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Abstract

We have previously demonstrated that the transcription co-factor yes-associated protein 1 (YAP1)
promotes vascular smooth muscle cell (VSMC) de-differentiation. Yet, the role and underlying
mechanisms of YAP1 in neointima formation 7 vivo remain unclear. The goal of this study was to
investigate the role of VSMC-expressed YAP1 in vascular injury-induced VSMC proliferation and
delineate the mechanisms underlying its action. Experiments employing gain- or loss-of-function
of YAP1 demonstrated that YAP1 promotes human VSMC proliferation. Mechanistically, we
identified platelet-derived growth factor receptor beta (PDGFRB) as a novel YAPL target gene that
confers the YAP1-dependent hyper-proliferative effects in VSMCs. Furthermore, we identified
TEA domain transcription factor 1 (TEADL) as a key transcription factor that mediates YAP1-
dependent PDGFRp expression. ChIP assays demonstrated that TEADL is enriched at a PDGFRB
gene enhancer. Luciferase reporter assays further demonstrated that YAP1 and TEADL1 co-
operatively activate the PDGFRB enhancer. Consistent with these observations, we found that
YAP1 expression is upregulated after arterial injury and correlates with PDGFR expression and
VSMC proliferation /n vivo. Using a novel inducible SM-specific YapZ knockout mouse model,
we found that the specific deletion of YapZ in adult VSMCs is sufficient to attenuate arterial
injury-induced neointima formation, largely due to inhibited PDGFR expression and VSMC
proliferation. Our study unravels a novel mechanism by which YAP1/TEAD1 promote VSMC
proliferation viatranscriptional induction of PDGFRp, thereby enhancing PDGF-BB downstream
signaling and promoting neointima formation.
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1. Introduction

Unlike cardiac and skeletal muscle cells, vascular smooth muscle cells (VSMCs) exhibit
remarkable phenotypic plasticity, such that in response to environmental cues, they can
undergo de-differentiation and proliferation [1]. Occlusive vascular diseases, such as
atherosclerosis and post-angioplasty restenosis, are largely a result of phenotypically-
modulated VSMCs that have switched from a contractile phenotype to a proliferative and
migratory phenotype [1, 2]. However, the mechanisms responsible for VSMC proliferation
after arterial injury remain incompletely understood. Delineating underlying mechanisms
will not only lead us towards a better understanding of the pathology of occlusive vascular
diseases, but also to ultimately developing new therapeutic strategies for their treatment.

The Hippo signaling pathway is evolutionarily conserved from Drosophilato mammals. The
Hippo pathway has been shown to play a critical role in controlling tumorigenesis by
regulating cell proliferation and apoptosis [3, 4]. YAP1 (yes-associated protein 1) is a Hippo
signaling pathway effector, which acts as a potent oncogene [5]. Mechanistically, YAP1 is a
transcriptional co-factor that lacks a DNA-binding domain and thus requires the interaction
with transcription factors, mainly TEADs (transcriptional enhancer activator domain
proteins) to regulate gene expression. TEADs bind to a consensus DNA sequence 5’-
CATTCC-3’, named the muscle-specific cytidine-adenosine-thymidine (MCAT) element [6,
7]. Importantly, we have previously demonstrated that YAP1 can induce de-differentiation of
cultured VSMCs while promoting their proliferation and migration [8]. Furthermore, we
previously found that YAPL is essential for cardiomyocyte and SMC proliferation during
cardiovascular development [9]. Consistent with this, YAP1 has been demonstrated to
mediate the growth-promoting effects of various stimuli in VSMCs [10-12]. While the
effects of YAP1 on VSMC de-differentiation have been attributed to its ability to disrupt the
interaction between SRF (serum response factor) and myocardin [13], the underlying
mechanisms that mediate YAP1 regulation of VSMC proliferation and neointima formation
in vivo remain unclear.

Platelet-derived growth factor-BB (PDGF-BB) is a potent VSMC mitogen that mediates its
hyper-proliferative effects by binding to PDGF receptors (PDGFRP and PDGFRa), leading
to activation of multiple downstream pro-mitogenic signaling pathways, such as MAPK1/3
(also known as ERK1/2), AKT, and mTORCL1 [1, 14-17]. Previous studies have
demonstrated that PDGFRp is upregulated and plays a critical role in atherosclerotic lesion
development [18-20] and injury-induced neointima formation [21-25]. However, the
transcriptional mechanisms regulating the expression of PDGFR in VSMCs are not clear.

In this study, we sought to assess the role and to understand the underlying mechanism(s) of
vascular smooth muscle-expressed YAPL in injury-induced neointima formation. Analysis of
gain- and loss-of-function of YAP1 assays in human VSMCs identified PDGFRB as a novel
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YAP1 target gene that largely mediates the effects of YAP1 on VSMC proliferation.
Furthermore, we have identified TEAD1 as a key transcription factor that mediates YAP1-
dependent PDGFRp expression. Using a novel inducible SM-specific YapZ knockout mouse
model, we found that the specific deletion of YapZin VSMCs is sufficient to attenuate
arterial injury-induced neointima formation and VSMC proliferation, resulting from
attenuated PDGFR expression. Our study suggests that the YAP1/TEAD1-PDGFRp axis is
a promising therapeutic target to ameliorate injury-induced neointima formation.

2. Material and methods

Inducible SM-specific YapI knockout ( YapZ iKO) mice were generated by crossing Yapl
flox (F) female mice [9, 26] with male mice expressing tamoxifen-inducible Cre driven by
the SM-specific My#11 gene promoter (Myh11-CreERT2) [27]. Since Myh11-CreERT?
transgene is localized on the Y chromosome [27], only male mice were used in this study. To
generate control and YapZ iKO mice, 10-week-old Myh11-CreERT2*/ Yap1//F male mice
were injected intraperitoneally with either sunflower oil (control) or tamoxifen (iKO; 1 mg/
mouse) for 2 rounds of 5 days each, with 2 days’ break in-between. After the last tamoxifen
administration, a 2-week washout period was allowed before mice were used for
experiments. All mice used in this study were maintained on a C57BL/6J background. The
use of experimental mice for arterial injury procedures and BSL-2 viral work was approved
by the Institutional Animal Care and Use Committee and Biosafety committees at Augusta
University. A detailed, expanded Materials and Methods section is included in the Online
Supplement.

3. Results
3.1 YAP1induces PDGFRp expression and enhances PDGF-BB-mediated signaling.

We have previously demonstrated that YAP1 can promote rat aortic SMC proliferation,
migration, and de-differentiation [8]. In the current study, we found that adenoviral-mediated
expression of YAPL in human coronary artery SMCs (HCASMCs) enhances cell
proliferation, as indicated by cell count analysis, WST-1 proliferation assays, and EdU
incorporation assays (Figure 1A-D). In an attempt to delineate the underlying mechanism(s)
that mediate YAP1’s induction of VSMC proliferation, we utilized a gPCR array that covers
a subset of genes implicated in cell proliferation. This analysis demonstrated that YAP1
induces the expression of multiple growth factor receptor genes including PDGFRB, ERBB3
(human epidermal growth factor receptor 3), and FL71 (vascular endothelial growth factor
receptor 1), in addition to multiple cell-cycle regulatory genes, such as CDC25A (cell
division cycle 25A), CDK5 (tyclin-dependent kinase 5), and PLKZ (polo-like kinase 1)
(Figure 1E and Online Table I). Given the well-documented role of PDGF-BB and its
receptor PDGFR in promoting VSMC proliferation and neointima formation [18-25], we
focused on PDGFRB as a potential novel YAP1 target gene that may mediate its effect on
VSMC proliferation. gqRT-PCR and Western blot assays validated the qPCR array data and
showed that over-expression of YAP1 in HCASMCs induces the expression of PDGFRp at
both the mRNA and protein levels, which is correlated with up-regulation of cell
proliferation markers CCND1 and PCNA, and down-regulation of multiple SM contractile
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markers such as ACTA2, CNN1, and TAGLN (Figure 1F—H). Surprisingly, YAP1 over-
expression did not alter the expression of bona fide YAP1 targets, such as CCN1 and MYC
[11], or the glutamine transporter SLC1A5, which we recently demonstrated as a target gene
of the transcription factor TEAD1 [28] (Figure 1G-H). Taken together, these data suggest
that YAP1 specifically induces PDGFRB expression in VSMCs.

In contrast to the positive effects of YAP1 on PDGFRp expression, our gPCR array data
demonstrated that YAP1 downregulates PDGFRA mRNA levels (Online Table I). gRT-PCR
assays validated this array result (Online Figure IA). Interestingly, we found that the basal
expression of PDGFRB at the mRNA level was ~5 fold higher than PDGFRA in HCASMCs
(Online Figure 1B), suggesting that PDGFRP may play a more important role in mediating
the pro-mitogenic signaling activation by PDGF-BB in human VSMCs. Consistent with this
notion, we found that YAP1-mediated up-regulation of PDGFRp correlated with enhanced
PDGF-BB activation of PDGFR, as indicated by enhanced PDGFRp tyrosine
phosphorylation [29], and enhanced/sustained activation of downstream signaling molecules
such as MAPK1/3, AKT, and mTORC1 (using pRPS6 as a biochemical readout for
mTORC1 activity) (Figure 11). Notably, consistent with previous studies showing that
sustained ligand stimulation with PDGF-BB can induce PDGFR internalization followed
by lysosomal or proteasomal degradation [30, 31], we found that treatment of HCASMCs
with PDGF-BB for 16 hours led to a significant downregulation of PDGFRp (Figure 11).

Consistent with our YAP1 gain-of-function studies (Figure 1), depletion of endogenous
YAPI by siRNA inhibited HCASMC proliferation (Figure 2A-D) and down-regulated basal
PDGFRp expression, which was accompanied with down-regulation of PCNA and induction
of SM contractile markers such as ACTA2, CNN1, and TGFB1I1 (Figure 2E-G). Notably,
we found that the inhibitory effects of silencing YAPZ on PDGFRB mRNA expression are
modest, compared to its effects on PDGFRP protein expression, suggesting that both
transcriptional and post-transcriptional regulatory mechanisms underlie YAP1-mediated
PDGFRB expression. In addition, silencing YAPZ inhibited PDGF-BB-mediated activation
of PDGFRB, MAPK1/3, AKT, and mTORC1 signaling (Figure 2H). Consistently, silencing
YAP1 inhibited basal- and PDGF-BB-induced CCND1 expression, where the latter was only
detectable after PDGF-BB stimulation for 48 hours.

Together, these YAP1 gain- and loss-of-function studies in HCASMCs demonstrate that
YAP1 is sufficient and required to promote human VSMC proliferation, induce PDGFRB
expression, and enhance PDGF-BB-mediated activation of pro-mitogenic signaling.

3.2 PDGFRp confers YAP1-mediated effects on VSMC proliferation.

Next, we tested the role of PDGFRp in mediating VSMC proliferation under basal
conditions or after over-expression of YAP1. We found that silencing endogenous PDGFRB
markedly attenuated serum-induced VSMC proliferation and almost completely abolished
YAP1-induced VSMC proliferation and CCND1 expression (Figure 3A-C). Notably, we
found that silencing endogenous PDGFRB slightly downregulated both basal- and
adenovirus-induced protein expression of YAP1 (Online Figure 11A and Figure 3A),
suggesting a positive-feedback loop that links PDGFRP and YAP1 expression. However, we
found that treatment of HCASMCs with PDGF-BB for 2- or 5-days did not alter YAP1
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expression at the protein level (Online Figure 11B). Furthermore, we found that silencing
endogenous PDGFRB did not alter the expression of multiple SM contractile markers
(Online Figure 11A).

Next, we used a potent and selective PDGFR} tyrosine kinase inhibitor (SU 16f [32]) to
further test the role of PDGFR in mediating YAP1 effects on VSMC proliferation. As
shown in Figure 3D, pretreatment of VSMCs with PDGFR tyrosine kinase inhibitor SU 16f
(10 nM) led to a slight decrease in the total protein expression of PDGFRp, MAPK1/3, and
AKT (Figure 3D). However, unlike the negligible effects on the expression level of total
proteins, SU 16f completely abolished PDGF-BB-induced phosphorylation/stimulation of
PDGFRp, MAPK1/3, and AKT, suggesting the specific effects of SU16F through inhibiting
PDGFRp activity. Importantly, SU 16f treatment attenuated both basal and YAP1-induced
VSMC proliferation (Figure 3E-F). Together, these studies suggest that PDGFRp confers, at
least in part, the YAP1-mediated effects on VSMC proliferation.

3.3 YAP1-induced PDGFRp expression is dependent on TEAD1.

YAP1 primarily interacts with TEAD family transcription factors in order to regulate gene
transcription [6, 7]. Recently, we have demonstrated that TEADL1 is the most abundant
TEAD family protein in HCASMCs [28]. In addition, similar to YAP1, TEAD1 can promote
VSMC proliferation [28]. These prior observations prompted us to test whether TEAD1
mediates YAP1-induced PDGFRp expression in VSMCs. We found that over-expression of
TEADL1 in HCASMCs induces PDGFR{ expression at both mRNA and protein levels and
up-regulates the proliferative marker PCNA, without affecting the basal expression of YAP1
(Figure 4A—-C). Conversely, silencing endogenous TEADI down-regulated basal PDGFRf
expression (Figure 4D-E) and markedly attenuated YAP1-induced PDGFRp and CCND1
expression (Figure 4F). The slight increase in PDGFRp expression observed in SiTEAD1 +
YAP1 compared to SiTEAD1 + GFP is likely attributed to the functional activity of the
residual TEAD1 protein (~15%) and/or other functionally redundant TEAD family proteins
such as TEAD2-4 in HCASMCs. Together, these data suggest that TEAD1 mediates YAP1-
induced PDGFRp expression.

Notably, over-expression of YAP1 not only induced basal PDGFRp expression, but also
induced basal TEAD protein expression (Figure 4F). Dose response experiments further
demonstrated that even a slight increase in YAP1 expression is sufficient to induce the
expression of TEAD1 and PDGFRp proteins, concomitant with upregulation of PCNA
(Online Figure I11). Consistently, we found that YAP1 over-expression induces, while
silencing YAPI down-regulates, TEADI mRNA and protein expression, respectively (Figure
4F-1). Together, these data suggest that TEADL1 is a direct transcriptional target of YAP1/
TEADs complex. Furthermore, we found that the inhibitory effects of silencing YAPZ on
TEADI mRNA expression are modest, compared to its effects on TEADL1 protein
expression, suggesting both transcriptional and post-transcriptional regulatory mechanisms.
De novo analysis of a TEAD1 ChlP-seq dataset generated in HepG2 cells (ENCODE)
demonstrated that TEADLI is enriched at the TEADI promoter by ~73 fold over 1gG control
and correlated with the active transcription histone mark H3K4me3 (Figure 4J) [33]. Our
bioinformatic analysis further revealed multiple putative TEAD DNA binding motifs
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(MCAT elements) in the human TEADI gene including in the promoter region (Figure 4J,
indicated by an arrow). To validate the binding of TEAD1 to the MCAT element identified
in the TEADI promoter in HCASMCs, we performed ChIP-gPCR assays using two TEAD1
antibodies from two different vendors (Ab #1 and Ab #2). Data from the ChIP-qPCR assays
revealed that, compared to IgG control, TEAD1 was indeed significantly enriched at the
TEAD1 promoter in HCASMCs by ~60 folds (Figure 4K). The specificity of TEAD1
binding to the promoter site was validated by using primer sets flanking 7TEADI exon 3.
Furthermore, re-analysis of TEAD1 ChlIP-seq datasets generated in fetal or adult mouse
hearts [34, 35] revealed that the 7ead gene promoter contains a TEAD1 binding peak
(Online Figure 1V). Together, these data suggest that YAP1 forms a complex with TEADL1 to
transcriptionally activate 7TEADI expression through a novel feed-forward mechanism in
both human and mouse.

3.4 YAP1/TEADLI transcriptionally activate a PDGFRB gene enhancer.

Since we found that both YAP1 and TEAD1 can regulate PDGFRp gene expression (Figures
1, 2, and 4), we tested the role of PDGFRp in mediating VSMC proliferation in response to
co-transduction with YAP1 and TEAD1 adenoviruses. We found that silencing endogenous
PDGFRB almost completely abolished YAP1/TEAD1-induced VSMC proliferation and the
expression of the cell proliferative marker PCNA (Figure 5A-B).

Next, we sought to further examine the transcriptional mechanism by which YAP1/TEAD1
regulates PDGFRB gene expression. ChlP-seq data from the ENCODE project using HepG2
cells demonstrated that TEAD1 is enriched at multiple regions in the first intron of the
human PDGFRB gene locus, which correlated with epigenetic signatures of active enhancers
(H3K27ac and H3K4mel; Figure 5C) [33]. Our de novo bioinformatics analysis revealed
there are 4 putative MCAT elements residing in the TEAD1 binding peaks. Data from our
ChIP-gPCR assays in HCASMCs revealed that, compared to IgG control, TEAD1 was
significantly enriched at MCAT sequences 1/2, 3, and 4, by ~15, ~12, and ~2 folds,
respectively (Figure 5D). Together, these data demonstrate that TEADL is enriched at the
PDGFRB enhancer across different cell types.

To test the functional role of the identified MCAT elements in driving PDGFRB enhancer
activity, we generated 2 luciferase reporter constructs spanning “MCAT 1 + 2” and “MCAT
3 + 4°” sequences, respectively. Data from the luciferase reporter assays showed that YAP1
expression is sufficient to activate the enhancer activity of both reporter constructs in 10T1/2
cells (Figure 5E-F). Surprisingly, transfection with TEAD1 expression plasmid alone failed
to activate the enhancer activity of either reporter. However, co-transfection with YAP1 and
TEADL1 expression plasmids led to a dramatic augmentation of YAP1-mediated reporter
activity of both constructs, suggesting a synergistic effect between YAP1 and TEAD1 in
activating PDGFRB enhancer activity (Figure 5E-F).

We next sought to determine the relative importance of the 4 identified MCAT elements in
YAP1/TEAD1-mediated PDGFRB enhancer activity. Compared to the “MCAT 1 + 2”
reporter construct, the deletion of MCAT1 (Del 1) partially attenuated, whereas the deletion
of both MCAT1 and 2 (Del 1 + 2) completely abolished YAP1/TEAD1-mediated PDGFRB
enhancer activity to baseline levels (Figure 5G). On the other hand, compared to the “MCAT
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3 + 4” reporter construct, deletion of MCAT3 only (Del 3) was sufficient to abolish YAP1/
TEAD1-induced PDGFRB enhancer activity to baseline levels, while further deletion of
MCAT 4 (Del 3 + 4) had no additional effects on YAP1/TEAD1-induced PDGFRB enhancer
activity (Figure 5H). Together, these data suggest that MCATs 1, 2, and 3 play a critical role
in mediating YAPL/TEAD1-induced PDGFRB enhancer activity, while MCAT 4 is likely
dispensable in this regard.

3.5 SM-specific deletion of Yap1l attenuates neointima formation and decreases VSMC
proliferation in vivo by abolishing PDGFRp induction.

As an initial step to test the functional relevance of the novel YAP1-PDGFR axis in
promoting VSMC proliferation and neointima formation /7 vivo, we examined the
expression of YAP1 and PDGFR in left common carotid arteries (LCA) after ligation
injury, a mouse model that triggers VSMC proliferation thereby resulting in neointima
formation [36]. We found that ligation injury in WT C57BL/6J adult mice induces the
expression of YAP1, PDGFR, and proliferative markers (PCNA and pHIST1H3A) at day 7
post-injury (Figure 6A-B), suggesting the activation of the YAP1-PDGFRp axis after
arterial injury. To test the role of SM-specifically expressed YAP1 in neointima formation in
adult mice, we generated an inducible SM-specific YapZ KO (iKO) mice by crossing female
Yapl flox mice with male mice expressing tamoxifen-inducible Cre recombinase under the
control of the SM-specific Myh11 promotor (Online Figure VVA) [27]. Characterization of
the YapliKO mouse model demonstrated the specific deletion of YapZ in aortic tissues by
~80% at both MRNA and protein levels (Online Figure VB and Figure 6C-E). To our
surprise, we found that YapZ iKO does not affect the basal expression of PDGFRp, TEAD1,
or a panel of SM marker genes in the intact dorsal aorta (Figure 6C—E). To determine the
effect of YapI ablation on vascular injury-induced PDGFRp expression, we isolated
contralateral RCAs and their respective injured LCAs from control and YgpZ iKO mice for
Western blotting. Data from the Western blot assays revealed that PDGFRf protein
expression is induced in response to vascular injury while the deletion of YapZin VSMCs
almost completely abolishes PDGFRpP and PCNA upregulation after arterial injury (Figure
6F-G). As a result, at day 21 post-injury, we found that YapZ iKO attenuates neointimal area
and neointima/media ratio in injured LCA by ~66% and 65%, respectively, without affecting
the relative medial layer area (Figure 7A-D). Furthermore, YapZ iKO markedly decreased
the number of MKI67 positive cells (a marker of cell proliferation) in both neointimal and
medial areas of injured LCA by ~40% and ~51%, respectively (Figure 7E-G). Together,
these data demonstrate that while YAP1 is not required for basal PDGFR expression in
intact mouse vessels where VSMCs are quiescent, YAPL is required for PDGFRf induction
in response to arterial injury. Therefore, YapI deletion in VSMCs is sufficient to attenuate
neointima formation, likely through inhibiting PDGFRp-driven VSMC proliferation /n vivo.

In summary, our study uncovers a previously unrecognized YAP1/TEAD1-PDGFRp axis in
VSMC proliferation and neointima formation. Our data demonstrate that injury-induced
YAP1 expression promotes the expression of TEAD1, which forms a transcriptional
complex with YAPL1 to synergistically activate PDGFRp expression. Upregulated PDGFRp
expression, in turn, promotes PDGF-BB-mediated activation of pro-mitogenic signaling,
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leading to enhanced VSMC proliferation that eventually contributes to injury-induced
neointima formation (Figure 7H).

4. Discussion

YAP1 is activated in several vascular pathologies such as pulmonary hypertension [37],
atherosclerosis [38, 39], and injury-induced neointima formation [8]. We previously
demonstrated that YapZ mRNA is upregulated in balloon-injured rat carotid arteries [8]. A
recent study demonstrated that vascular injury induces PIK3CG (phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit gamma) to promote the transcriptional activation of
Yaplin injured vessels viaa CREB (cyclic AMP-response element-binding protein)-
dependent mechanism [12]. YAP1 may also be regulated at the post-transcriptional level. For
instance, we recently reported that microRNA-15b/16, which is downregulated in vessels
after arterial injury, targets YapI by binding to YapZ 3’-UTR in VSMCs, thereby
contributing to the upregulated YAP1 expression in injured vessels [40]. In this study, we
found that silencing endogenous PDGFRB inhibits basal YAP1 expression in VSMCs,
suggesting that injury-induced PDGFRB expression can regulate YAP1 expression in a
positive feedback loop. However, treatment of VSMCs with PDGF-BB for 2- or 5-days did
not seem to alter basal YAP1 expression, suggesting that while PDGFRB may be required
for basal YAP1 expression, sustained activation of PDGFRp is insufficient to promote YAP1
expression and that other additional regulators may be required to mediate this response.

YAP1 has a well-established role in promoting cell proliferation and oncogenesis in different
systems [3-5]. We and others have demonstrated that YAP1 can promote switching of
VSMCs from a differentiated to a proliferative phenotype [8, 13]. With regards to YAP1
transcriptional target genes that may mediate its effects on VSMC proliferation, previous
studies in rat aortic SMCs demonstrated that YAP1 induces the expression of the bona fide
YAP1 targets CCN2, CCN1, and MYC [11]. However, the role of these genes in mediating
YAP1 proliferative effects in VSMCs was not fully delineated. In the current study, we
found that YAP1 does not affect the expression of CCN1 or MYC in human VSMCs (Figure
1G). Instead, we found that YAP1 induces the expression of several growth factor receptors,
among which we identify PDGFRB as a novel YAP1/TEADL target gene that mediates, at
least in part, the growth-promoting effects of YAP1 in VSMCs. Notably, recent studies in
cancer cells demonstrated that YAP1/TEADL can also promote PDGFB gene expression,
which leads to increased levels of secreted PDGF-BB and subsequent cell proliferation [41,
42]. Together, these observations suggest that YAP1 transcriptional activation of PDGFB
and/or its receptor PDGFRB is a key mechanism underlying YAP1 function across different
cell types. Future studies are required to test the role of the other identified potential target
genes in our qPCR array in mediating YAP1 function in VSMCs.

While PDGFRB is expected to contribute to YAP1-mediated effects on SM de-
differentiation, surprisingly, we found that silencing endogenous PDGFRB did not alter the
expression of multiple SM contractile markers. However, this unexpected finding is in line
with our recent finding that PDGF-BB requires a relatively long time (up to 5 days) to
induce de-differentiation in HCASMCs [28]. To directly test the contribution of PDGFRB in
YAP1-mediated effects on SM de-differentiation, future studies should utilize short-hairpin

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osman et al.

Page 9

RNA targeting YAPL, or similar approaches, instead of transient knocking down using
silencing RNA, to achieve a long-term depletion of YAP1.

Previous studies have demonstrated that in response to arterial injury, several growth factors
and cytokines, such as PDGF-BB, FGF, and EGF, are released from vascular cells to
promote the proliferation and migration of medial VSMCs, thereby facilitating neointima
formation [1]. Several lines of evidence suggest that the PDGF/PDGFR signaling pathway
plays a key role in injury-induced VSMC proliferation. For instance, PDGF-BB is regarded
as the most potent mitogen promoting VSMC growth in culture [43]. Consistent with these
in vitrofindings, infusion of recombinant PDGF-BB or local transfection of a PDGF-B
expression vector greatly enhances intimal thickening in models of arterial injury [44].
Conversely, neutralizing antibodies against PDGF-AB that suppress the activity of PDGF-
AA, PDGF-BB and PDGF-AB attenuate neointima formation after arterial injury [45].
Furthermore, previous studies have demonstrated that PDGFRp expression and activation is
enhanced after arterial injury [18, 46], and inhibition of PDGFR, but not PDGFRa, inhibits
neointima formation in animal models of neointima formation [24, 25]. In the current study,
we found that YAP1 exerts opposing effects on the expression of PDGFR isoforms in
VSMCs, inducing PDGFRp while downregulating PDGFRa. Importantly, time-course
experiments with PDGF-BB treatment in the presence or absence of YAP1 demonstrate that
YAP1 promotes rather than inhibits PDGF-BB-elicited activation of pro-mitogenic
signaling. Furthermore, we found that depletion or pharmacological inhibition of PDGFRB
is sufficient to attenuate both basal and YAP1-induced VSMC proliferation. The dominant
effects of PDGF-BB on PDGFRf in VSMCs may be attributed to the relative abundance of
PDGFRp versus PDGFRa in human VSMCs (Online Figure IB). Consistent with our /n
vitro findings, we also demonstrate here that YAP1 deficiency in postnatal VSMCs in mice
is sufficient to abolish PDGFRp induction after arterial injury and attenuate neointima
formation and VSMC proliferation /n vivo. However, we found that YAP1 deficiency does
not alter the basal expression of PDGFRp in quiescent vessels in vivo. The discrepancy
between our /in vitro findings, using siRNA, and /in vivo findings, using iKO, on basal
PDGFRp expression in VSMCs may be attributed to the differences in proliferation/
differentiation states of VSMCs in culture versus quiescent VSMCs in the intact vessels.
Another possibility is that the basal expression of PDGFRp in quiescent VSMCs may be
dependent on both YAP1 and its paralogue TAZ, due to their functional redundancy [47]. To
address this possibility, it will be necessary to generate and analyze SM-specific double
Yapland 7az KO mice.

We have found that most of the MKI67-positive cells in the neointima area are ACTA2-
positive, suggesting proliferating VSMCs contribute the neointima formation (Figure 7E).
However, it has become increasingly clear that the cell identity/source in the neointima area
cannot be determined by staining of a cell-specific marker alone [48]. Recent lineage tracing
studies have reported that ligation-injury induced neointima formation in mouse carotid
arteries is mainly attributed to the migration and subsequent proliferation of medial SMCs
[49], which ultimately constitute up to 80% of the neointimal area [50]. Together, these
observations suggest that SMC origin is the likely source of MKI167-positive cells in the
neointima although we cannot preclude the possibility of other cell sources, such as
proliferative macrophages, to contribute to the neointima formation in response to injury.

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osman et al.

Page 10

Current clinical approaches to ameliorate post-angioplasty restenosis are limited to drug-
eluting stents that release high concentrations of mMTORCL1 inhibitors (rapamycin and its
analogs). However, several lines of evidence argue that PDGFR{ inhibitors may be more
effective than mTORCL1 inhibitors. PDGFRp activation leads to activation of multiple pro-
mitogenic signaling pathways, such as AKT, mTORC1, and MAPK1/3. Accordingly,
PDGFR inhibitors are expected to inhibit multiple downstream signaling pathways as
compared to the specific inhibition of mMTORC1 by rapamycin and its analogs. In support of
this notion, in this study, we found that YAP1 deficiency-mediated downregulation of
PDGFR inhibits AKT, mTORC1, and MAPK1/3 signaling in HCASMCs (Figure 2).
Furthermore, inhibition of endothelial cell-expressed YAP1 was previously demonstrated to
attenuate the expression of inflammatory factors and limit the development of
atherosclerosis [38, 39]. Together, these observations suggest that targeting YAP1 in the
vessel wall may inhibit both PDGFRB-mediated pro-mitogenic signaling in VSMCs and
pro-inflammatory factors in ECs, respectively, and thus may represent a more effective
approach to ameliorate post-angioplasty restenosis.

Previous studies have demonstrated that YAP1 can interact with a multitude of transcription
factors, including TEADs, SMADs, RUNX1/2, TP63/TP73, and ERBB4 [51]. However,
while the oncogenic activity of YAP1 requires binding to TEAD proteins [52], the functional
significance of YAP1 interactions with other transcription factors remains unclear [53]. In
VSMCs, previous studies demonstrated that verteporfin, which disrupts the interaction
between YAP1 and TEADs, can inhibit VSMC proliferation [11]. Consistent with this
finding, we demonstrate here that YAP1-mediated induction of PDGFR is dependent on
TEADL and that TEAD1 can positively regulate itself by binding to the TEADI gene
promoter. These findings suggest that a YAP/TEAD interaction inhibitor may have clinical
utility for treatment of restenosis.

5. Conclusions

In summary, our study unravels a novel mechanism of YAP1-induced VSMC proliferation
and neointima formation via induction of PDGFRp expression, and suggests that blocking
this axis may represent a promising approach to ameliorate post-angioplasty restenosis.
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Highlights

. Vascular injury-induces YAP1 expression to promote the expression of
TEAD1

. YAP1 forms a transcriptional complex with TEAD1 to activate PDGFRB
expression

. Upregulated PDGFRp expression promotes PDGF-BB-mediated pro-
mitogenic signaling

. PDGF-BB signaling enhances VSMC proliferation and injury-induced
neointima formation

. Blocking YAP1/TEAD1-PDGFR axis is a promising approach to ameliorate
restenosis
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Figure 1. YAP1 is sufficient to promote VSMC proliferation, induce PDGFRp expression, and
enhance PDGF-BB-mediated signaling in VSMCs.

A. HCASMCs were transduced with GFP or YAP1 adenovirus and plated at equal numbers
(Day 0). Cell counting analysis was performed at day 4 post-viral transduction. *p<0.05.
N=3 per group. B. WST-1 proliferation assay was carried out at day 4 post-viral
transduction. *p<0.05. N=5 per group. C. HCASMCs were transduced with GFP or YAP1
adenovirus and incubated with EdU for 48 hours for IF staining to visualize EdU
incorporation (red). Cell nuclei were co-stained with DAPI (blue). D. The percentage of
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EdU" cells to the total number of DAPI* cells shown in “C” is plotted. *p<0.05. N=3 per
group. E. HCASMCs were transduced with GFP or YAP1 adenovirus for g°PCR array
analysis. Over-expression of YAP1 induces 2.8-fold increase of PDGFRB (red arrow)
expression compared to GFP control in HCASMCs. F-G. HCASMCs were transduced with
GFP or YAP1 adenovirus for gRT-PCR analysis (F) or Western blotting (G). *p<0.05. N=6
per group in “F”. H. Quantification of relative protein expression in “G” after normalization
to the loading control VCL (Vinculin). *p<0.05. N=3 per group. I. HCASMCs were
transduced with GFP or YAP1 adenovirus for 48 hours and then treated with or without
PDGF-BB (30 ng/ml) for different time periods. Subsequently cells were harvested for
Western blotting. VCL served as the loading control. S: short exposure. L: long exposure.
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Figure 2. YAPL1 is required for VSMC proliferation, PDGFRp expression and PDGFR-
dependent signaling activation in VSMCs.

A. HCASMCs were transfected with scrambled control silencing RNA duplex (siControl) or
silencing RNA duplex against YAP1 (siYAPL1) and plated at equal numbers (Day 0). Cell

counting analysis was performed at day 4 post-siRNA transfection *p<0.05. N=3 per group.
B. WST-1 proliferation assay at day 4 post-siRNA transfection. *p<0.05. N=5 per group. C.
HCASMCs were transfected with siControl or siYAP1 for 48 hours and then incubated with
EdU for additional 48 hours for IF staining to visualize EAU incorporation (red). Cell nuclei
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were co-stained with DAPI (blue). D. The percentage of EdU™ cells to the total number of
DAPI* cells is plotted. *p<0.05. N=3 per group. E-F. HCASMCs were transfected with
siControl or siYAP1 for 48 hours and then were harvested for qRT-PCR analysis (E) or
Western blotting (F). *p<0.05. N=3-6 per group. G. Quantification of relative protein
expression in “F” after normalization to the loading control VCL. *p<0.05. H. HCASMCs
were transfected with siControl or siYAP1 in the absence or presence of PDGF-BB (50
ng/ml) for different time periods as indicated and then harvested for Western blotting.
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Figure 3. PDGFRP is required for YAP1-dependent VSMC proliferation.
A-C. HCASMCs were transfected with siControl or siPDGFRp for 24 hours and then

transduced with control GFP or YAP1 adenovirus for additional 48 hours. Cells were then
harvested for Western blot analysis (A), WST-1 proliferation assay (B), or cell count
analysis (C). *p<0.05, vs siControl + GFP; #p<0.05, vs siControl + YAP1. N=3-5 per group.
D. HCASMCs were incubated with DMSO (control) or PDGFRp tyrosine kinase inhibitor
SU 16f (10 nM) for 48 hours before treatment with PDGF-BB (50 ng/ml) for different time
periods. Subsequently, cells were harvested for Western blot analysis. E-F. HCASMCs were
plated at equal numbers (Day 0) and incubated with DMSO (control) or SU 16f (10 nM).
Cells were then transduced with control GFP or YAP1 adenovirus for 2 days for WST-1
proliferation assay (E) or 4 days for cell count analysis (F). *p<0.05, vs DMSO + GFP;
#p<0.05, vs DMSO + YAP1. N=3-5 per group.
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Figure 4. YAP1 requires TEAD1 to induce PDGFRp expression.
A-B. HCASMCs were transduced with GFP or TEAD1 adenovirus for 48 hours and then

harvested for gRT-PCR analysis (A) or Western blotting (B). *p<0.05, N=6 per group in
“A”. C. Quantification of relative protein expression in “B” after normalization to the
loading control VCL. *p<0.05. N=3 per group. D. HCASMCs were transfected with
siControl or sSiTEAD1 for 2 days and then were harvested for Western blot analysis. E.
Quantification of relative protein expression in “D” after normalization to the loading
control HSP90AAL. *p<0.05. N=3 per group F. HCASMCs were transfected with siControl
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or siTEADL for 2 days then transduced with control GFP or YAP1 adenovirus for 2
additional days. Cells were then harvested for Western blotting. N=3 per group. S: short
exposure. L: long exposure. G. HCASMCs were transduced with GFP or YAP1 adenovirus
for 2 days and then harvested for qRT-PCR analysis. *p<0.05. N=6 per group. H-I.
HCASMCs were transfected with siControl or siYAP1 for 3 days and then harvested for
gRT-PCR analysis (H) or for Western blotting (I). *p<0.05. N=3-6 per group. J. Schematic
depicting identified MCAT elements in the human 7EADI gene locus and TEADL1 binding
peaks as revealed by chromatin immunoprecipitation (ChlP)-seq data in HepG2 cells. The
H3K4me3 ChlP-seq tracks demonstrate the active transcription regions in TEADI gene
locus across 7 cell types from the ENCODE project. P1 and P2 depict the primer sets used
for ChIP-gPCR in “K”. K. Adenovirus expressing TEAD1 was transduced into HCASMCs
for ChIP assay using TEADL1 antibodies from 2 different vendors (Ab #1 and Ab #2) or 1gG
control. The precipitated DNA was amplified by real-time PCR using TEADI promoter-
specific primers that span the MCAT elements depicted in “J” (P1), or primers targeting
TEADI exon 3 region (P2). *p<0.05. N=3 per group.
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Figure 5. YAP1/TEADL1 transcriptionally activate PDGFRB.
A-B. HCASMCs were transfected with siControl or siPDGFRf for 24 hours before

transduction with control GFP or a mix of YAP1 (Y1) and TEADL1 (T1) adenoviruses for
additional 3 days. Cells were then harvested for Western blot analysis (A) or cell count
analysis (B). *p<0.05, vs siControl + GFP; #p<0.05, vs siControl + YAP1 + TEAD1. N=3-5
per group. C. Schematic depicting the identified MCAT elements and TEAD1 binding peaks
in the human PDGFRB gene locus as revealed by ChiP-seq data in HepG2 cells. H3K27ac
and H3K4mel ChlP-seq tracks show the enhancer regions within TEADI gene locus across
7 cell types from the ENCODE project. D. Adenovirus expressing TEAD1 was transduced
into HCASMC:s for ChIP assay using TEAD1 antibodies from 2 different vendors (Ab #1
and Ab #2) or IgG control. The precipitated DNA was amplified by real-time PCR using
PDGFRB enhancer-specific primers that span the MCAT elements depicted in “C”, or
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primers targeting PDGFRB exon 12 region as a negative control. *p<0.05. N=3 per group.
E-H. 10T1/2 cells were co-transfected with YAP1 or TEAD1 expression plasmids, together
with luciferase reporter constructs harboring PDGFRB enhancer region spanning MCAT 1 +
2 (E), MCAT 3 + 4 (F), truncation mutants lacking MCAT1 (Del 1) or both MCAT 1 and 2
(Del 1 + 2) (G), or truncation mutants lacking MCAT3 (Del 3) or both MCAT 3 and 4 (Del 3
+ 4) (H) for dual luciferase reporter assays. Reporter activity was expressed relative to the
transfection with control empty plasmid (set to 1). *p<0.05, vs empty plasmid (control);
#5<0.05, vs YAP1 alone (E & F); #p<0.05, vs MCAT1 + 2 (G) or MCAT 3 + 4 (H). N=3-6
per group.
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Figure 6. SM-specific deletion of Yapl attenuates injury-induced PDGFRP expression.
A. Control right carotid artery (RCA) and ligation-injured left carotid artery (LCA) were

harvested from adult male C57BL/6J mice at day 7 post-injury for Western blotting. M:
mouse. B. Quantification of protein expression in “A” relative to signals from the uninjured
control RCA (set to 1, red dashed line) after normalization to the loading control ACTB.
N=4. *p<0.05. C-D. Aortic tissues were harvested from control or SM-specific YapZiKO
mice for gRT-PCR analysis (C) or Western blotting (D). *p<0.05. N=6-9 per group in “C”.
E. Quantification of relative protein expression in “D” after normalization to the loading
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control TUBA1B. *p<0.05. N=6-7 per group. F. Control or YapZiKO mice were subjected
to LCA ligation injury. RCAs or LCAs were harvested at day 7 post-injury for Western
blotting. M: mouse. G. Quantification of relative protein expression in “F”. Relative
expression of proteins in the RCA of the control group was set as 1 (red dashed line) after
normalization to the loading control ACTB. *p<0.05, vs control RCA group; #p<0.05, vs
control LCA group. N=3 per group.
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Figure 7. SM-specific deletion of Yapl attenuates neointima formation by inhibiting VSMC
proliferation.

A. Control or SM-specific YapiKO (iKO) mice were subjected to LCA ligation injury. At
day 28 post-injury, LCAs were harvested for morphometric analysis by Hematoxylin and
Eosin staining. Dashed lines depict the internal elastic laminae. L: lumen. B-D.
Quantification of relative neointimal area (B), neointima-to-media ratio (C), and relative
medial area (D) in LCA at day 28 post-injury in iKO versus control groups. *p<0.05. E.
Control or iKO mice were subjected to LCA ligation injury for IF staining using antibodies
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against MKI167 (green) and ACTA2 (red). Nuclei were counter-stained with DAPI. White
dashed lines in the far-right panels depict the internal elastic laminae. Arrows point to
representative MKI67 positive cells. NI: neointima; M: media. F-G. Quantification of
MKI167-positive cells within the neointimal area (F) or the medial area (G) of LCA in
control or iKO mice. *p<0.05. H. Schematic diagram depicting the major findings of this
study. We found that vascular injury induces YAP1 expression, which induces TEAD1
expression through a novel feed-forward mechanism. The induced YAP1 and TEADL1 can
form a transcriptional complex to co-operatively promote PDGFR expression. Upregulated
PDGFRp expression, in turn, promotes PDGF-BB-dependent pro-mitogenic signaling,
leading to enhanced VSMC proliferation and injury-induced neointima formation.
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