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Inhibition of B-catenin signaling protects against
CTGF-induced alveolar and vascular pathology

in neonatal mouse lung

Min Rong’, Shaoyi Chen’, Ronald Zambrano', Matthew R. Duncan? Gary Grotendorst? and Shu Wu'

BACKGROUND: Bronchopulmonary dysplasia (BPD) is the
most common and serious chronic lung disease of premature
infants. Connective tissue growth factor (CTGF) plays an impor-
tant role in tissue development and remodeling. We have pre-
viously shown that targeted overexpression of CTGF in alveolar
type Il epithelial cells results in BPD-like pathology and acti-
vates B-catenin in neonatal mice.

METHODS: Utilizing this transgenic mouse model and
ICGO01, a specific pharmacological inhibitor of B-catenin, we
tested the hypothesis that B-catenin signaling mediates the
effects of CTGF in the neonatal lung. Newborn CTGF mice and
control littermates received ICG001 (10 mg/kg/dose) or pla-
cebo (dimethyl sulfoxide, equal volume) by daily i.p. injection
from postnatal day 5 to 15. Alveolarization, vascular develop-
ment, and pulmonary hypertension (PH) were analyzed.
RESULTS: Administration of ICG001 significantly downregu-
lated expression of cyclin D1, collagen 1al, and fibronectin,
which are the known target genes of B-catenin signaling in
CTGF lungs. Inhibition of B-catenin signaling improved alveo-
lar and vascular development and decreased pulmonary vas-
cular remodeling. More importantly, the improved vascular
development and vascular remodeling led to a decrease in PH.
CONCLUSION: 3-Catenin signaling mediates the autocrine
and paracrine effects of CTGF in the neonatal lung. Inhibition of
CTGF-B-catenin signaling may provide a novel therapy for BPD.

INTRODUCTION

Bronchopulmonary dysplasia (BPD) is the most common and
serious chronic lung disease of premature infants (1). Over the
past four decades, the incidence of this disease has significantly
increased asaresult of improved survival of extremely-low-birth-
weight infants (2). The pathology of BPD is increasingly being
recognized as a developmental arrest of the immature lung
caused by injurious stimuli such as mechanical ventilation, oxy-
gen exposure, and intrauterine or postnatal infections. Larger
and simplified alveoli, decreased vascular growth, and variable
interstitial fibrosis are the key pathological features observed
in lungs of infants who died of BPD (1). The combination of
decreased vascular growth and excessive pulmonary vascular

remodeling leads to pulmonary hypertension (PH) which sig-
nificantly contributes to the morbidity and mortality of these
infants (3). Yet, the underlying cellular and molecular mecha-
nisms are poorly defined, and there is no effective therapy.

Connective tissue growth factor (CTGF) is a matricellular
protein that plays an important role in tissue development
and remodeling (4). Recent studies have highlighted the
potential role of CTGF in BPD development and progression.
The clinical association of CTGF with BPD is best established
by studies demonstrating increased CTGF concentrations in
bronchoalveolar lavage fluid from preterm infants develop-
ing BPD (5) and increased CTGF expression in lung tissues
of infants who died of BPD (6). Multiple studies have exam-
ined the potential role of CTGF in experimental BPD and
demonstrated that increased CTGF expression is associated
with chronic hyperoxia as well as mechanical ventilation-
induced lung injury in neonatal rodents (6-10). Recent stud-
ies from our laboratory utilizing genetic gain-of-function
and biological loss-of-function approaches have provided
compelling evidence that a novel signaling network orches-
trated by CTGF plays an important role in BPD pathogenesis
(6,11,12). In our novel transgenic mouse model, targeted
overexpression of CTGF in alveolar type II epithelial (AT
II) cells induces the pathological hallmarks of severe BPD,
including decreased alveolar and vascular development and
increased vascular remodeling and PH (12). In contrast, in
a hyperoxia-induced rat model of BPD, administration of a
CTGF-neutralizing antibody improved alveolar and vascular
development and decreased pulmonary vascular remodeling
and PH (6). Interestingly, we have also found that CTGF-
induced lung pathology is associated with activation of
[B-catenin signaling, whereas treatment with CTGF antibody
inhibits hyperoxia-activated -catenin signaling. It is known
that CTGF can activate -catenin signaling by binding to cell
surface integrins and lipoprotein receptor-related protein
(LRP) 5/6, coreceptors of wingless/Int (Wnt) (13-16). It is
unknown, however, whether activation of B-catenin signal-
ing mediates CTGF-induced alveolar and vascular pathology
in neonatal mice.
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The aim of this study was to test the hypothesis that activa-
tion of B-catenin signaling mediates CTGF-induced alveolar
and vascular pathology in neonatal mice with targeted overex-
pression of CTGF in AT II cells. ICGO001 is a newly developed
small molecule that specifically inhibits -catenin signaling
by blocking B-catenin-forming transcription complex with
lymphocyte enhancer factor (LEF)/T-cell factor (TCF) in the
nuclei (17). ICG001 binds specifically to CBP but not the
related transcriptional coactivator p300, thereby disrupting
the interaction of CBP with -catenin, and it has been shown
to inhibit animal models of pulmonary fibrosis. We have
previously shown that administration of ICG001 attenuates
hyperoxia activation of B-catenin signaling and induction of
alveolar damage in neonatal rats (18). We demonstrated here
that treatment with ICG001 inhibits expression of B-catenin
target genes, improves alveolar and vascular development, and
decreases pulmonary vascular remodeling in neonatal mice
with targeted overexpression of CTGF in AT II cells. These
data indicate that activation of B-catenin signaling plays an
important role in CTGF-induced BPD-like pathology, and tar-
geting CTGF/[-catenin signaling may provide a novel strategy
for preventing and treating BPD in premature infants.

RESULTS

Targeted Overexpression of CTGF in AT Il Cells Increases CTGF
Concentration in BAL and Serum

Our previous studies have shown that high levels of CTGF
expression are detected in AT II cells and lung homogenates
in CTGF transgenic mice at 2wk of age, and this is in a sharp
contrast to the control mice that have barely detectable CTGF
expression in either AT II cells or lung homogenates (12). Since
CTGF is a secretory protein, we hypothesized that AT II cells
would be able to secrete CTGF into the alveolar airspaces as
well as the blood stream. We therefore assessed CTGF concen-
trations in BAL and serum by ELISA in 4-wk-old mice, given
the small sizes of mice and difficulty in performing BAL and
collecting blood at 2wk of age. The CTGF mice had high lev-
els of CTGE, whereas control mice had extremely low level of
CTGF in their BAL (Figure 1). CTGF mice also had increased
CTGF concentration in their serum as compared with control
mice (Figure 1). These results suggested that CTGF can be
secreted by AT II cells into alveolar airspaces and blood stream
in CTGF transgenic mice, thus eliciting both autocrine and
paracrine effects on the lung and possible extra-pulmonary
organs.

1CG-001 Inhibits CTGF Activation of -Catenin Signaling

To evaluate the effectiveness of ICG001 in blocking CTGF
induction of B-catenin signaling, we first examined [3-catenin
signaling by assessing [-catenin localization. There was an
increased P-catenin nuclear translocation in CTGF trans-
genic lungs that were exposed to the placebo as compared
with the control lungs (Figure 2a,b). There was no signifi-
cant difference in the index of B-catenin nuclear translocation
between placebo treatment and ICG001 treatment in CTGF
mice (Figure 2a,b). We then assessed expression of cyclin D1,
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Figure 1. Targeted overexpression of CTGF in AT Il cells increases CTGF
concentrations in BAL and serum. CTGF concentration was measured by
ELISA in the BAL and serum from control and CTGF transgenic mice at 4wk
of age. There were significantly higher concentrations of CTGF detected

in BAL and serum from CTGF transgenic mice. n = 8/group. *P < 0.01 com-
pared to control mice. Open bar: control; Solid bar: CTGF + transgenes.

collagen 1lal, and fibronectin, known B-catenin target genes.
As demonstrated in Figure 2c,d, targeted overexpression
of CTGF in AT II cells increased cyclin D1 protein expres-
sion in the presence of the placebo. However, treatment with
ICGO01 drastically decreased cyclin D1 expression. There were
increased expression of collagen Ial and fibronectin mRNAs in
CTGF lungs that were treated with the placebo, but adminis-
tration of ICG001 decreased expression of these genes to near-
control levels (Figure 2e,f). Thus, ICG001 effectively blocks
CTGF activation of B-catenin signaling.

Inhibition of B-Catenin Signaling Improves Alveolarization in
CTGF Mice

On histological examination, the control lungs exposed to
either placebo or ICG001 displayed normal alveolar devel-
opment with numerous small alveoli and secondary septa
(Figure 3a). In contrast, there were larger and simplified alve-
oli with fewer secondary septa in CTGF lungs that exposed to
the placebo (Figure 3a). However, the CTGF lungs exposed
to ICGO001 presented with improved alveolar structure that
appeared similar to the control lungs. Further morphomet-
ric analysis demonstrated that the placebo-treated CTGF
lungs have increased mean linear intercept as compared to
the control lungs (Figure 3b). But treatment with ICG001
significantly decreased mean linear intercept in CTGF lungs
(Figure 3b). These data indicate that inhibition of B-catenin
signaling improves alveolar development in neonatal mice
with targeted overexpression of CTGF in AT II cells.

Inhibition of B-Catenin Signaling Increases Vascular
Development in CTGF Mice

To determine the effects of ICG001 on lung vascular develop-
ment, vascular density was quantified on vVWF immunoflu-
orescence-stained tissue sections. Compared to the control
lungs, there was a near 50% decrease in vVWEF-positive intraaci-
nous vessels in CTGF lungs that were treated with the placebo

Volume 80 | Number 1 | July 2016 Pediatric RESEARCH 137



Al‘tides ‘ Ronget al.

a b c
Control + PL CTGF + PL
40.0 0 *
(O]
—
® 300f * z g e 3
= T . B
c 200} S 2 5 o
Control + ICG CTGF + ICG 'QE) : o O &) O
©
8.'._ 10.0 | CyclinD{ ™ & SR & & & = = & & =
B-ACHN - e o o - e e
0.0
Placebo ICG-001
d e Lo f
16
0.4 r *
< 1.6}
<C *
zZ
sl Fos Z 12} "
‘£ 12} + 1)
t = I @
02} B T S 08l
@ 08} -
o [
o (o]
2 ©
0.1f " ooal g 04r
0.0 0.0 0.0
Placebo 1CG-001 Placebo ICG-001 Placebo 1CG-001

Figure 2. ICG001 inhibits B-catenin signaling. (a) Immunofluorescence staining for -catenin (red signal) and DAPI nuclear staining (blue signal)

were performed. Pink signals (white arrows) indicate colocalization of B-catenin with nuclei. Magnification: x40 bar = 50 um. (b) B-catenin nuclear
translocation index (NTI) was determined by the percentage of B-catenin-positive nuclei/total nuclei. The CTGF transgenic mice had an increased
[3-catenin NTI compared with control mice, and this was not affected by administration of ICG001. n = 5/group; *P < 0.001 compared with control mice.
(c) Representative western blot photographs. ICG, ICG001; PL, placebo. (d) Densitometry analysis demonstrated that CTGF transgenic mice have an
increased cyclin D1 expression in the presence of the placebo, and this was significantly decreased by ICG001 treatment. n = 6/group; *P < 0.01 compared
with control groups; P < 0.01 compared with CTGF + placebo group. (e) Fibronectin gene expression was analyzed by qRT-PCR. CTGF transgenic mice
had an increased fibronectin gene expression in the presence of the placebo. Treatment with ICG001 decreased fibronectin gene expression in CTGF
mice. n = 5/group; *P < 0.01 compared with control mice; /P < 0.01 compared with placebo-treated CTGF mice. (f) Collagen 1a1 gene expression was
increased in the placebo-treated CTGF transgenic mice, and this was decreased by exposure to ICG001. n = 5/group; *P < 0.01 compared with control
mice; TP < 0.05 compared with placebo-treated CTGF mice. Open bar: control; Solid bar: CTGF + transgenes.

(Figure 4a,b). Whereas administration of ICG001 increased
vascular density in the CTGF lungs (Figure 4a,b). These results
indicate that (3-catenin signaling mediates CTGF inhibition of
lung vascular development.

Inhibition of B-Catenin Signaling Decreases Pulmonary Vascular
Remodeling in CTGF Mice

To determine the effects of ICG001 on pulmonary vascu-
lar remodeling, we performed immunostaining for o-SMA,
a smooth muscle marker, and assessed medial wall thick-
ness (MWT). The peripheral vessels in the placebo-treated
CTGF lungs displayed increased a-SMA expression as com-
pared with the control lungs and ICG001-treated CTGF lungs
(Figure 5a). Measurements of MWT was increased near two-
fold in the placebo-treated CTGF lungs, and this was signifi-
cantly decreased by treatment with ICG001 (Figure 5b). To
answer the question whether this increased MW'T is related
to increased vascular smooth cell proliferation, we performed
double immunofluorescence with o.-SMA and Ki-67, a nuclear
proliferating marker. As illustrated in Figure 5c,d, there were
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increased vessels that are positively stained for Ki-67 in CTGF
lungs that received the placebo. Treatment with ICG001
decreased Ki-67 positively stained vessels in the CTGF lungs as
compared with placebo treatment (Figure 5¢,d). Fibronectin is
an important component of extracellular matrix (ECM) in the
vasculature. Immunofluorescence staining showed abundant
fibronectin expression in the walls of peripheral vessels (<50
pm in diameter) in the CTGF lungs that were exposed to the
placebo, and this was decreased by ICG001 (Figure 5e). These
data indicate that epithelial overexpression of CTGF results in
excessive pulmonary vascular remodeling, and this is medi-
ated by B-catenin signaling.

Inhibition of B-Catenin Signaling Decreases PH in CTGF Mice

To determine whether the increased vascular development and
reduced pulmonary vascular remodeling leads to improve-
ment of PH in CTGF mice, we studied right ventricular sys-
tolic pressure (RVSP) and right ventricular hypertrophy
(RVH) by measuring RV/LV+S weight ratio. The CTGF mice
had significantly higher RSVP and RVH as compared with the

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 3. Inhibition of B-catenin improves alveolarization. (A) On histological examination, lungs from placebo-treated CTGF mice displayed an
impairment of alveolarization with fewer, larger, and simplified alveoli. Treatment with ICG001 improved alveolar structures that appeared similar to the
control lungs. Bar = 50 um. (b) Lung morphometry measured by mean linear intercept (MLI) demonstrated that placebo-exposed CTGF mice have an
increased MLI as compared with control mice. Administration of ICGO01 decreased MLI in CTGF mice. n = 5/group; *P < 0.001 compared with control mice;
P < 0.001 compared with placebo-treated CTGF mice. Magnification: x20 and bar = 50 um. Open bar: control; Solid bar: CTGF + transgenes.
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Figure 4. Inhibition of 3-catenin improves vascular development. (a) Immunofluorescence staining for vVWF (green signal). Bar = 50 pm. (b) Vascular
density was determined by counting VWF-positive vessels (<50 um in diameter) on five random high power view (HPV) images from each lung section.
The vascular density was significantly lower in the placebo-treated CTGF lungs as compared with control lungs. Administration of ICGO0T modestly
increased vascular density in CTGF lungs. n = 5/group; *P < 0.001 compared with control lungs; /P < 0.01 compared with placebo-treated CTGF lungs.
Magnification: x20 and bar = 50 um. Open bar: control; Solid bar: CTGF + transgenes.

control mice (Figure 6). But treatment with ICG001 decreased
both RVSP and RVH in CTGF mice. These results support that
ICGO001 decreases CTGF-induced PH in neonatal mice.

DISCUSSION

In this study, we provide evidence that B-catenin signaling
mediates AT II cell-CTGF induced BPD-like pathology in neo-
natal mice. We demonstrated that administration of ICG001,
a specific B-catenin inhibitor that directly blocks B-catenin

Copyright © 2016 International Pediatric Research Foundation, Inc.

transcriptional activity, effectively decreased CTGF-induced
expression of PB-catenin target genes that are known to be
involved in lung injury and vascular remodeling. Furthermore,
ICGOO01 treatment improved alveolar and vascular develop-
ment and decreased pulmonary vascular remodeling and PH
in CTGF transgenic mice. This study, therefore for the first
time, highlights the functional significance of CTGF-[3-catenin
signaling in the development and progression of BPD-like
pathology in a mouse model.
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Figure 5. Inhibition of B-catenin decreases pulmonary vascular remodeling. (@) Immunofluorescence staining for a-SMA (red signal) and DAPI nuclear
staining (blue signal). ICG, ICG001; PL, placebo. Bar = 50 um. (b) Medial wall thickness (MWT) was assessed from 20 peripheral vessels (<50 um in diameter)
on each lung section. CTGF mice had an increased MWT, but ICG001 administration decreased MWT in CTGF transgenic mice. n = 5/group; *P < 0.001 com-
pared to control mice; 'P < 0.001 compared with CTGF + placebo group. (c) Double immunofluorescence staining for o-SMA (green signal), Ki67 (red signal),
and DAPI nuclear staining (blue signal). ICG, ICG001; PL, placebo. Bar = 50 um. (d) The percentage of vessels (<50 um in diameter) with at least one positive
Ki-67 nucleus was significantly increased in CTGF lungs that were exposed to the placebo. Treatment with ICG001 decreased this index in CTGF lungs.n =
5/group; *P < 0.001 compared with the control groups; 'P < 0.001 compared with CTGF + placebo groups. (e) Immunofluorescence staining for fibronectin
(green signal) and DAPI nuclear staining (blue signal). Fibronectin staining was mainly detected in the vessel walls, and this appeared to be increased in the
thickened vessels of CTGF + placebo lungs. ICG, ICG001; PL, placebo. Magnification: X100 and bar = 50 um. Open bar: control; Solid bar: CTGF + transgenes.

Recent advances in genetic modification technology have
provided us with the ability to highlight the cell-specific role of
CTGF in lung development and pathology. Ivkovic et al. (19)
have shown that global knockout of CTGF results in respira-
tory failure and immediate death in newborn mice suggest-
ing that endogenous CTGF in lung cells are important for
embryonic lung development and newborn lung function.

140 Pediatric RESEARCH Volume 80 | Number 1 | July 2016

Sonnylal et al. (20,21) demonstrated that targeted overexpres-
sion of CTGF in lung fibroblasts disrupts lung structure and
induces fibrosis which affects both lung fibroblasts and epithe-
lial cells. Our previous studies showed that targeted overex-
pression of CTGF in AT II cells not only disrupts alveolar and
vascular development but also induces interstitial fibrosis and
vascular remodeling (12). These data indicate that epithelial

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 6. Inhibition of B-catenin decreases PH. (a) Right ventricular systolic pressure (RVSP) was significantly increased in the placebo-treated CTGF
lungs as compared with CTGF + placebo group. ICGO01 administration decreased RVSP to near control groups. n = 6/group; *P < 0.01 compared with the
control mice; 'P < 0.05 compared with CTGF + ICG001 group. (b) The weight ratio of right ventricle (RV) to left ventricle + septum (LV + S) was measured
as an index for right ventricular hypertrophy (RVH). CTGF transgenic mice had an increased RVH, and this was decreased by ICG001 treatment. n = 6/
group; *P < 0.001 compared with control mice; 'P < 0.001 compared with CTGF + placebo mice. Open bar: control; Solid bar: CTGF + transgenes.

derived or fibroblast-derived CTGF is a critical inducer of
BPD-like pathology.

We showed here for the first time that CTGF transgenic mice
have elevated CTGF concentration in BAL and serum, indi-
cating that CTGF can be secreted from AT II cells into alveo-
lar airspaces and blood stream in neonatal mice. This finding
raises the possibility that epithelial derived CTGF can directly
induce BPD-like pathology by both autocrine and paracrine
mechanisms. Furthermore, AT II cell-secreted CTGF can also
have extra-pulmonary effects on other developing organs, par-
ticularly the heart, given that we have previously shown right
ventricular hypertrophy in CTGF transgenic mice (12).

B-Catenin is a key regulatory protein with bidirectional
capacity to tightly regulate nuclear transcription and affect
cell migration and adhesion by closely interacting with the
cytoskeleton and adherens junction cadherins (22). A mul-
tiprotein “destruction complex” continually phosphorylates
[B-catenin, flagging it for degradation by the ubiquitin/proteo-
some system. Inhibition of this phosphorylation by activation
of Wnt and ILK signaling allows -catenin to accumulate in
the cytoplasm and enter the nucleus to form a transcriptional
complex localized at gene promoters. 3-Catenin recruits the
transcription coactivators, cyclic AMP response-element
binding protein binding protein (CBP), or its closely related
homolog, p300, as well as other components of the basal
transcription machinery (22,23). The transcription com-
plex formed by B-catenin and its DNA-binding partners
known as LEF/TCF is able to promote chromatin remodel-
ing and transcriptional initiation in a cell type-specific and
context-specific manner, thus playing a key role in embryonic
development, cell proliferation, differentiation, and survival.
CTGF can directly bind to cell surface integrin complexes
thus activating ILK signaling (13,14). CTGF can also directly
bind to LRP5/6, coreceptors of Wnt (15,16). Activation of ILK
and LRP5/6 can lead to nuclear translocation of 3-catenin and
subsequent activation of target gene transcription. We and

Copyright © 2016 International Pediatric Research Foundation, Inc.

others have previously demonstrated that -catenin signaling
is increased in the lungs of hyperoxia-exposed neonatal rats,
a widely used experimental model of BPD (6,24). A recent
study demonstrated that increased P-catenin is present in
the mesenchymal stromal cells isolated from infants develop-
ing BPD and in o-SMA-positive myofibroblasts in the lungs
of infants dying of BPD (25). Importantly, we have recently
shown that targeted overexpression of CTGF in AT II cells
activates P-catenin signaling while antagonism of CTGF
inhibits hyperoxia activation of B-catenin signaling in the
neonatal lungs (6,12). These data highlight that B-catenin sig-
naling could be an important pathway that CTGF utilizes to
induce lung pathology.

We extended our previous findings that targeted overex-
pression of CTGF in AT II cells activates 3-catenin signaling
by confirming that there were increased B-catenin nuclear
translocation and expression of its three target genes includ-
ing cyclin D1, collagen lal, and fibronectin in CTGF trans-
genic lungs. These three genes were chosen because they are
known to be involved in lung injury and remodeling. Cyclin
D1 is a cell cycle regulatory molecule that is active in G1 phase
transition and functions as an important mitogenic regulator
(26). Increased cyclin D1 expression is linked to acute and
chronic lung injuries induced by inflammatory agents, and it
is postulated to contribute to interstitial cell proliferation and
fibrosis formation (27,28). Collagen 1lal and fibronectin are
the main components of ECM that participate in tissue and
vascular remodeling. Increased collagen 1lal and fibronectin
expression is consistently associated with pulmonary fibrosis
(29,30). We showed that treatment with ICG001 did not affect
[B-catenin nuclear translocation index but drastically downreg-
ulated cyclin D1, collagen Ioul, and fibronectin expression in
CTGF transgenic lungs. These results are consistent with our
previous findings in hyperoxia-induced neonatal injury model
in that ICGO001 did not affect B-catenin nuclear transcription
index but drastically downregulated cyclin D1 expression.
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Our previous studies have demonstrated that targeted over-
expression of CTGF in AT II cells activates -catenin signal-
ing and disrupts alveolar epithelial cell homeostasis via an
autocrine mechanism. In CTGF transgenic lungs, part of the
B-catenin nuclear translocation was detected in AT II cells
(31). Furthermore, overexpression of CTGF induces B-catenin
nuclear translocation and disrupts alveolar-like cyst formation
in cultured AT II cells (12,31). In this study, we showed that
administration of a B-catenin inhibitor significantly improved
alveolarization in CTGF transgenic lungs. Thus, the improved
alveolar development in responding to -catenin inhibition is
at least in part mediated by an autocrine mechanism. Previous
genetic loss-of-function and gain-of-function studies have
highlighted an important role of B-catenin signal transduction
pathway in cell fate specification, cell differentiation, and for-
mation of alveolar structure during embryonic and postnatal
lung development. Targeted deletion of B-catenin in develop-
ing respiratory epithelium disrupted AT II and AT I cell dif-
ferentiation and alveolar formation in mice (32). Whereas
targeted overexpression of an active form of B-catenin under
the control of SP-C promotor caused ectopic differentiation of
AT II like cells in conducting airways, globlet cell hyperplasia,
and air space enlargement in the postnatal lung of mice (33).
Our results identified a novel growth factor and transcription
factor interaction, the CTGF-B-catenin signaling pathway that
is crucial for regulating alveolarization in the postnatal lung.

Alveolar development and angiogenesis in the lung go hand
in hand, and impairment of alveolarization has negative effect
on angiogenesis and vice versa. We saw improved vascular
development along with alveolarization in ICGO001-treated
CTGFlungs. These results are consistent with our previous find-
ings in hyperoxia-induced neonatal lung injury model which
demonstrated that inhibition of B-catenin signaling by ICG001
improved both alveolarization and vascular development (18).
We have also previously shown that CTGF is an important
factor that mediates hyperoxia activation of B-catenin signal-
ing in neonatal lung injury (6). Taken together, our findings
indicate that activation of CTGF-3-catenin signaling pathway
negatively regulates alveolar and vascular development during
postnatal lung development and hyperoxia-induced neonatal
lung injury.

To reveal the potential paracrine mechanisms by which
B-catenin signaling mediates CTGF-induced lung pathology,
we further examined the effects of ICG001 on pulmonary
vascular remodeling. Indeed, we found that administration of
ICGO01 drastically decreased MWT of peripheral pulmonary
vessels in CTGF transgenic mice, and this decreased MWT is
correlated with decreased vascular smooth muscle cell pro-
liferation and expression of fibronectin. These findings sup-
port that CTGF secreted by AT II cells could elicit paracrine
effects on pulmonary vascular smooth muscle cells, and this
is at least in part mediated by -catenin signaling. The role of
[-catenin signaling in vascular smooth muscle cell prolifera-
tion and remodeling has been revealed by numerous studies.
B-Catenin signaling regulates the proliferation and differ-
entiation of vascular smooth muscle cells during embryonic

142 Pediatric RESEARCH Volume 80 | Number 1 | July 2016

and postnatal angiogenesis, intimal thickening after vascular
injury, and development of pulmonary arterial hypertension
(34,35). Cyclin D1 is identified as one of 3-catenin targets that
regulates vascular smooth muscle cell proliferation. Increased
cycling D1 expression is often associated with activation of
[3-catenin signaling in vascular smooth muscle cells and prolif-
erative vasculopathy such as neointima formation. We showed
here that inhibition of B-catenin signaling downregulated
cyclin D1 expression in CTGF transgenic lungs suggesting
that cyclin D1 is one of the CTGF-3-catenin targets that may
cause vascular smooth muscle cell proliferation in the neonatal
lungs. Fibronectin, another [3-catenin target gene, is not only a
key component of vascular ECM but also an important regula-
tor of pulmonary vascular remodeling and pulmonary arterial
hypertension (36). We found that administration of ICG001
downregulated fibronectin gene expression and decreased
fibronectin protein expression in peripheral pulmonary vessels
in CTGF transgenic lungs. Thus, fibronectin is another CTGF-
[B-catenin target that participates in vascular remodeling. We
also showed that inhibition of B-catenin signaling downregu-
lates CTGF-induced collagen 1al expression. Collagen lal is
one of the most important ECM that is associated with pro-
gressive pulmonary and vascular fibrosis (37). Many stud-
ies have demonstrated that CTGF upregulates collagen lal
expression in many types of cells including lung fibroblasts
and vascular smooth muscle cells. This study highlights a
[B-catenin-dependent mechanism by which CTGF upregulates
collagen 1al expression in the neonatal lung.

Our previous studies have demonstrated that targeted over-
expression of CTGF in AT II cells induces PH in neonatal
mice, and this is probably caused by decreased vascular devel-
opment and increased pulmonary vascular remodeling (12).
We showed here that the increased pulmonary vasculariza-
tion and decreased vascular remodeling by B-catenin inhibi-
tion leads to decreased RVSP and RVH, suggesting decreased
PH. These data are consistent with our previous studies in
hyperoxia-induced neonatal lung injury model that treatment
with CTGF-neutralizing antibodies and ICG001decreased PH
(6,18). PH is often associated with severe BPD. Despite wide-
spread availability and use of pulmonary vasodilators such
as nitric oxide, the mortality rate of infants with BPD com-
plicated by PH continues to remain as high as 50% (3,38).
Therapeutic agents that target distinct pathogenic mechanisms
of pulmonary vascular remodeling and growth in severe BPD
may provide additional relief on PH and decrease mortality.
Thus, targeting CTGF--catenin signaling to alleviate pulmo-
nary vascular remodeling may be a promising new therapy for
PH in severe BPD.

There are potential limitations of this study. First, -catenin
signaling plays an important role in regulating organ devel-
opment and tissue remodeling other than the lung. ICG001
was given systemically which could have extra pulmonary
effects. We did monitor animal somatic growth and survival
and did not observe any difference among the study groups
(data not shown). Second, it is unclear how CTGF activates
[-catenin signaling in the neonatal lung. Our previous in vitro

Copyright © 2016 International Pediatric Research Foundation, Inc.
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studies have provided evidence that overexpression of CTGF
in AT II cells induces EMT via ILK, suggesting an autocrine
mechanism via integrin pathway (31). We have also showed
that LRP5/6 is important in hyperoxia activation of B-catenin
signaling in vascular smooth muscle cells but not in alveolar
epithelial cells of the neonatal lung (39). Future studies will be
designed to answer the question whether CTGF differentially
activates integrin and LRP5/6 in the epithelial and mesenchy-
mal compartments of the neonatal lung. Third, it is unknown if
CTGF modulates other intracellular kinases such as extracellu-
lar signal-regulated kinase, p42/44 MAPK, and Smad2/3 path-
ways in the neonatal lung. CTGF has been reported to be able
to activate all of these transcription modulators in cell- and
tissue-dependent manners. It would be important to further
delineate the role of these kinases in mediating CTGF-induced
lung pathology that may contribute to our overall understand-
ing in the signaling mechanisms regulating neonatal lung
development and injury repair.

In conclusion, we have demonstrated that inhibition of
B-catenin transcriptional activity by ICG001 reversed CTGEF-
induced BPD-like pathology and PH in neonatal mice. We also
observed that the improvement of alveolar and vascular struc-
tures is associated with downregulation of several [-catenin
targets including cyclin D1, collagen 1al, and fibronectin that
regulates cell proliferation and ECM deposition. Thus, the
effects of CTGF on epithelial and mesenchymal compartments
in the neonatal lung are likely mediated by B-catenin-dependent
autocrine and paracrine mechanisms. Therefore, targeting
CTGF-B-catenin signaling may provide a novel strategy in
the prevention and treatment of BPD. Given that CTGF and
[-catenin are variably involved in adult lung pathology such as
idiopathic pulmonary fibrosis and PH, our study also provide a
target for these adult lung diseases.

METHODS

Mouse Model With Targeted Overexpression of CTGF in AT Il
Cells

The study protocols were reviewed and approved by the Animal Care
and Use Committee at the University of Miami School of Medicine
(Miami, FL). Two lines of transgenic mice, the SP-C-rtTA mice (line
2), bearing the reverse tetracycline responsive transactivator (rtTA)
under the control of the 3.7-kb rat SP-C gene promoter, and the TetO-
CTGF mice, containing tetracycline operator and minimal CMV pro-
moter and CTGF transgene were mated to produce CTGF transgenic
(CTGF) and control pups as previously described (12). Induction of
CTGF expression by doxycycline was started on postnatal day (P) 1
and genotyping was performed as previously described (12).

Bronchoalveolar Lavage and Serum Collection

Bronchoalveolar lavage (BAL) was performed in 4-wk-old control
and CTGF mice by instilling 0.5ml cold normal saline into the air-
way through a trachea catheter and gently withdrawing the fluid, as
described (12). Blood samples were collected through right ventricu-
lar puncture in 4-wk-old control and CTGF mice that are anesthe-
tized. After allowed to clot at room temperature for 30 min, the blood
sampling tubes were centrifuged at 1,000 for 10 min, the serum was
collected and stored at —80 °C.

CTGF ELISA

CTGF was measured in BAL and serum by a competition ELISA
using an affinity-purified goat polyclonal antibody to human CTGF
(40). Briefly, the capture plate, a high binding flat-bottom ELISA plate

Copyright © 2016 International Pediatric Research Foundation, Inc.

(96-well; Corning Costar, Cambridge, MA) was coated with0.5ng of
CTGEF/well. Competition mixtures of anti-CTGF with either CTGF
standards, BAL (50 ul), or serum samples (50 ul) were prepared in
triplicates in low binding round bottom plates (96 well; Sarstedt,
Newton, NC). Following overnight incubations of both plates at 4°C
and blocking of the capture plate, the competition mixtures were
transferred to the capture plate and incubated at room temperature
for 2h. Following washes the capture plate was further incubate with
an alkaline phosphotase-linked rabbit antigoat IgG detection anti-
body (KPL, Gaithersburg, MD) for 2h at room temperature. The wells
were washed again and incubated with an alkaline phosphatase sub-
strate solution (p-nitrophenyl phosphate, Sigma Chemical, St Louis,
MO) and then absorbances were measured at 405 nm on a microplate
reader (BioRad, Hercules, CA). This assay has a sensitivity of 1.0ng/
well of CTGF and an intra-assay variability of 5%.

ICGO001 Injection and Tissue Preparation

On P5, control and CTGF pups were randomized to four groups to
receive ICG001 (dissolved in dimethyl sulfoxide) or dimethyl sulfox-
ide (placebo). ICG001 (10 mg/kg/dose) or placebo (equal volume) was
given by i.p. injection once a day for total of 10 d. On P15, mice were
killed, and the lungs were infused with 4% paraformaldehyde via a tra-
cheal catheter at 20 cmH,O of pressure for 5min and then fixed in 4%
paraformaldehyde solution overnight at 4 °C. Fixed lung tissues were
paraffin embedded, and 5-pm sections were processed. Additional
lungs were also collected for total RNA and protein isolation.

Lung Histology and Morphometry

Lung tissue sections were stained by standard hematoxylin and eosin
method for histology and morphometry. Mean linear intercept was
measured by a staff unaware of the experimental condition as previ-
ously described (12).

Assessment of B-Catenin Nuclear Translocation Index
Immunofluorescence staining for 3-catenin and DAPI nuclear stain-
ing were performed on lung sections. B-Catenin nuclear translocation
index was determined by the percentage of [3-catenin-positive nuclei
to total nuclei (12).

Pulmonary Vascular Morphometry

To determine vascular density, immunofluorescence staining for
vWE an endothelial marker, was performed. Five random images
were taken under the x20 magnification on each lung section, and
the average number of vWF stained vessels (<50 um in diameter) was
calculated.

Assessment of Pulmonary Vascular Remodeling

MWT of peripheral pulmonary vessels (<50 pum in diameter)
was determined on o-SMA-stained tissue sections as previously
described (12). For assessing proliferation of vascular smooth muscle
cells, double immunofluorescence staining for Ki67 and a-SMA was
performed. The numbers of vessels with at least one Ki67-positive
nucleus in smooth muscle cells were counted from 20 vessels (< 50
pum in diameter) on each slide. Fibronectin expression was deter-
mined by immunofluorescence staining.

Assessment of PH

On P15, (RVSP and right ventricle (RV) to left ventricle (LV) plus
septum weight ratio (RV/LV+S) were determined as indices for PH as
previously described (12).

RNA Isolation and Quantitative Real-Time RT-PCR

Total RNA was isolated from frozen lung tissues and treated with
DNase to remove possible DNA contamination as described (12).
One pg of total RNA was reverse transcribed. Real-time RT-PCR
was performed on an ABI Fast 7500 System (Applied Biosystems,
Foster City, CA). The mRNA expression levels of target genes were
determined from the standard curve and normalized to 18S rRNA as
described (12).

Western Blot Analysis

Total protein was extracted from frozen lung tissues with a RIPA
buffer according to manufacturer’s protocol (Santa Cruz, Dallas,
TX). Western blot analysis was performed to assess target protein
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expression in lung homogenates as previously described (12, also see
this reference for antibody used).

Data Presentation and Statistical Analysis

Data were expressed as means + SD and analyzed by one-way ANOVA
followed by Student-Newman-Keuls test. A P < 0.05 was considered
significant.
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