A gene expression.
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Figure 9. Wnt5A expression in shWnt7B-silenced IPF
fibroblasts/myofibroblasts (IPFFs) or overexpressing Wnt7B
when TGF-B1 signaling is inhibited. IPFF cells were transduced
and treated as in Figure 8. (A) Western blot. Silenced IPFF cells
not transduced for overexpression exhibited responses very
similar to those of silenced CMV-GFP-transduced cells (data
not shown). Vinculin was used as loading control. Each band is
from the same exposure of the same representative western
blot. (B) Quantitation of Wnt5A, normalized to Vinculin. Wnt7B
overexpression modestly upregulates Wnt5A, and shWnt7B
significantly counteracts this upregulation. SB431542 is effective
in knocking down Wnt5A expression in shScramble cells but
is less effective in “CMV-Wnt7B + shWnt7B” cells. *p<0.05,
*p<0.01. (C) TaqMan gene expression analysis of wnt5A gene
expression, normalized to gapdh, is shown as fold-changes
relative to “No CMYV adyv, shScramble, NA”. In these IPFF cells,
Wnt7B overexpression does not increase wnt5A over baseline
expression, and in “CMV-Wnt7B + shWnt7B” cells, the TGF-f1
signaling inhibitor, SB431542, has no effect.

Wnt5A in UIP fibroblasts promotes proliferation and resis-
tance to H202-induced apoptosis (Vuga et al. 2009). It is
perhaps relevant that non-canonical Wnt5A signaling, an
important characteristic of IPF (Willis et al. 2006), regu-
lates epithelial-mesenchymal transition (EMT) in meta-
static lung cancer (Gujral etal. 2014). It would not be
surprising, therefore, that WntSA expression in IPF epithe-
lial cells would play a contributory role in EMT processes
that might add to the myofibroblast burden in IPF.

It is well established that TGF-p is produced by epithe-
lial cells in patients with IPF (Khalil et al. 1991) and is a
key modulator of ECM production in fibrogenic processes
(Lasky and Brody 2000). These findings helped develop the
functional linkage between epithelial cells as effectors in
the fibrogenic process and fibroblasts as key responders in
ECM production. Recent studies on hASMC cells from
asthmatics demonstrated that Wnt5A was upregulated and
could be markedly induced in response to TGF-3 (Kumawat
et al. 2013). Importantly, they also showed that inhibition of
Wnt5A attenuated ECM production. This raised the issues
of whether a TGF-B1-Wnt5A linkage exists in the IPF lung
and, if so, whether other signaling factors localized within
the fibrotic regions could be involved as well. By virtue of
its epithelial localization and unique distribution within FF,
Wnt7B became an intriguing candidate (Meuten et al.
2012). Indeed, the forced expression of Wnt7B in normal
hLFs resulted in increases in Wnt5A protein (Figs. 4, 8A,
8B) and gene (Fig. 8C) expression. In combination with
free TGF-B1, Wnt7B overexpression elevated WntSA lev-
els even further (Fig. 4). This presumed co-regulation of
Wnt5A by TGF-B1 and Wnt7B in normal fibroblasts is tem-
pered by shRNA inhibition of Wnt7B overexpression,
which reduced Wnt5A protein somewhat while, even in the
absence of added TGF-B1, TGF-B1 receptor kinase inhibi-
tion reduced Wnt5A significantly (Figs. 8A, 8B). This
would argue that at least part of Wnt7B’s action on Wnt5A
may be due to crosstalk with constitutive levels of endoge-
nous TGF-B1. Perhaps relatedly, it is notable that the IPFF
had a similar profile of Wnt5A gene and protein expression
(Figs. 8A, 8C vs Figs. 9A, 9C), but the response of Wnt7B-
silenced cells to Wnt7B overexpression with concomitant
TGF-B1 signaling inhibition was somewhat muted. These
shifts in responsiveness could perhaps be due to differences
in receptor expression between normal fibroblasts, exposed
to multiple stimuli, and mature (IPFF) myofibroblasts with
a higher proportion of their energy invested in higher basal
Wnt5A levels and matrix-related signaling.

Previous studies have shown synergistic interactions
between Wnt proteins and TGF-f signaling pathways. Zhou
and colleagues (2004) showed that TGF-f3 upregulates multi-
ple Wnts and increases the nuclear accumulation and stability
of B-catenin in human mesenchymal stem cells during their
differentiation. Baarsma et al. (2011) have demonstrated that
TGF-B1 induces Wnt5B expression and activates [3-catenin in
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fibroblasts from normal and COPD (emphysema) lungs. They
further showed that inhibition of B-catenin reduced TGF-31-
induced a-SMA expression but had no effect on TGF-31-
induced PAI-1. We show here that Wnt7B overexpression in
the absence of added TGF-B1 increased a-SMA, an effect
attenuated by shWnt7B but not by SB431542, in agreement
with its probable B-catenin-mediated signaling. Further, the
overexpression of Wnt7B had little effect on PAI-1 whereas
silencing Wnt7B enhanced PAI-1 and afforded some resis-
tance to the effects of SB431542 inhibition of TGF-p1 signal-
ing, which reduced PAI-1. The variable responses of hLFs and
IPFFs may reflect the Wnt and TGF-B1 pathway crosstalk that
directs concentration-dependent pathway activation of target
genes (Baarsma et al. 2011), and suggest the possibility of an
additional unknown mediator, perhaps WntSA itself. The
prospect of the involvement of other Wnts is under
investigation.

The widespread expression of Wnt5A in smooth muscle
in IPF lungs was notable and parallels the strong expression
of Wnt7B (Meuten et al. 2012) and FGF9 (Coffey et al.
2013). The presence of Wnt7B in smooth muscle could eas-
ily explain the enhanced expression of Wnt5A in smooth
muscle cells of IPF lungs, which is supported by results of
Wnt7B forced expression in isolated hASMCs (Fig. 5). The
study of Kumawat et al. (2013) has serious implications for
the potential role for smooth muscle in IPF, relating to ECM
production. Ohta et al. (1995) suggested this in an earlier
study, which demonstrated the wide distribution of smooth
muscle in IPF lungs, in both tightly packed and disorga-
nized bundles as well as isolated individual fibers, some of
which stained positively for procollagen I. More work will
be necessary to fully establish a role for smooth muscle and
ECM expansion in IPF, but the localization of Wnt7B, and
now Wnt5A, presents intriguing support of this notion.

Lastly, the increased reactivity of vascular endothelium
in IPF (Fig. 3B) is of interest, especially in light of evidence
for endothelial-mesenchymal transition (EnMT) in vascular
remodeling (Coll-Bonfill et al. 2015) and its important con-
tributing influence in IPF (Barratt and Millar 2014). Data
have previously shown that Wnt7B is found in small vascu-
lar structures near FF and throughout the interstitium of IPF
lungs (Meuten et al. 2012), and now Wnt5A is demonstrated
in these same structures along with a-SMA. We further
demonstrate here that forced expression of Wnt7B increases
both Wnt5SA and a-SMA in hLFs and IPFFs. Evidence indi-
cates that Wnt5A is elevated in lung cancer cell lines and
drives both EMT and migration via the Frizzled2 receptor
(Gujral et al. 2014). The linkage between Wnt7B—Wnt5A
expression in much of the vasculature of IPF lungs as a pos-
sible indicator of EnMT offers yet another potential mecha-
nism for advancing the pathological growth and distortion
of the pulmonary ECM.

These studies suggest that each lung cell type may respond
differently in health and disease to the varying concentrations

of Wnt7B and TGF-B1 in their microenvironments and may
also be affected by their neighboring cells’ changes in expres-
sion of these and other factors with progression of the dis-
case. Indeed, we saw a significant TGF-B1-stimulated
increase in Wnt5A expression in hAT2 cells only when they
were also transduced with adenoviruses, and an IPF-virus
connection has long been suspected. Perhaps infection with
certain viruses triggers the initial steps in the development of
IPF in certain genetic backgrounds. In the normal lung fibro-
blasts and airway smooth muscle cells studied here, Wnt7B
and TGF-B1 added to each other’s stimulation of Wnt5SA
expression. But in IPFFs, an already high level of Wnt5A
expression resisted both further stimulation (Fig. 7) and its
reduction by Wnt7B silencing and TGF-B1 signaling inhibi-
tion (Fig. 9). One might envision that the increased expres-
sion of Wnt5A by lung fibroblasts or smooth muscle cells,
triggered perhaps by aberrant or over-enthusiastic growth
factor production by macrophages or lung epithelium in the
wake of injury or infection, could result in the production of
excess matrices and molecules that mute or even reverse
homeostatic efforts of the lung and cause it to fail to resolve.
The high level of expression of both PAI-1 and a-SMA in IPF
fibroblasts and their continued expression in the presence of
an inhibitor of TGF-B1 signaling suggests that, although
TGF-B1 may help trigger the initial proliferation of matrix-
producing, mobile fibroblasts, at some point it may become
dispensable.
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