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S I G N A L  T R A N S D U C T I O N

The β-catenin C terminus links Wnt and 
sphingosine-1-phosphate signaling pathways to 
promote vascular remodeling and atherosclerosis
Gustavo H. Oliveira-Paula1, Sophia Liu1, Alishba Maira1, Gaia Ressa1, Graziele C. Ferreira1,2,  
Amado Quintar1, Smitha Jayakumar1, Vanessa Almonte1, Dippal Parikh1, Tomas Valenta3,  
Konrad Basler3, Timothy Hla4, Dario F. Riascos-Bernal1*, Nicholas E. S. Sibinga1*

Canonical Wnt and sphingosine-1-phosphate (S1P) signaling pathways are highly conserved systems that contrib-
ute to normal vertebrate development, with key consequences for immune, nervous, and cardiovascular system 
function; despite these functional overlaps, little is known about Wnt/β-catenin–S1P cross-talk. In the vascular 
system, both Wnt/β-catenin and S1P signals affect vessel maturation, stability, and barrier function, but informa-
tion regarding their potential coordination is scant. We report an instance of functional interaction between the 
two pathways, including evidence that S1P receptor 1 (S1PR1) is a transcriptional target of β-catenin. By studying 
vascular smooth muscle cells and arterial injury response, we find a specific requirement for the β-catenin car-
boxyl terminus, which acts to induce S1PR1, and show that this interaction is essential for vascular remodeling. We 
also report that pharmacological inhibition of the β-catenin carboxyl terminus reduces S1PR1 expression, neo-
intima formation, and atherosclerosis. These findings provide mechanistic understanding of how Wnt/β-catenin 
and S1P systems collaborate during vascular remodeling and inform strategies for therapeutic manipulation.

INTRODUCTION
Cardiovascular disease, the number one cause of death globally, is 
responsible for considerable morbidity and health care costs world-
wide (1). Vascular remodeling is a hallmark of cardiovascular dis-
eases including atherosclerosis, stenosis after angioplasty and stent 
placement, vein graft disease, and transplant arteriosclerosis (2). 
Smooth muscle cells (SMCs) contribute substantially to vascular re-
modeling induced by injury or disease (2, 3). In normal arteries, 
SMCs are typically confined to the medial layer and regulate vessel 
tone or diameter (2, 3). After vascular injury or during atherosclero-
sis, SMCs undergo phenotypic switching from a quiescent, differen-
tiated, contractile, and nonmigratory phenotype to a dedifferentiated, 
migratory, proliferative, and secretory phenotype (3). These changes 
promote SMC proliferation and migration from the media into the 
intima, and lead to neointima formation that may occlude the arte-
rial lumen (3). The molecular mechanisms underlying these process-
es are, however, not fully understood, which limits implementation 
of therapies to reduce vascular remodeling and disease.

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid that 
regulates a plethora of physiological and pathogenic processes in 
multiple organs (4). Generated by the phosphorylation of sphingo-
sine by sphingosine kinases, S1P binds to five distinct G protein–
coupled S1P receptors (S1PR1 to S1PR5) (5). S1P promotes vascular 
SMC proliferation and migration (6–9) and increases aortic intima-
media thickness in animal models (6). Clinically, S1P serum levels are 

elevated in patients with coronary artery disease (10, 11). In addition, 
circulating S1P concentrations are positively associated with a greater 
carotid intima-media thickness in the general population (12). S1P 
receptors—S1PR1, S1PR2, and S1PR3—have been implicated in vas-
cular SMC proliferation and neointima formation (13–17). Wamhoff 
et al. (14) observed that vascular injury induced expression of S1PR1 
and S1PR3 but reduced that of S1PR2. Further studies reported high-
er S1PR1 expression in injured arteries from both animals and hu-
mans (16–18). In addition, overexpression of S1PR1 increased SMC 
proliferation in culture (13) and enhanced arterial occlusion in vivo 
(15), while pharmacological inhibition of S1PR1 promoted opposite 
effects (14). Collectively, these findings suggest that S1P contributes 
to vascular remodeling by activating S1PR1. Accordingly, better un-
derstanding of how S1PR1 expression is regulated could have thera-
peutic implications for cardiovascular disease and other pathologies 
in which this signaling pathway is active.

In a previous study, we found that inactivation of β-catenin ex-
pression in vascular SMCs in culture decreased mRNA levels of 
S1pr1 (19); the mechanistic basis and functional relevance of this 
finding has not been investigated. β-Catenin plays a dual role in the 
cell (20, 21), serving as a structural component of cadherin-based 
adherens junctions supporting cell adhesion and, alternatively, as a 
nonredundant mediator of canonical Wnt signaling. Stimulation by 
Wnt ligands prevents cytoplasmic β-catenin degradation, which in 
turn allows its nuclear translocation and interaction with the tran-
scription factor T cell factor 4 (TCF4, also known as Tcf7l2) to in-
duce transcription of β-catenin target genes (21). These distinct 
adhesive and signaling activities of β-catenin stem from its struc-
ture: For adhesive function, central Armadillo repeats are essential, 
while N- and C-terminal domains are dispensable (21, 22). β-
Catenin signaling activity, on the other hand, requires the Arma-
dillo repeats plus N- and/or C-terminal domains (21, 22).

We also identified an essential role for the β-catenin C-terminal 
domain in SMCs for arterial wall assembly during embryogenesis, a 
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process for which the Armadillo repeats and N-terminal domain 
were not sufficient (23). In adulthood, expression of β-catenin is in-
duced after vascular injury (19, 24, 25). Reduction of Wnt signaling 
activity (26), elimination of cells in which Wnt/β-catenin is activat-
ed after injury (27), and inactivation of β-catenin itself in SMCs (19) 
are sufficient to limit injury-induced neointimal thickening. Wheth-
er this essential function in vascular remodeling depends specifi-
cally on β-catenin C-terminal signaling is unknown. Given that 
SMC phenotype during vascular remodeling resembles a develop-
mental phenotype (28), we hypothesized that signaling mediated by 
the β-catenin C terminus is required for arterial occlusion after in-
jury and, therefore, that inhibitors of β-catenin C-terminal signaling 
(29, 30) might limit neointima formation after injury and athero-
sclerotic lesion expansion.

The focus of the present study was to investigate the importance 
of SMC β-catenin C-terminal signaling for vascular remodeling in 
adulthood and the underlying molecular mechanisms. To this end, 
we used a tamoxifen-inducible and tissue-specific genetic approach 
in the mouse to inactivate SMC β-catenin C-terminal signaling in 
adulthood. We show that the β-catenin C-terminal domain is essen-
tial in vivo for neointima formation after arterial injury. Further 
studies provide evidence that β-catenin interacts with the S1pr1 pro-
moter and acts through its C-terminal domain to activate S1pr1 
transcription and protein expression, ultimately enhancing SMC 
proliferation. We also show that arteries from mice lacking the β-
catenin C terminus in SMCs exhibit lower S1PR1 protein expression 
and neointima formation after injury, and, notably, that restoring the 
expression of S1PR1 in SMCs in vivo increases neointima formation 
in β-catenin C terminus–deficient mice toward control levels. Last, 
our pharmacological approach shows that E7386, an inhibitor of the 
β-catenin C terminus, inhibits S1PR1 expression, neointima forma-
tion after arterial injury, and atherosclerosis development. Collec-
tively, these findings identify β-catenin C-terminal output as an 
upstream regulator of S1PR1 expression and define a functional in-
teraction between the canonical Wnt and S1P signaling pathways 
that drives arterial occlusion.

RESULTS
SMC β-catenin C-terminal signaling is required for neointima 
formation after vascular injury
To test whether the β-catenin C-terminal domain is required in 
SMCs for vascular remodeling, we studied mice bearing a validated 
mutant β-catenin allele (31) encoding a truncated β-catenin protein 
(ΔC) that is incapable of interaction with multiple transcriptional 
coactivators. Expression of β-catenin in SMCs is necessary for em-
bryonic development (23), so to mediate temporal and conditional 
inactivation of β-catenin expression selectively in SMCs, we used the 
tamoxifen-inducible Acta2-CreERT2 driver line (32). For lineage 
tracing, we added a Cre-activated fluorescent reporter [red fluores-
cent protein (RFP), also referred as TdTomato] transgene in the 
Rosa26 locus (33). Our breeding strategy generated mice bearing one 
β-catenin flox allele and either one knockin mutant (Ctnnb1ΔC/flox) 
or wild-type (WT) (Ctnnb1WT/flox; control) β-catenin allele, both 
carrying the Acta2-CreERT2 and RFP transgenes. In this system, 
tamoxifen administration removes the β-catenin flox allele, result-
ing in mice expressing either the mutant allele (designated as 
SMβCΔC mice) or the WT allele (designated as SMβCWT/− mice) as 
the only source of β-catenin protein in SMCs (Fig. 1A and Table 1). 

In addition, tamoxifen administration activates RFP for SMC lin-
eage tracing. Taking advantage of the lineage tracing system, we 
found that all RFP+ cells in noninjured carotid arteries from both 
SMβCΔC and SMβCWT/− mice are also positive for smooth muscle 
α-actin (SMA) and are restricted to the medial layer of the vessel 
(fig.  S1A), suggesting that, at least in the vascular wall, Acta2-
CreERT2 is selectively activated in SMCs but not in other cell types. 
As an additional control, we stained noninjured carotid arteries 
from both SMβCΔC and SMβCWT/− mice that did not receive 
tamoxifen for RFP and SMA and found clear signals for SMA, but 
no signals for RFP (fig. S1B), indicating that autofluorescence and 
Cre-independent RFP expression are not relevant factors.

Western analysis of aortic lysates using an antibody against the 
β-catenin C terminus showed marked reduction of the β-catenin 
band, whereas an antibody against the β-catenin N terminus yielded 
an 80-kDa band (apparent molecular weight consistent with the loss 
of the C terminus) (Fig.  1, B and C). Immunofluorescent studies 
with the anti–β-catenin N-terminal antibody showed a positive sig-
nal in RFP+ cells in carotid arteries of both SMβCWT/− and SMβCΔC 
mice, while the anti–C-terminal antibody signal was lost in the lat-
ter (fig. S2, A and C). Neither anti–N-terminal nor anti–C-terminal 
antibodies showed signals for β-catenin in RFP+ cells in carotid ar-
teries of smooth muscle β-catenin knockout (SMβC−/−) mice, in-
cluded as negative control (fig. S2B). In addition, we evaluated the 
expression of Axin2, a typical target of β-catenin signaling (34), and 
found that Axin2 expression was highly induced in RFP+ cells from 
carotid arteries of SMβCWT/− mice after injury but markedly lower 
in injured arteries from SMβCΔC mice (fig. S2, D and E). These find-
ings validate effective, SMC-selective genetic inactivation of β-
catenin C-terminal signaling.

Then, we asked whether complete or C terminus–specific β-
catenin inactivation in SMCs in adulthood affected overall health or 
vascular homeostasis of unchallenged mice. We followed blood 
pressure and body weight of male and female SMβCWT/−, SMβCΔC, 
and SMβC−/− mice from just before the first tamoxifen administra-
tion until 12 weeks after the last tamoxifen injection. We observed 
normotensive blood pressures, no lethality or morbidity, and no 
change in body weight gain, regardless of sex or time point, in any of 
the groups (fig. S3, A and B). Similarly, the structure of uninjured 
aorta and carotid arteries harvested at the 12-week time point ap-
peared unchanged (fig. S4, A and B). These findings suggest that full-
length or C-terminal domain β-catenin functions are not required—at 
least for 3 months—for overall health maintenance and vascular 
homeostasis of unchallenged mice.

We then assessed the importance of SMC β-catenin C-terminal 
signaling in the response to vascular injury, which has not been previ-
ously evaluated. To induce such an injury, we performed carotid ar-
tery ligation 1 week after the first tamoxifen injection in male and 
female SMβCΔC and littermate control (SMβCWT/-​) mice and harvest-
ed ligated and uninjured arteries at 21 days after surgery. Both male 
and female SMβCΔC mice exhibited marked decreases in neointima 
formation after injury compared to SMβCWT/− mice (Fig.  1D). We 
noted reduced intima area (Fig. 1F) and decreased intima/media ratio 
(Fig. 1G) in SMβCΔC mice of both sexes, with no differences in me-
dial area (Fig. 1E). We also found that expression of CD31, an endo-
thelial marker, is limited to the layer of cells outlining the lumen of the 
vessel, while other cells forming the neointima express RFP in both 
SMβCWT/− and SMβCΔC mice (fig.  S5), indicating that SMCs and 
their derivatives are the main contributors to neointimal expansion. 
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These observations indicate that β-catenin C-terminal signaling is re-
quired in SMCs for neointima formation after injury in adulthood.

Loss of SMC β-catenin C-terminal signaling in vivo reduces 
cell proliferation and dedifferentiation but 
increases apoptosis
Reduced neointimal formation in SMβCΔC mice could be due to de-
creased SMC proliferation and/or increased apoptosis, so we evalu-
ated expression of the proliferating cell nuclear antigen (PCNA) or 

Ki67, markers of cell proliferation, and cleaved caspase-3, a marker 
of apoptosis, in injured carotid artery sections. We found reduced 
percentages of PCNA+ or Ki67+ SMC nuclei in the neointima and 
media area of arteries from SMβCΔC mice compared to SMβCWT/− 
mice (Fig. 2, A and B, and fig. S6, A to D).

On the other hand, we observed an increased percentage of 
SMCs positive for cleaved caspase-3 in the neointima and media ar-
eas of arteries from SMβCΔC mice compared to SMβCWT/− mice 
(Fig.  2, C and D). Decreased expression of SMC differentiation 

Fig. 1. Smooth muscle β-catenin C-terminal signaling promotes neointima formation after carotid artery ligation. (A) Schematic representation of the breeding 
strategy to obtain smooth muscle β-catenin C terminus–deficient (SMβCΔC) mice. Ctnnb1WT/flox;Rosa26LSL-TdTomato/WT;Acta2-CreERT2 mice were generated from the same 
breeders. (B) Representative Western blotting for β-catenin in total arterial protein lysates isolated from aortas of WT (SMβCWT/−), smooth muscle β-catenin C terminus–
deficient (SMβCΔC), and smooth muscle β-catenin knockout (SMβC−/−) mice after tamoxifen injection. Different β-catenin antibodies targeting the C- or N-terminal do-
mains (C-term or N-term, respectively) of the protein were used. Arterial lysates from smooth muscle β-catenin knockout (SMβC−/−) mice were used as a negative control. 
(C) Densitometric analysis of β-catenin protein levels evaluated by using distinct antibodies targeting the C- or N-terminal domain of the protein, normalized to GAPDH 
(n = 3). Statistical analysis: Unpaired Student’s t test. *P < 0.05. Data are means ± SEM of independent biological replicates. (D) Representative images of H&E-stained 
carotid arteries 21 days after ligation. Arrows delimit the neointimal layer, while arrowheads indicate the medial layer. Scale bars, 50 μm. (E to G) Morphometric measure-
ments of the medial area (E), intimal area (F), and a ratio of intimal to medial area (G). Each dot represents a single mouse. Statistical analysis: Unpaired Student’s t test. 
Values are represented as means ± SEM of independent biological replicates. n = 11 for SMβCWT/− males, n = 7 for SMβCWT/− females, and n = 10 for SMβCΔC males and 
females.
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markers is another hallmark of vascular remodeling (2), so we won-
dered whether this process is affected by loss of SMC β-catenin C-
terminal function. Arterial injury decreased levels of the SMA 
differentiation marker in RFP+ cells of ligated carotid arteries from 
SMβCWT/− mice (Fig.  2, E and F, and fig.  S7) but not in those of 
SMβCΔC mice (Fig. 2, E and F, and fig. S7). Together, these findings 
support the idea that the proproliferative, prosurvival, and dedif-
ferentiation functions of β-catenin in SMCs during vascular remod-
eling are mediated through its C terminus.

Inhibition of SMC β-catenin C-terminal signaling 
down-regulates S1PR1 expression
To gain mechanistic insights, we isolated mouse aortic SMCs 
(MASMCs) from Ctnnb1ΔC/flox mice and transduced them with 
green fluorescent protein (GFP)–expressing or Cre-expressing ade-
novirus to generate control (βCControl) or β-catenin C terminus–
deficient (βCΔC) cells, respectively. Western analysis using antibodies 
against the β-catenin C- and N-terminal domains confirmed that C 
terminus–deficient β-catenin is the only form of this protein ex-
pressed in βCΔC MASMCs (Fig.  3A). Then, we characterized the 
phenotype of βCControl and βCΔC MASMCs by evaluating cell popu-
lation growth and found that MASMCs bearing βCΔC as the only 
form of β-catenin showed reduced growth compared to βCControl 
cells (Fig. 3B).

To explore the potential downstream molecular mechanisms un-
derlying the effects of β-catenin C-terminal signaling in SMCs, we 
performed RNA-sequencing (RNA-seq) analysis. Principal compo-
nents analysis (PCA) of transcriptomes from βCControl and βCΔC 
MASMCs appeared distinct (Fig. 3C), with the latter showing up-
regulation of 1518 genes and down-regulation of 1925 genes com-
pared with control (Fig. 3D). Evaluation on the Ingenuity Pathway 
Analysis (IPA) platform identified significant down-regulation in 
βCΔC cells of canonical signaling pathways associated with prop-
roliferative, prosurvival and dedifferentiated phenotypes, such as 
“cardiac hypertrophy signaling,” “wound healing signaling,” “signal 
transducer and activator of transcription 3 (STAT3) pathway,” “ex-
tracellular signal–regulated kinase/mitogen-activated protein kinase 
(MAPK) signaling,” and “PTEN signaling” (Fig. 3E). Both the broad 
“GPCR signaling” category and the more specific subset of “S1P 
signaling” were also identified. Closer examination of S1P-related 
transcripts revealed decreased S1pr1 and S1pr3 levels, with little 
change for S1pr2, S1pr5, and Sphk1 and Sphk2 (the last two encoding 

sphingosine kinase 1 and 2, respectively) (Fig. 3F). By quantitative 
reverse transcription polymerase chain reaction (qPCR), we con-
firmed the decrease in S1pr1 mRNA levels in βCΔC MASMCs com-
pared to βCControl (Fig. 3G); this finding is reminiscent of a previous 
study in which we found decreased S1pr1 levels in SMCs lacking full-
length β-catenin (19). On the other hand, both qPCR for S1pr3 
(Fig. 3G) and Western blotting for S1PR3 protein (fig. S8) showed no 
difference in expression. Together, these findings suggest that loss of 
β-catenin C-terminal signaling in SMCs reduces cell growth and 
down-regulates S1pr1 expression, the latter effect with some selectiv-
ity within the S1P pathway.

S1PR1 is a β-catenin transcriptional target that mediates 
β-catenin–induced cell population growth in MASMCs
Decreased expression of S1pr1 in β-catenin C terminus–deficient 
MASMCs is consistent with a previous study in which we found low-
er S1pr1 transcript levels in MASMCs lacking full-length β-catenin 
(19). To extend this observation, we performed Western analysis, 
which showed reduced S1PR1 protein expression in βCΔC MASMCs 
compared to βCControl (Fig. 4A). The decreased S1PR1 expression ob-
served in βCΔC MASMCs was restored when these cells were trans-
fected with β-cateninS33Y, a full-length, constitutively active form of 
β-catenin (Fig. 4B). In addition, treatment with CHIR99021, a small 
molecule that prevents β-catenin degradation, increased S1PR1 ex-
pression in a dose-dependent manner in βCControl MASMCs, but did 
not affect S1PR1 expression in βCΔC MASMCs (Fig. 4C), suggesting 
that the β-catenin C-terminal domain is essential for S1PR1 expres-
sion in SMCs.

The upstream factors that control S1PR1 expression in SMCs are 
not fully understood, so we investigated potential molecular mecha-
nisms. To test whether the β-catenin C-terminal domain is required 
for S1pr1 promoter activation, βCControl and βCΔC MASMCs were 
transfected with a validated human S1PR1 promoter–driven lucifer-
ase reporter (35). Loss of β-catenin C-terminal signaling markedly 
reduced S1PR1 promoter activity, which recovered with cotransfec-
tion of a plasmid encoding β-cateninS33Y (Fig. 4D). We further in-
vestigated whether S1pr1 is a direct β-catenin transcriptional target. 
β-Catenin lacks a DNA binding domain, and it partners with TCF4 
to interact with target genes (21). To examine whether β-catenin 
and/or TCF4 bind to the S1pr1 promoter in MASMCs, we per-
formed a CUT&RUN (cleavage under targets and release using nu-
clease) assay using anti–β-catenin and anti-TCF4 antibodies, plus 

Table 1. Summary of transgenic mouse groups used in the study. 

Genotype Abbreviation
β-Catenin protein expressed in 

SMCs after tamoxifen Functions in SMCs after tamoxifen

Ctnnb1WT/flox;Rosa26LSL-TdTomato/

WT;Acta2-CreERT2
SMβCWT/− WT β-Catenin control (WT); lineage 

tracing

Ctnnb1ΔC/flox;Rosa26LSL-TdTomato/

WT;Acta2-CreERT2
SMβC∆C Only β-catenin∆C No β-catenin C-terminal signal; 

lineage tracing

Ctnnb1flox/flox;Rosa26LSL-TdTomato/

WT;Acta2-CreERT2
SMβC−/− None β-Catenin knockout; lineage tracing

Ctnnb1WT/flox Rosa26LSL-TdTomato/

LSL-S1pr1;Acta2-CreERT2
SMβCWT/− SM-S1PR1GOF WT GOF of S1PR1; lineage tracing

Ctnnb1ΔC/flox;Rosa26LSL-TdTomato/

LSL-S1pr1;Acta2-CreERT2
SMβC∆C SM-S1PR1GOF Only β-catenin∆C No β-catenin C-terminal signal; GOF 

of S1PR1; lineage tracing
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Fig. 2. Loss of SMC β-catenin C-terminal signaling decreases SMC proliferation and dedifferentiation and increases apoptosis. (A) Immunostaining for PCNA, a 
marker of proliferation, and RFP, SMC lineage tracer, in carotid arteries 21 days after ligation. Dotted line marks the internal elastic lamina (IEL). Scale bar, 50 μm. (B) Per-
centage of SMCs positive for PCNA. Only nuclear signals were included in the quantification. Statistical analysis: Unpaired Student’s t test. n = 3. Data are means ± SEM of 
independent biological replicates. (C) Immunostaining for cleaved caspase-3 (Casp3), a marker of apoptosis, and RFP in carotid arteries 21 days after ligation. Dotted line 
marks the IEL. Scale bar, 50 μm. (D) Percentage of SMCs positive for cleaved caspase-3. Statistical analysis: Unpaired Student’s t test. n = 6 for SMβCWT/− and n = 7 for 
SMβCΔC. Data are means ± SEM of independent biological replicates. (E) Immunostaining for SMA and RFP in carotid arteries 21 days after ligation. Dotted line marks the 
IEL. Scale bar, 50 μm. (F) Percentage of SMCs positive for SMA in uninjured (control) and ligated carotid arteries. Statistical analysis: Unpaired Student’s t test. n = 3 for 
SMβCWT/− and n = 5 for SMβCΔC. Data are means ± SEM of independent biological replicates.
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qPCR to amplify different regions of the S1pr1 promoter. This assay 
revealed recruitment of β-catenin and TCF4 to a region of the S1pr1 
promoter containing a consensus TCF binding motif, 5′-TCAAAG 
(fragment −939/−790; Fig. 4E). Such recruitment was not observed 
in other regions of the S1pr1 promoter that lack a consensus TCF 
binding motif (fragments −1973/−1802 and −638/−512; Fig. 4E). 
In addition, we found that in serum-deprived, quiescent MASMCs, 
β-catenin is not recruited to the S1pr1 promoter (fig. S9, A and B), 
consistent with reduced β-catenin and S1PR1 expression in these 
conditions (fig. S9C). Together, these findings show that under stim-
ulated but not quiescent conditions, β-catenin and TCF4 bind to the 
S1pr1 promoter in SMCs, activating expression of S1PR1 through a 
β-catenin C terminus–dependent function.

We then characterized how decreased S1PR1 expression contrib-
utes to the βCΔC SMC phenotype. We isolated MASMCs from 

Ctnnb1ΔC/flox mice also bearing a Cre-conditional S1PR1 gain-of-
function (GOF) allele (36) and transduced the cells with GFP or Cre-
expressing adenovirus to generate control (βCControl S1PR1Control) or 
βCΔC cells with restored S1PR1 (βCΔC S1PR1GOF), respectively. 
Western blotting validated the technical strategy (fig. S10). Expres-
sion of S1PR1 in β-catenin C terminus–deficient MASMCs (βCΔC 
S1PR1GOF) restored cell growth toward control levels (Fig.  4F), 
thereby suppressing the growth phenotype observed in C terminus–
deficient MASMCs. In complementary studies, we induced β-catenin 
GOF in MASMCs with CHIR99021 and knocked down S1PR1 using 
a small interfering RNA (siRNA) (fig. S11A). Loss of S1PR1 prevented 
the increase in cell growth promoted by CHIR99021 (fig.  S11B), 
showing that S1PR1 is required for the increased SMC growth in-
duced by β-catenin gain of function. Together, these observations 
are consistent with the idea that S1pr1 is a critical target gene for 

Fig. 3. Loss of SMC β-catenin C-terminal signaling reduces SMC growth and down-regulates S1pr1 expression. (A) Western blotting for β-catenin in βCControl and 
βCΔC MASMCs. Different antibodies targeting the C- or N-terminal domains (C-term or N-term, respectively) of β-catenin were used. *P < 0.05, unpaired Student’s t test. 
n = 3. ns, not significant. Data are means ± SEM of independent biological replicates. (B) Cell population growth of βCControl and βCΔC MASMCs. *P < 0.05, two-way ANOVA 
with Šídák’s multiple comparison test. n = 6. Data are means ± SEM of independent biological replicates. (C) PCA from RNA-seq of βCControl and βCΔC MASMCs. Each dot 
represents an independent sample. (D) Volcano plot. Each data point represents a gene. The log2 fold change of each gene is represented on the x axis, and the log10 of 
its adjusted P value (Padj) is on the y axis. Red dots indicate significantly up-regulated genes (log2 fold change > 1 and Padj < 0.05), while blue dots represent significantly 
down-regulated genes (log2 fold change < −1 and Padj < 0.05) in βCΔC MASMCs compared to βCControl. The black dots represent genes that do not satisfy the above condi-
tions. (E) Significantly enriched canonical signaling pathways identified by IPA and ranked by P value. Positive and negative z scores indicate up- and down-regulated 
signaling pathways, respectively, in βCΔC versus βCControl MASMCs. (F) Heatmap derived from the RNA-seq data, showing the relative expression (color scale on the right) 
of Axin2, a known β-catenin target gene, and key components of the S1P signaling pathway in βCControl and βCΔC MASMCs. (G) qPCR for Axin2, S1pr1, and S1pr3, which were 
significantly down-regulated in βCΔC MASMCs in RNA-seq analysis. Rpl13 and β-​actin were used as housekeeping controls. Statistical analysis: Unpaired Student’s t test. 
n = 6. Data are means ± SEM of independent biological replicates.
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β-catenin C-terminal signaling that drives proliferation of SMCs in 
culture.

β-Catenin C-terminal signaling promotes neointima 
formation after vascular injury by inducing S1PR1 
expression in SMCs
To test the in vivo relevance of the above findings, we first examined 
S1PR1 expression in control and ligated carotid arteries from SMβCΔC 
and SMβCWT/− mice. We found a clear signal for S1PR1 in the endo-
thelial layer but could not detect S1PR1 expression in SMCs of control, 
uninjured arteries from either SMβCΔC or SMβCWT/− mice (fig. S12). 

On the other hand, we found a high percentage of S1PR1+ SMCs in 
injured arteries from SMβCWT/− mice, which was decreased in injured 
arteries from SMβCΔC mice (Fig. 5, A and B). Because we found that 
loss of β-catenin C-terminal domain in SMCs reduced neointima for-
mation after vascular injury (Fig. 1, D and G) and this effect was asso-
ciated with reduced S1PR1 expression (Fig. 5, A and B), we wondered 
whether restoring S1PR1 expression in SMβCΔC mice could reestab-
lish injury-induced neointima formation. To test this idea, we crossed 
the Cre-conditional S1PR1 GOF mouse line (Rosa26LSL-S1pr1) (36) with 
Ctnnb1ΔC/flox;Acta2-CreERT2 or Ctnnb1WT/flox;Acta2-CreERT2 mice to 
generate mice that upon tamoxifen administration express in SMCs a 

Fig. 4. S1PR1 is a transcriptional target of β-catenin and rescues the defective growth of βCΔC MASMCs toward control levels. (A) Representative Western blotting 
and densitometric analysis of S1PR1 in βCControl and βCΔC MASMCs, normalized to GAPDH. *P < 0.05, unpaired Student’s t test. n = 4. (B) Representative Western blotting 
and densitometric analysis of S1PR1 and β-catenin in βCControl and βCΔC MASMCs electroporated with empty vector or β-cateninS33Y, a constitutively active form of β-
catenin. *P < 0.05, two-way ANOVA with Šídák’s multiple comparison test. n = 3. (C) Representative Western blotting and densitometric analysis of S1PR1 and β-catenin 
in βCControl and βCΔC MASMCs treated with CHIR99021 (CHIR), a small molecule that prevents β-catenin degradation. *P < 0.05, one-way ANOVA with Tukey’s multiple 
comparison test. n = 3. (D) βCControl and βCΔC MASMCs were co-electroporated with a human S1PR1-driven luciferase reporter (pGL3-​S1PR1-promoter) and empty vector 
or β-cateninS33Y. Forty-eight hours after transfection, cells were harvested for luciferase assay. Luminescence (lum) was normalized to β-galactosidase activity (β-gal) to 
control for transfection efficiency and expressed relative to empty vector in βCControl MASMCs. *P < 0.05, two-way ANOVA with Šídák’s multiple comparison test. N = 6. 
(E) CUT&RUN assay was conducted in MASMCs using anti–β-catenin, anti-TCF4, and anti-IgG antibodies and analyzed by qPCR using primers that amplify different regions 
in the S1pr1 promoter containing (+) or not (−) a consensus TCF binding motif, 5′-TCAAAG. Indicated locations are relative to transcription start site. *P < 0.05, unpaired 
Student’s t test. N = 4. (F) Cell population growth of βCControl, βCΔC, βCControl S1PR1GOF, and βCΔC S1PR1GOF MASMCs. *P < 0.05 compared to other groups, two-way ANOVA 
with Šídák’s multiple comparison test. n = 6. Data shown in (A) to (F) are means ± SEM of independent biological replicates.
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GOF S1PR1 allele and the C terminus–deficient β-catenin allele (desig-
nated as SMβCΔC SM-S1PR1GOF mice) or a GOF S1PR1 allele and a 
WT β-catenin allele (designated as SMβCWT/− SM-S1PR1GOF mice) 
(Fig. 5C and Table 1). Susceptibility to neointima formation was stud-
ied at 21 days after ligation of carotid arteries in the following four dif-
ferent groups: SMβCWT/− SM-S1PR1GOF, SMβCΔC SM-S1PR1GOF, 
SMβCWT/−, and SMβCΔC mice. Increased expression of S1PR1 in 
SMCs within ligated carotid arteries of SMβCWT/− SM-S1PR1GOF and 
SMβCΔC SM-S1PR1GOF mice was confirmed by immunofluorescence 
(fig. S13). We observed greater neointima formation in both male and 
female SMβCΔC SM-S1PR1GOF mice compared to SMβCΔC mice 

(Fig. 5D). In particular, we found increased intima area (Fig. 5E) and a 
higher intima/media ratio (Fig. 5F) in male and female SMβCΔC SM-
S1PR1GOF mice compared to SMβCΔC mice, with no differences in 
medial area (fig. S14). No difference in neointima size was observed 
between SMβCΔC SM-S1PR1GOF mice and SMβCWT/− mice (Fig. 5, D 
to F). These findings show that restoring expression of S1PR1 in SMCs 
reestablishes neointima formation in mice lacking the β-catenin C-
terminal domain in SMCs. Together, these data are consistent with the 
idea that signaling mediated by the C-terminal domain of β-catenin in 
SMCs is essential for vascular remodeling after injury, in part by induc-
ing S1PR1 expression and function.

Fig. 5. Reestablishing S1PR1 expression in SMCs rescues injury-induced neointima formation in β-catenin C terminus–deficient mice. (A) Immunostaining for 
S1PR1 and RFP in carotid arteries 21 days after ligation. Dotted line marks the IEL. Scale bars, 75 μm. (B) Percentage of SMCs positive for S1PR1 in the media and neointima 
area of carotid arteries. Statistical analysis: Unpaired Student’s t test. n = 5. Data are means ± SEM of independent biological replicates. (C) Schematic representation 
of the breeding strategy to obtain smooth muscle–specific β-catenin C terminus–deficient mice with a GOF for S1PR1 (SMβCΔC SM-S1PR1GOF) mice. Ctnnb1WT/flox; 
Rosa26LSL-TdTomato/LSL-S1pr1;Acta2-CreERT2 mice were generated from the same breeders. (D) Representative images of H&E-stained carotid arteries from SMβCWT/−, SMβCΔC, 
SMβCWT/− SM-S1PR1GOF, and SMβCΔC SM-S1PR1GOF mice, 21 days after ligation. Arrows delimit the neointimal growth. Scale bars, 75 μm. (E and F) Morphometric measure-
ments of the intimal area (E) and a ratio of intimal to medial area (F). Each dot represents a single mouse. Statistical analysis: Two-way ANOVA with Šídák’s multiple com-
parison test. n = 6 for SMβCWT/− males and females, n = 7 for SMβCΔC males and females, n = 7 for SMβCWT/− SM-S1PR1GOF males and females, and n = 8 for SMβCΔC 
SM-S1PR1GOF males and females. Values are represented as means ± SEM of independent biological replicates.
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Pharmacologic inhibition of β-catenin C-terminal signaling 
decreases S1PR1 expression in SMCs, attenuates neointimal 
formation, and limits atherosclerosis
The above findings derived from our genetic strategies provide a 
solid rationale to assess the effects of pharmacological inhibition of 
β-catenin C-terminal signaling on vascular remodeling. To investi-
gate such effects, we used E7386, a first-in-class orally active β-
catenin C-terminal inhibitor that has been reported to inhibit the 
binding of the β-catenin C terminus to Creb-binding protein (CBP), 
a transcriptional coactivator, and to reduce canonical Wnt signal-
ing–dependent gene expression (29). To confirm the specificity of 
E7386 for the C-terminal domain of β-catenin, we compared its ef-
fects on βCControl and βCΔC MASMCs. We found that E7386 at 10 to 
100 nM decreased cell growth of βCControl MASMCs (Fig. 6A and 
fig. S15, A and B). The magnitude of growth inhibition in βCControl 
MASMCs treated with 100 nM E7386 was similar to that observed 
in MASMCs lacking the β-catenin C terminus (βCΔC MASMC ve-
hicle group; Fig. 6A), while E7386 at 50 and 10 nM yielded less pro-
nounced but still significant inhibition (fig. S15, A and B). Notably, 
E7386 at 10 to 100 nM did not affect the cell growth of βCΔC 
MASMCs (Fig. 6A and fig. S15, A and B), indicating that the inhibi-
tory effect of E7386 on SMC growth requires the β-catenin C termi-
nus. In addition, MASMCs treated with E7386 exhibited reduced 
expression of Axin2 (fig.  S15C), indicating that E7386 inhibits β-
catenin C-terminal transcriptional activity. Consistent with this 
idea, E7386 also reduced S1PR1 expression in MASMCs (fig. S15C), 
because S1PR1 expression in these cells requires the β-catenin C-
terminal transcriptional activity (Fig.  4). Together, these findings 
suggest that E7386 inhibits SMC proliferation by blocking interac-
tions mediated by the β-catenin C terminus.

To test the in vivo relevance of the above findings, we induced 
vascular injury by carotid artery ligation in male and female WT 
C57BL/6J mice, followed by treatment with E7386 (50 mg/kg twice 
daily) by oral gavage for 14 days (Fig.  6B). Immunostaining for 
Axin2 shows reduced expression of this protein in SMA+ cells of 
carotid arteries from mice treated with E7386, which is consistent 
with inhibition of β-catenin C-terminal signaling in SMCs in vivo 
(Fig. 6, C and D). We found that E7386 decreased the intimal area in 
females, trended toward a similar effect in males, and did not affect 
the media area in either sex (Fig. 6, E to G). Notably, in both females 
and males, E7386 reduced the intima/media ratio, a parameter of 
neointima formation that considers variation in blood vessel size 
(Fig. 6H). E7386 also reduced expression of S1PR1 in SMA+ cells in 
the injured carotid arteries (Fig. 6, I and J). Together, these observa-
tions are consistent with the idea that pharmacological inhibition of 
the β-catenin C-terminal signaling decreases S1PR1 expression in 
SMCs and attenuates neointima formation after arterial injury.

These observations led us to test the effects of E7386 in a model 
of atherosclerosis, a highly prevalent and important disease in which 
SMCs play a critical role (37). To this end, we used a mouse model 
of disturbed flow–, hyperlipidemia-induced atherosclerosis (38), 
administering E7386 (25 mg/kg) or vehicle by oral gavage twice 
daily for 21 days after initiation of altered blood flow (Fig.  7A). 
E7386 reduced Axin2 expression in SMA+ cells in atherosclerotic 
arteries (fig. S16, A and B), which is again consistent with inhibition 
of β-catenin C-terminal signaling in vivo. Treatment with E7386 did 
not affect mouse body weight or serum levels of total cholesterol 
(fig.  S17, A and B) but reduced atherosclerotic lesion expansion 
(Fig.  7B). In particular, E7386 reduced atherosclerotic lesion area 

(Fig.  7D), lesion/media ratio (Fig.  7E), and necrotic core area 
(Fig. 7G). It preserved the lumen cross-sectional area (Fig. 7F) with-
out affecting medial area (Fig. 7C) or fibrous cap thickness (Fig. 7H). 
In addition, E7386 decreased S1PR1 expression in SMA+ cells in 
atherosclerotic arteries (Fig. 7, I and J). Collectively, these findings 
suggest that pharmacological inhibition of β-catenin C-terminal 
signaling decreases S1PR1 expression in SMCs and limits athero-
sclerosis development in this preclinical model.

DISCUSSION
These studies uncover coordination between Wnt/β-catenin and 
S1PR1 signaling that is essential for vascular remodeling, demon-
strating that expression of the β-catenin C terminus in SMCs is re-
quired for neointima formation after vascular injury in both female 
and male mice. Mechanistically, we provide evidence that β-catenin 
interacts with the S1pr1 promoter and activates it through its C-
terminal domain, which promotes S1PR1 expression and ultimately 
leads to enhanced SMC growth and robust neointima formation in 
response to vascular injury. We also show that pharmacologic inhi-
bition of β-catenin C-terminal signaling decreases S1PR1 expres-
sion in SMCs, reduces neointima formation after arterial injury, and 
limits atherosclerosis development.

A previous study from our group using a tamoxifen-inducible 
and tissue-specific genetic approach found that loss of SMC β-
catenin did not affect the structure of carotid arteries of unchal-
lenged mice for 5 weeks after the first tamoxifen administration 
(19). In the present study, we found that inactivation of total β-
catenin or its C terminus in SMCs was well tolerated in unchal-
lenged adult mice over 3 months without obvious repercussions for 
body weight gain, blood pressure, or arterial structure; thus, these 
signals are not necessary for maintenance of the unstressed, mature 
state of the vessel.

When the adult arterial wall is disturbed by injury, however, the 
C-terminal activity of β-catenin becomes essential for SMC prolif-
eration, survival, and neointima formation. The truncated β-catenin 
encoded by the ΔC allele retains cell adhesion function and N-
terminal activity (31), so our findings also indicate that other func-
tions of β-catenin (N-terminal signaling and adhesion) in SMCs are 
not sufficient to drive this phenotype. These findings are consistent 
with previous studies in mammals, suggesting that β-catenin’s adhe-
sion function and/or the N-terminal activity may be less relevant for 
certain phenotypes in cardiovascular and cancer biology (23, 39, 40).

Our study also defines β-catenin C-terminal output as an impor-
tant activator of S1PR1 expression in SMCs. Compelling evidence 
has established S1PR1 as an essential mediator of endothelial ho-
meostasis (36, 41–43). Endothelial β-catenin and/or canonical Wnt 
signaling have been implicated in related functions, notably blood–
brain barrier formation and maintenance (44, 45). Despite this over-
lap, relatively little is known about how these pathways interact. 
Wnt/β-catenin and S1P signaling in endothelial cells may be antago-
nistic in some settings, e.g., during angiogenesis in the developing 
zebrafish brain, where β-catenin is required to suppress S1PR1 sig-
naling, Rac activation, and premature barrier formation, possibly 
via effects on cytosolic protein localization (46).

Conversely, S1PR1 functions in SMCs appear aligned with the 
effects of β-catenin. S1PR1 contributes to SMC phenotypic switch-
ing and neointima formation after vascular injury. For instance, 
studies by Kluk and Hla (13) found that adult medial SMCs express 
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Fig. 6. Pharmacologic inhibition of β-catenin C-terminal signaling attenuates neointimal formation and reduces S1PR1 expression in vivo. (A) The β-catenin C-
terminal inhibitor E7386 at 100 nM inhibits cell population growth of βCControl MASMCs but has no effect on βCΔC MASMCs. Statistical analysis: Two-way ANOVA with Šídák’s 
multiple comparison test. n = 6. *P < 0.05 compared to other groups. Data are means ± SEM of independent biological replicates. (B) Model schematic—mouse carotid 
artery ligation was followed by gavage with vehicle or E7386 (50 mg/kg twice daily) before tissue analysis after 14 days. (C) E7386 reduces in vivo expression of Axin2, a 
typical target β-catenin signaling. Right panels show merge of Axin2 and SMA signals (yellow). Dotted line marks the IEL. (D) Percentage of SMA+ cells positive for Axin2. 
n = 5 for each condition. (E) Representative images of H&E-stained carotid arteries at 14 days. Arrows delimit the neointimal growth. Scale bars, 50 μm. (F to H) Morpho-
metric measurements of the medial area (F), intimal area (G), and a ratio of intimal to medial area (H). Each dot represents a single mouse; n = 7 for each group except n = 6 
for E7386-treated females. Statistical analysis: Unpaired Student’s t test. Values are represented as means ± SEM of independent biological replicates. (I) E7386 reduces 
in vivo expression of S1PR1. Right panels show merge of S1PR1 and SMA signals (yellow). Dotted line marks the IEL. (J) Percentage of SMA+ cells positive for S1PR1. n = 4 
for each condition. Scale bar, 50 μm. Statistical analysis: Unpaired Student’s t test. Values are represented as means ± SEM of independent biological replicates.
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lower S1pr1 mRNA levels compared to pup-intimal SMCs but have 
robust proliferative and migratory responses to S1P when submitted 
to stable transfection or adenoviral delivery of S1PR1, suggesting 
that up-regulated S1PR1 expression and signaling may be relevant 
for vascular pathophysiology. Further studies have found that phar-
macological inhibition of S1PR1 reduces proliferation and migration 
of cultured vascular SMCs (14, 47). Moreover, overexpression of 
S1PR1 or its pharmacological activation attenuated the promoter 
activity of the Acta2 gene (which encodes SMA), suggesting that 
S1PR1 contributes to the suppression of SMC differentiation marker 
genes, a hallmark of vascular remodeling (14). In vivo, S1PR1 
expression was found to be increased in the neointima of different 
animal models of vascular injury (14–17) and in the neointima 
of human lesions identified with instent restenosis (18). In addition, 
treatment with VPC44116, an S1PR1 antagonist, attenuated neo-
intima formation after acute balloon injury of the rat carotid 
artery (14).

Despite these observations, the upstream regulation of S1PR1 ex-
pression and in vivo relevance of identified mechanisms are not well 
understood. STAT3 and Kruppel-like factor 2 (KLF2) activate the 
transcription of S1pr1 in tumor and T cells, respectively (48, 49), 
but direct consequences of these mechanisms for in vivo phenotypes 
remain to be evaluated. STAT3 is also required for leptin-induced 
S1PR1 protein expression in neurons (50), but whether this reflects 
a direct effect of STAT3 on S1pr1 transcription was not determined. 
Understanding of how S1PR1 expression is regulated in vascular 
systems is also limited. Long intergenic noncoding RNA antisense to 
S1PR1 (LISPR1) and KLF2 seem to be important for S1pr1 transcrip-
tion in cultured endothelial cells (35, 51), but whether these findings 
extend to the in vivo setting is unknown. Another study found that 
loss of DJ-1 increased S1PR1 expression in vascular SMCs and in mouse 
carotid arteries after injury, and also modified the abundance of histone 
deacetylase 1 and acetylated histone H3 associated with the S1pr1 
promoter of vascular SMCs, suggesting that DJ-1 may contribute to 

Fig. 7. Pharmacologic inhibition of β-catenin C-terminal signaling limits atherosclerosis and decreases S1PR1 expression in SMCs from atherosclerotic lesions. 
(A) Model schematic—Disturbed flow–induced atherosclerosis in the common carotid artery was induced in male ApoE−/− mice by partial carotid artery ligation and 
Western-type diet feeding, followed by gavage with vehicle or E7386 (25 mg/kg twice daily) before tissue analysis after 21 days. (B) Representative images of H&E-stained 
carotid arteries are shown. Scale bars, 50 μm. (C to H) Morphometric measurements of the medial area (C), lesion area (D), ratio of lesion to medial area (E), lumen area (F), 
necrotic core area (G), and fibrous cap thickness (H). Each dot represents a single mouse; n = 11 (vehicle) and n = 14 (E7386). Statistical analysis: Unpaired Student’s t test. 
Values are represented as means ± SEM of independent biological replicates. (I) S1PR1 expression. The middle panels show a merge of S1PR1 and SMA signals (yellow), 
and the white box indicates the inset shown in the right panels. Dotted line marks the IEL. Scale bar, 50 μm. (J) Percentage of SMA+ cells positive for S1PR1 in atheroscle-
rotic lesions. Each dot represents a single mouse; n = 5 for each condition. Statistical analysis: Unpaired Student’s t test. Values are represented as means ± SEM of inde-
pendent biological replicates.
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the epigenetic control of S1PR1 in those cells (47). However, if these 
modifications induced by DJ-1 affect S1pr1 promoter activity and 
have a direct, functional implication in vivo is unknown.

In the present study, we demonstrate that β-catenin/TCF4 binds 
to the S1pr1 promoter and induces S1PR1 expression through β-
catenin C terminus–mediated transcriptional activation. We show 
that pharmacological activation of WT β-catenin increases S1PR1 
expression in SMCs, whereas the same treatment applied to C 
terminus–deficient β-catenin fails to do so. Moreover, the low levels 
of S1PR1 observed in β-catenin C terminus–deficient SMCs are 
restored toward control levels by expression of a full-length β-
catenin. In addition, we find that loss of β-catenin C-terminal 
output decreases S1pr1 promoter activity and mRNA levels and that 
the promoter activity is rescued by expression of a constitutively 
active form of full-length β-catenin, indicating that the C-terminal 
signaling of β-catenin is necessary for S1pr1 transcription. Many 
coactivators are known to bind to the C-terminal domain of β-
catenin and thereby to mediate its transcriptional activity (52). 
Our observations suggest that a modified β-catenin that cannot 
recruit C-terminal coactivators can no longer activate the S1pr1 
promoter, induce S1PR1 protein expression, and thereby stimulate 
SMC growth and injury-induced neointima formation, identifying 
a previously unrecognized mechanism by which β-catenin affects 
SMC biology.

We provide evidence of the functional importance of S1PR1 as a 
downstream effector of the β-catenin C-terminal signaling. Restor-
ing S1PR1 expression in β-catenin C terminus–deficient SMCs in-
creased cell proliferation toward control levels, while knockdown of 
S1PR1 in WT MASMCs prevented the increased SMC proliferation 
induced by β-catenin up-regulation. Notably, restoring S1PR1 expres-
sion in SMCs in vivo reestablished neointima formation in mice 
lacking the β-catenin C-terminal domain in SMCs. Increasing the ex-
pression of S1PR1 in SMCs in mice that express full-length β-catenin 
does not enhance neointima formation after injury, which suggests 
that the genetic strategy used to increase S1PR1 expression is not 
sufficient to enhance SMC growth beyond that effected by WT β-
catenin via native S1PR1 expression. These in vivo observations 
support S1PR1 as an effector of β-catenin C-terminal signaling in 
arterial occlusion after injury. Future studies using an in vivo SMC-
specific S1PR1 loss-of-function approach are required to comple-
ment what we have learned about the role of S1PR1 in neointima 
formation after vascular injury.

Our genetic studies provided a rationale for testing whether in-
hibitors of β-catenin C-terminal signaling limit SMC proliferation 
and vascular remodeling associated with intimal expansion such as 
that observed after arterial injury or atherosclerosis. Small molecules 
specifically designed to inhibit the C-terminal signaling of β-catenin 
have been developed and are currently being investigated in phase 1 
or 2 clinical trials for patients with cancer (29, 30). E7386 is a β-catenin 
C-terminal inhibitor that can be orally administered and has shown 
beneficial effects for different tumors (29, 53, 54); however, it has not 
been tested in vascular biology or disease. We therefore assessed how 
E7386 affects neointima formation and atherosclerosis development.

E7386 has been reported to inhibit canonical Wnt signaling–
dependent gene expression by preventing the interaction between 
the β-catenin C terminus and CBP (29). A recent study argues that 
the E7386 mechanism of action does not necessarily involve CBP 
(55). Our studies show that at the concentrations used, E7386 inhib-
its cell growth of WT SMCs but does not affect growth of β-catenin 

C terminus–deficient SMCs. This observation does not distinguish 
among the various possible C-terminal co-activators but supports 
the idea that E7386 activity in SMCs depends on the β-catenin C 
terminus. Moreover, our findings show that pharmacologic inhi-
bition of β-catenin C-terminal signaling with E7386 decreases SMC 
proliferation, attenuates neointima formation after injury, and limits 
atherosclerosis development. Previous studies have shown that ICG-
001, another β-catenin C-terminal inhibitor, reduces pulmonary 
vascular remodeling in animal models of hyperoxia- or hypoxia-
driven pulmonary diseases (56–58). Our studies provide evidence 
that pharmacologic inhibition of β-catenin C-terminal signaling has 
salutary effects in models of common diseases of the systemic vascu-
lature. We found that E7386 decreases S1PR1 expression in SMCs 
in vitro and in vivo, further supporting the idea that β-catenin C-
terminal output controls S1PR1 expression. Collectively these results 
suggest that inhibitors of the β-catenin C terminus, at least in part by 
hindering the β-catenin C-terminal/S1PR1 axis, have therapeutic 
potential for vascular pathologies associated with SMC proliferation 
and intimal expansion, such as restenosis and atherosclerosis.

While the translational implications of these findings are prom-
ising, some limitations of the work merit consideration. For one, our 
genetic studies used a model of vascular injury, carotid artery ligation, 
which differs substantially from clinical catheter-based procedures; 
however, the key attributes of this model—simplicity and reproduc-
ibility—facilitated the use of complex genetic strategies in this study. 
In addition, we have not fully evaluated possible interactions of β-
catenin signaling with other S1P receptors, which have complex and 
non-redundant signaling activities. Similarly, we cannot not rule out 
that other mechanisms contribute to this phenotype. For example, 
we previously found that loss of the β-catenin C terminus allows p53 
activation in SMCs during vascular development (23), but we found 
no evidence of p53 activation in adult arteries at 21 days after injury 
(fig. S18)—it remains possible that this mechanism is operative at 
earlier time points. Last, while our genetic interventions are SMC 
specific, pharmacological intervention in vivo may act on cell types 
other than SMCs and have off-target effects.

In summary, we provide evidence that SMC β-catenin C-terminal 
signaling promotes vascular remodeling by activating the S1pr1 
promoter and inducing S1PR1 expression in vascular SMCs, thereby 
enhancing vascular SMC proliferation and neointima formation af-
ter arterial injury. We also show the translational potential of these 
findings by evaluating the effects of E7386, a β-catenin C-terminal 
inhibitor. We provide evidence that E7386 decreases S1PR1 expres-
sion in vivo, reduces neointima formation after arterial injury, and 
attenuates atherosclerosis development in animal models. In addi-
tion to identifying β-catenin C-terminal output as a key upstream 
regulator of S1PR1 expression, these findings open up lines of inves-
tigation to develop and apply therapeutic strategies to ameliorate 
obstructive vascular disease.

MATERIALS AND METHODS
Mice
Ctnnb1ΔC/flox, Acta2-CreERT2, and Rosa26LSL-S1pr1 mice were generated 
and validated in previous studies (23, 31, 32, 36). Ctnnb1flox/flox 
(B6.129-​Ctnnb1tm2Kem/KnwJ) and Rosa26LSL-TdTomato/LSL-TdTomato 
[Gt(ROSA)26Sortm9(CAG-tdTomato)Hze; also referred to as RFP] mice were 
obtained from the Jackson Laboratory. Ctnnb1WT/WT mice were crossed 
with Ctnnb1flox/flox to generate Ctnnb1WT/flox mice. Next, Ctnnb1WT/flox 
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mice were crossed with Acta2-CreERT2 and Rosa26LSL-TdTomato/LSL-TdTomato 
mice to generate Ctnnb1WT/flox;Rosa26LSL-TdTomato/WT;Acta2-CreERT2 
mice. Last, Ctnnb1ΔC/flox mice were crossed with Ctnnb1WT/flox; 
Rosa26LSL-TdTomato/WT;Acta2-CreERT2 mice to generate Ctnnb1ΔC/flox; 
Rosa26LSL-TdTomato/WT;Acta2-CreERT2 mice and their littermate controls 
Ctnnb1WT/flox;Rosa26LSL-TdTomato/WT;Acta2-CreERT2. These mice were 
treated with tamoxifen to remove the β-catenin flox allele, resulting in 
mice bearing the ΔC allele (referred to as SMβCΔC mice) or the WT 
allele (referred to as SMβCWT/− mice) as the only sources of β-catenin 
in SMCs. In addition, tamoxifen administration also activates RFP 
for SMC lineage tracing. For tamoxifen-inducible, SMC-specific gain 
of function of S1pr1 gene, Ctnnb1WT/flox;Rosa26LSL-TdTomato/WT; 
Acta2-CreERT2 mice were initially crossed with Rosa26LSL-S1pr1 mice 
to generate Ctnnb1WT/flox;Rosa26LSL-TdTomato/LSL-S1pr1;Acta2-CreERT2 
mice. Next, Ctnnb1ΔC/flox;Rosa26LSL-TdTomato/WT mice were crossed 
with Ctnnb1WT/flox;Rosa26LSL-TdTomato/LSL-S1pr1;Acta2-CreERT2 mice 
that yielded Ctnnb1ΔC/flox;Rosa26LSL-TdTomato/LSL-S1pr1;Acta2-CreERT2 
mice (referred to as SMβCΔC SM-S1PR1GOF mice after tamoxifen 
administration) and their littermate controls Ctnnb1WT/flox; 
Rosa26LSL-TdTomato/LSL-S1pr1;Acta2-CreERT2 (referred to as SMβCWT/− 
SM-S1PR1GOF mice after tamoxifen administration). Male and female 
8- to 16-week-old mice were used as breeders for timed mating. Meth-
ods for mouse tail genotyping by PCR for Ctnnb1ΔC/flox, Rosa26LSL-S1pr1, 
Ctnnb1flox/flox

, and Acta2-CreERT2 mice have been previously de-
scribed (23, 31, 32, 36, 59), and genotyping for Rosa26LSL-TdTomato mice 
was performed according to a Jackson Laboratory protocol. WT 
C57BL/6J (strain #000664) and ApoE−/− (strain #002052) mice used 
in the pharmacologic studies were purchased from the Jackson Labo-
ratory. All animals were housed in pathogen-free conditions; the pro-
cedures followed the rules and regulations of the Association for 
Assessment and Accreditation of Laboratory Animal Care and were 
approved by the Institutional Animal Care and Use Committee of Al-
bert Einstein College of Medicine.

Tamoxifen administration
Under pathogen-free conditions, 100 mg of tamoxifen (STEMCELL 
Technologies, no. 72662) was dissolved in 0.5 ml of ethanol (Decon 
Laboratories Inc., 22032601), and 9.5 ml of corn oil (Sigma-Aldrich, 
C8267) was added to achieve a final concentration of 10 mg/ml. Eight-
 to 9-week-old male and female mice were given 100 μl (1 mg) of tamox-
ifen solution via intraperitoneal injection daily for five consecutive 
days. Carotid artery ligation was performed 1 week after the first 
injection.

Carotid artery ligation
Carotid artery ligation has already been described (19). Briefly, 9- 
to 10-week-old male and female mice were anesthetized with ket-
amine/xylazine (90 and 10 mg/kg, respectively) via intraperitoneal 
injection. A 5-mm skin incision on the base of the neck and blunt 
dissection were performed until the left common carotid artery was 
exposed. The artery was separated from surrounding tissues and li-
gated with 6-0 silk (Ethicon, K889H) just proximal to the bifurcation. 
The right common carotid artery served as control. The incision was 
closed, and mice were allowed to recover. Meloxicam (5 mg/kg) was 
administered subcutaneously after carotid ligation for pain relief. 
Carotid arteries were harvested 21 days after ligation. Mice were eutha-
nized by ketamine/xylazine injection plus thoracotomy, and the systemic 
circulation was flushed with phosphate-buffered solution (PBS) and 
then perfused with 10% formalin phosphate buffer (Fisher Scientific, 

SF100-4) for 7 min. Left and right carotid arteries were removed and 
postfixed in 10% formalin phosphate buffer overnight, followed by 
70% ethanol. Tissues required for DNA, RNA, or protein isolation 
were harvested, snap-frozen, and kept at −80°C until processing.

E7386 treatment after carotid artery ligation
For in vivo administration, E7386 (Chemietek, CT-E7386) was dis-
solved in 0.01 M HCl. After carotid artery ligation, 9- to 10-week-old 
male and female WT C57BL/6J mice were given E7386 (50 mg/kg) 
or vehicle (0.01 M HCl) by oral gavage twice daily for 14 days. Ca-
rotid arteries were harvested 14 days after ligation, following the 
same procedures described above.

Processing and morphometric analysis of injured 
carotid arteries
Fixed carotid arteries were trimmed under a Stemi 2000-C stereo-
microscope (Zeiss) such that 3 mm of vessel adjacent to the ligation 
point was left available for analysis. Trimmed arteries were pro-
cessed and paraffin-embedded with the ligature on top. Paraffin 
blocks were trimmed until a full cross section of the ligated artery 
was visualized; thereafter, in sequence, the next 400 μm of tissue was 
discarded, 180 μm was collected for analysis (5-μm-thick sections, 
three sections per slide, 12 slides), 400 μm was discarded, 180 μm 
was collected for analysis, 400 μm was discarded, and 180 μm was 
collected for analysis. This protocol allowed the evaluation of vascu-
lar remodeling at three consistent distances from the ligation site in 
each artery. Arterial cross sections were stained with hematoxylin 
and eosin (H&E) and photographed with a Leica DMi8 inverted mi-
croscope. Morphometric analysis of carotid arteries was performed 
using ImageJ software as follows: the area of the lumen, the area in-
side the internal elastic lamina (IEL), and the area inside the exter-
nal elastic lamina (EEL) were measured in pixels. The area of the 
intima was calculated by subtracting the area of the lumen from the 
area inside the IEL. The area of the media was calculated by sub-
tracting the area inside the IEL from the area inside the EEL. Last, 
the intima/media ratio was calculated.

Atherosclerosis studies
Disturbed flow–induced atherosclerosis in the common carotid ar-
tery was induced in 8- to 10-week-old male ApoE−/− mice by partial 
carotid artery ligation and Western-type diet feeding, following pro-
cedures previously described (38). Briefly, mice were anesthetized 
with ketamine/xylazine (90 and 10 mg/kg, respectively) via intra-
peritoneal injection. A 5-mm skin incision on the base of the neck 
and blunt dissection were performed until the left common carotid 
artery was exposed. Three of four caudal branches of the left com-
mon carotid artery (left external carotid, internal carotid, and oc-
cipital artery) were ligated with 6-0 silk (Ethicon K889H), while the 
superior thyroid artery was left intact. The incision was closed, and 
mice were allowed to recover. Meloxicam (5 mg/kg) was adminis-
tered subcutaneously after carotid ligation for pain relief. After sur-
gery, mice were placed for 21 days on Western diet (Envigo TD.88137; 
42% kcal from fat, 0.2% total cholesterol, saturated fat >60% total fat, 
and high sucrose) and orally administered with E7386 (25 mg/kg) or 
vehicle (0.01 M HCl) by oral gavage twice daily for 21 days. Blood 
and carotid arteries were harvested 21 days after ligation. Mice were 
euthanized by ketamine/xylazine injection plus thoracotomy, and 
the systemic circulation was flushed with PBS and then perfused 
with 10% formalin phosphate buffer (Fisher Scientific, SF100-4) for 
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7 min. Left and right carotid arteries were removed and postfixed in 
10% formalin phosphate buffer overnight, followed by 70% ethanol. 
Blood samples were obtained by cardiac puncture before PBS perfu-
sion, and serum was obtained by centrifugation at 6000g for 10 min 
at 4°C, snap-frozen, and stored at −80°C until further use. Serum 
levels of total cholesterol were measured using the Cholesterol 
Quantification Assay kit (Sigma-Aldrich, CS0005-1KT).

Processing and morphometric analysis of 
atherosclerotic lesions
Fixed carotid arteries were processed and paraffin-embedded with 
the ligature on top. Paraffin blocks were trimmed until a full cross 
section of the ligated artery was visualized; thereafter, in sequence, 
the next 240 μm of tissue was collected for analysis (5-μm-thick sec-
tions, four sections per slide, 12 slides), 500 μm was discarded, 240 μm 
was collected for analysis, 500 μm was discarded, 240 μm was col-
lected for analysis, 500 μm was discarded, 240 μm was collected for 
analysis, 500 μm was discarded, and 240 μm was collected for analysis. 
This protocol allowed the evaluation of atherosclerotic lesions at five 
consistent distances from the ligation site in each artery. Arterial 
cross sections were stained with H&E and photographed with a 
Leica DMi8 inverted microscope. Morphometric analysis of carotid 
arteries was performed using ImageJ software as follows: The area of 
the lumen, the area inside the IEL, and the area inside the EEL were 
measured in pixels. The lesion area was calculated by subtracting the 
area of the lumen from the area inside the IEL. The area of the media 
was calculated by subtracting the area inside the IEL from the area 
inside the EEL, and the lesion/media ratio was calculated. Necrotic 
cores were quantified as previously described (60), defined as the 
H&E-negative acellular areas in the intima. The fibrous cap thick-
ness was quantified by choosing the largest necrotic core in a section 
and measuring the thinnest part of the cap, from its outer edge to 
the necrotic core boundary.

Vascular homeostasis studies
Baseline blood pressure and body weight of 8- to 9-week-old male 
and female mice were recorded just before the first tamoxifen ad-
ministration and followed for 12 weeks after the last tamoxifen injec-
tion, at 2-week intervals. Blood pressure was measured as described 
in the next section. Thoracic aortas and carotid arteries were harvested 
12 weeks after the last tamoxifen injection. Mice were euthanized by 
ketamine/xylazine injection plus thoracotomy, and the vascular system 
was flushed with PBS and then perfused with 10% formalin phos-
phate buffer (Fisher Scientific, SF100-4) for 7 min. Aortas and carotid 
arteries were removed and postfixed in 10% formalin phosphate buffer 
overnight, followed by 70% ethanol, and then embedded in paraffin. 
The serial cuts at 5-μm-thick sections were done using the paraffin 
blocks. The cuts were stained with H&E and photographed with a 
Leica DMi8 inverted microscope. Morphometric analysis of medial 
area of aortas and carotid arteries was performed using ImageJ soft-
ware. The area inside the IEL and the area inside the EEL were mea-
sured in pixels. The area of the media was calculated by subtracting 
the area inside the IEL from the area inside the EEL.

Blood pressure measurements
Systolic blood pressure was measured in conscious male and female 
mice using the tail-cuff method (Kent Scientific Inc.). Briefly, ani-
mals were placed in a mouse restrainer (RTBP007, Kent Scientific 
Inc.), and a mouse occlusion cuff (RTBP050, Kent Scientific Inc.) 

and mouse plethysmographic cuff (XBP051, Kent Scientific Inc.) 
were applied to the tail of the mouse. Mice were trained for 1 week 
to become accustomed to the new handling and environment. Sys-
tolic blood pressure measurements were taken using the XBP1000 
apparatus (Kent Scientific Inc.) connected to a data acquisition sys-
tem. Five consecutive measurements were performed per mouse, 
per time point, and the values were averaged. Measurements were 
done at the same time of the day at the indicated time points.

Immunofluorescence of arteries
Tissue sections were deparaffinized and rehydrated, and antigen re-
trieval was performed by boiling in sodium citrate solution (Vector 
Labs, H-3300). Tissues were blocked in 0.3% Triton X-100, 2% bo-
vine serum albumin, and 5% normal horse serum in PBS for 1 hour 
at room temperature. Tissues were incubated overnight at 4°C in 
blocking solution with the following primary antibodies: anti–β-
catenin targeting the C terminus (1:50 dilution; Santa Cruz Bio-
technology, sc-7963); anti–β-catenin targeting the N terminus 
(1:100 dilution; Cell Signaling Technology, 9562S); anti-RFP anti-
rabbit (1:200 dilution; Rockland, 600-401-379), anti-RFP anti-
mouse (1:100 dilution; Invitrogen, MA5-15257), anti-Axin2 (1:100 
dilution; Invitrogen, PA5-21093), anti-CD31 (1:50 dilution; Abcam, 
28364), anti-SMA (1:200 dilution; Santa Cruz Biotechnology, sc-
32251), anti-Ki67 (1:50 dilution; Abcam, 15580), anti-PCNA (1:100 
dilution; Invitrogen, 13-3900), anti–cleaved caspase-3 (1:50 dilu-
tion; Cell Signaling Technology, 9661), and anti-S1PR1 (1:100 dilu-
tion; Invitrogen, PA1-1040). After washing, sections were incubated 
for 1 hour at room temperature with fluorochrome-conjugated sec-
ondary antibodies Alexa Fluor 488 goat anti-mouse (1:200 dilution; 
Invitrogen, A32723) and Alexa Fluor 546 donkey anti-rabbit (1:400 
dilution; Invitrogen, A10040) in blocking solution. After washing, 
sections were stained with 4′,6-diamidino-2-phenylindole (DAPI) 
during mounting (FLUORO-GEL II, with DAPI, Electron Micros-
copy Sciences, 17985-50). Fluorescence emission was visualized 
with a Leica DMi8 inverted microscope. Subsequent image process-
ing and quantification of fluorescent signal were achieved by using 
the National Institutes of Health (NIH) Fiji program. For Ki67 and 
PCNA staining, only the nuclear signals were included in the quan-
tification. Specificity of staining was confirmed by omission of the 
primary antibody.

Mouse aortic SMCs
Primary MASMCs were isolated from 5- to 6-week-old male and female 
Ctnnb1ΔC/flox and Ctnnb1ΔC/flox;Rosa26LSL-S1pr1/LSL-TdTomato mice using 
collagenase-elastase digestion as described before (19), maintained in 
Dulbecco’s modified Eagle medium plus 20% fetal bovine serum, peni-
cillin (100 U/ml), streptomycin (100 μg/ml), and 2 mM l-glutamine, 
and subcultured weekly. Passage 2 of cells isolated from Ctnnb1ΔC/flox 
mice was transduced with adenovirus expressing GFP (Ad5.CMV-GFP) 
or Cre (Ad5.CMV-Cre) to generate control (βCControl) or β-catenin C 
terminus–deficient (βCΔC) cells, respectively. Passage 2 of cells isolated 
from Ctnnb1ΔC/flox;Rosa26LSL-S1pr1/LSL-TdTomato mice was transduced 
with adenovirus expressing GFP (Ad5.CMV-GFP) or Cre (Ad5.
CMV-Cre) to generate control (βCControl S1PR1Control) or βCΔC cells 
with S1PR1 GOF (βCΔC S1PR1GOF), respectively. Passages 3 to 6 
were used for experiments. To evaluate how the inhibition of β-
catenin degradation affects S1PR1 expression, we treated βCControl 
and βCΔC MASMCs with CHIR99021 (Cell Signaling Technology, 
54290S) for 48 hours. CHIR99021 was dissolved in dimethyl 
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sulfoxide (DMSO) to obtain a stock solution at 10 mM. Dilutions 
from the stock solution in culture medium were performed to test fi-
nal concentrations from 0.1 to 1 μM. Same dilution protocols were 
used with only DMSO to generate vehicle controls specific for each 
concentration. To evaluate the effects of the pharmacologic inhibition 
of β-catenin C terminus, we treated βCControl and βCΔC MASMCs 
with E7386 (Chemietek, CT-E7386), which was dissolved in DMSO 
to obtain a stock solution at 10 mM. Dilutions from the stock solu-
tion in culture medium were performed to test final concentrations 
from 10 to 100 nM. Same dilution protocols were used with only 
DMSO to generate vehicle controls specific for each concentration.

Cell population growth
To evaluate the effect of genetic interventions on growth of MASMCs, 
4 × 103 cells per well were plated in 96-well plates with a minimum 
of four independent wells per group. Evaluation of cell growth in 
culture was performed with the AlamarBlue assay (BUF012A, Bio-
Rad), and absorbances at 570 and 600 nm were measured on a Vari-
oskan LUX multimode microplate reader (Thermo Fisher Scientific). 
AlamarBlue reduction correlates with the number of viable cells and 
was calculated according to the manufacturer’s instructions and ex-
pressed as fold change with respect to baseline.

Cell transfection
βCControl and βCΔC MASMCs were transfected with pcDNA3-β-
cateninS33Y (constitutively active β-catenin) or empty vector using 
the electroporation method. The electroporation was performed us-
ing a Neon transfection system (Invitrogen). Electroporated cells 
were plated in antibiotic-free medium in a 24-well plate for 24 hours 
and then switched to regular medium. Triplicates for every group 
and condition were used every time. Cell lysates were collected 
72 hours after electroporation for Western blotting experiments.

Small interfering RNA
The siRNA targeting mouse S1pr1 was synthesized by Thermo Fish-
er Scientific (Silencer Select, 4390771, assay ID s65292). Transient 
transfection of siRNA (10 nM) was performed by using Lipo-
fectamine RNAiMAX (Thermo Fisher Scientific, 13778150), as rec-
ommended by the manufacturer. Control cells were transfected with 
10 nM Silencer Select negative control siRNA (Thermo Fisher Sci-
entific, 4390843). After 24 hours, cells were treated with CHIR99021 
(Cell Signaling Technology, 54290S) or vehicle, and the cell popula-
tion growth was evaluated 48 and 72 hours after plating.

Western blotting
Protein lysates were extracted from SMCs or blood vessels using ra-
dioimmunoprecipitation assay buffer [50 mM tris-HCl (pH 7.4), 1% 
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 
150 mM NaCl] plus protease inhibitors (Complete Mini Roche Life 
Science, 04693159001). A BCA protein assay kit (Pierce, 23335) was 
used to measure protein concentrations, and equal amounts of pro-
tein were loaded (20 to 60 μg) and separated by 10% polyacrylamide 
gel electrophoresis. Proteins were transferred (Trans-Blot SD cell, 
Bio-Rad, 170-3940) to 0.45-μm pore size polyvinylidene difluoride 
membranes (Immobilon-P, Millipore), blocked for 1 hour at room 
temperature with TBST [tris (pH 8.0), NaCl 150 mM, and 0.1% Tween 
20] plus 5% (w/v) nonfat milk or 6% bovine serum, and incubated 
overnight at 4°C in blocking solution with the following primary an-
tibodies: anti–β-catenin targeting the C terminus (1:500 dilution; 

Santa Cruz Biotechnology, sc-7963), anti–β-catenin targeting the N 
terminus (1:250 dilution; Cell Signaling Technology, 9562S), anti-
S1PR1 (1:1000 dilution; Millipore, MABC94), anti-S1PR3 (1:1000 
dilution; Alomone, ASR-013), anti-Axin2 (1:1000 dilution; Invitro-
gen, PA5-21093), and anti–glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (1:5000 dilution; Santa Cruz Biotechnology, sc-25778). 
After washing, membranes were incubated with horseradish 
peroxidase–conjugated secondary antibodies for 1 hour at room 
temperature. After washing, signals were detected by adding en-
hanced chemiluminescence (ECL) substrate (ECL Western Blotting 
Substrate, Pierce 32106) and exposing films to membranes. Densito-
metric analysis was performed with ImageJ.

Standard RNA-seq library preparation with rRNA depletion 
and HiSeq sequencing
Total RNA was isolated from βCControl and βCΔC MASMCs using 
TRIzol reagent (Invitrogen, 15596018) according to the manufactur-
er’s instructions. RNA concentrations were calculated using Nano-
Drop technology (Thermo Fisher Scientific, ND-1000), and RNA 
integrity was evaluated using RNA 6000 Nano LabChips on an Agi-
lent 2100 Bioanalyzer (Agilent Technologies). Sample quality control, 
library preparations, and sequencing reactions for RNA-seq were 
conducted at GENEWIZ LLC. (South Plainfield, NJ, USA). Ribosom-
al RNA (rRNA) depletion was performed using Ribo-Zero Gold Kit 
(Human/Mouse/Rat probe) (Illumina, San Diego, CA, USA). RNA-
seq library preparation used NEBNext Ultra II RNA Library Prepara-
tion Kit for Illumina by following the manufacturer’s recommendations 
(New England Biolabs, Ipswich, MA, USA). Briefly, enriched RNAs 
were fragmented for 15 min at 94°C. First-strand and second-strand 
cDNAs were subsequently synthesized. Following procedures previ-
ously described (61), cDNA fragments were end-repaired and ade-
nylated at 3′ ends, and universal adapters were ligated to cDNA 
fragments, followed by index addition and library enrichment with 
limited cycle PCR. Sequencing libraries were validated using the Agi-
lent Tapestation 4200 (Agilent Technologies, Palo Alto, CA, USA) 
and quantified using Qubit 4.0 Fluorometer (Invitrogen, Carlsbad, 
CA) as well as by quantitative PCR (Applied Biosystems, Carlsbad, 
CA, USA). The sequencing libraries were multiplexed and clustered 
onto a flow cell and loaded on the Illumina HiSeq4000 or equivalent 
instrument according to the manufacturer’s instructions. The librar-
ies were sequenced using a 2 × 150 paired-end configuration. Raw 
sequence data (.bcl files) generated from Illumina instrument were 
converted into FASTQ files and de-multiplexed using Illumina’s bcl-
2fastq 2.17 software. One mismatch was allowed for index sequence 
identification.

Standard RNA-seq data analysis
After investigating the quality of the raw data, sequence reads were 
trimmed to remove possible adapter sequences and nucleotides with 
poor quality using Trimmomatic v.0.36. The trimmed reads were 
mapped to the Mus musculus reference genome available on ENSEMBL 
using the STAR aligner v.2.5.2b. The STAR aligner uses a splice 
aligner that detects splice junctions and incorporates them to help 
align the entire read sequences. BAM files were generated as a result 
of this step. Unique gene hit counts were calculated by using featu-
reCounts from the Subread package v.1.5.2. Only unique reads that 
fell within exon regions were counted. Because a strand-specific li-
brary preparation was performed, the reads were strand-specifically 
counted. After extraction of gene hit counts, the gene hit counts 
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table was used for downstream differential expression analysis. Us-
ing DESeq2, a comparison of gene expression between the groups of 
samples was performed. The Wald test was used to generate P values 
and log2 fold changes. Genes with adjusted P values <0.05 and abso-
lute log2 fold changes >1 were called as differentially expressed 
genes for each comparison. A PCA analysis was performed using 
the “plotPCA” function within the DESeq2 R package. The plot 
shows the samples in a two-dimensional plane spanned by their first 
two principal components. The top 500 genes, selected by highest 
row variance, were used to generate the plot (61). Pathway analysis 
was performed using the IPA system (version 76765844, Qiagen) 
including the differentially expressed genes, with threshold defined 
as −log (P value) of >1.3.

Real-time qPCR
Total RNA isolated from βCControl and βCΔC MASMCs was reverse-
transcribed to cDNA using SuperScript III first-strand synthesis system 
(Invitrogen, 18080-051). cDNA was quantified using an SYBR Green 
qPCR kit (Applied Biosystems, catalog no. 4309155) and ViiA7 Real-
time PCR system (Applied Biosystems). The data were analyzed with 
2−ΔCt method in which ΔCt was calculated between the gene of interest 
and housekeeping gene, Rpl13 and β-​actin. The following primer se-
quences were used: Axin2, 5′-gagagtgagcggcagagc-3′ (forward) and 
5′-cggctgactcgttctcct-3′ (reverse); β-actin, 5′-ctaaggccaaccgtgaaaag-3′ 
(forward) and 5′-accagaggcatacagggaca-3′ (reverse); Rpl13, 
5′-gcttacctggggcgtctg-3′ (forward) and 5′-acattcttttctgcctgtttcc-3′ 
(reverse); S1pr1, 5′-cggtgtagacccagagtcct-3′ (forward) and 5′- 
agcttttccttggctggag-3′ (reverse); and S1pr3, 5′-agatgcgccttgcagaac-3′ 
(forward) and 5′-gtggtggtgggttcctga-3′ (reverse).

Luciferase assay
βCControl and βCΔC MASMCs (5 × 104 per well) were electroporated 
with pCMV-β-gal (transfection control) and with pGL3-​S1pr1-
promoter (provided by J. Garcia, University of Arizona) (35). When 
indicated, pcDNA3-β-cateninS33Y or empty vector was also included 
in the electroporation protocol. Electroporation was performed as 
described above. Cell lysates were collected 72 hours after electro-
poration, and luciferase activity was determined using the Glo-lysis 
buffer system (Promega) and the Varioskan LUX multimode micro-
plate reader (Thermo Fisher Scientific). Luciferase activities were 
normalized to β-galactosidase activity for each well to control for 
transfection efficiency.

Cleavage under targets and release using nuclease assay
CUT&RUN was performed using the CUT&RUN Assay Kit (Cell 
Signaling Technology, 86652). Briefly, 50,000 cells were washed in 
wash buffer and bound to 10 μl of activated concanavalin A beads. 
Bead-bound cells were incubated with primary antibodies at 4°C 
overnight in antibody binding buffer. β-Catenin (Antibodies Online, 
ABIN2855042), TCF4 (Cell Signaling Technology, 2569S), and rabbit 
immunoglobulin G (IgG) (Cell Signaling Technology, DA1E) pri-
mary antibodies validated for CUT&RUN were used. Then, the cell-
bead mixture was washed with wash buffer and incubated with 
protein A–Micrococcal Nuclease for 1 hour at 4°C. After washing 
with wash buffer, 2 mM CaCl2 was added to the samples to activate 
protein A–MNase digestion for 30 min on ice. The reaction was 
stopped with the addition of 2× stop buffer containing 20 mM EDTA, 
0.05% digitonin, and ribonuclease A (5 mg/ml). Released chromatin 
fragments were purified using phenol/chloroform extraction and 

ethanol precipitation. The eluted DNA was analyzed by qPCR to 
determine β-catenin and TCF4 enrichment on the S1pr1 pro-
moter. The sequences of the primers for the S1pr1 promoter were 
5′-gcttcactctcctcccacaa (forward) and 5′-tctgctcaaatgctgtcaatc (re-
verse) (fragment −1973/−1802); 5′-tgaactgctgctggattgtt (forward) 
and 5′-gtgctgtgcttgatgttgga (reverse) (fragment −939/−790); and 
5′-ccttctcaggatcccctctc (forward) and 5′-agccctgaggatccgtgtag (re-
verse) (fragment −638/−512). A primer set that amplifies an 82–
base pair fragment in a gene desert on mouse chromosome 6 was 
used as a negative control (Active Motif, 71011). Anti-H3 antibody 
and ribosomal protein L30 primers provided by the kit were used 
as a positive control for the assay technique and reagent integrity.

Statistics
Data were graphed, and statistics were performed using GraphPad 
Prism version 9.4.1. The data presentation and statistical analyses 
are described in the figure legends. To determine the number of 
mice necessary for adequate statistical power, power analysis was 
performed using preliminary datasets. None of the animals were ex-
cluded from the study. Animals were randomly assigned to vehicle 
or E7386 treatments. Data collection and analyses were conducted 
blinded to the samples. Blinding was removed only for the final sta-
tistical analysis. At least three independent experiments with mini-
mum of three biological replicates were done. Results are presented 
as mean ± SEM of at least three independent biological replicates in 
all figures. Before statistical testing, normality was assessed using 
the Shapiro-Wilk test. For data confirmed to be normally distributed, 
we used Student’s unpaired two-tailed t test for comparisons be-
tween two groups and one-way analysis of variance (ANOVA) or 
two-way ANOVA with Tukey’s or Šídák’s multiple comparisons test 
for data comparing three or more groups. For data not normally 
distributed, equivalent nonparametric tests were instead performed, 
as indicated in the figure legends. Statistically significant differences 
were defined as P < 0.05.

Study approval
This research complies with all relevant ethical regulations. Animal 
experiments were conducted in accordance with NIH guidelines 
under protocols 00001011 and 00001583 approved by the Institu-
tional Animal Care and Use Committee of the Albert Einstein Col-
lege of Medicine.
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Figs. S1 to S18
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