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Sphingosine-1-phosphate (S1P), a natural multifunctional
phospholipid, is highly increased in plasma from patients with
pulmonary arterial hypertension and mediates proliferation of
pulmonary artery smooth muscle cells (PASMCs) by activating
the Notch3 signaling pathway. However, the mechanisms un-
derpinning S1P-mediated induction of PASMCs proliferation
remain unclear. In this study, using biochemical and molecular
biology approaches, RNA interference and gene expression ana-
lyses, 50-ethynyl-20-deoxyuridine incorporation assay, and 3-(4,5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay,
we demonstrated that S1P promoted the activation of signal
transducers and activators of transcription 3 (STAT3) through
sphingosine-1-phosphate receptor 2 (S1PR2), and subsequently
upregulated the expression of the microRNA miR-135b, which
further reduced the expression of E3 ubiquitin ligase β-trans-
duction repeat-containing protein and led to a reduction in yes-
associated protein (YAP) ubiquitinated degradation in PASMCs.
YAP is the core effector of the Hippo pathway and mediates the
expression of particular genes. The accumulation of YAP further
increased the expression and activation of Notch3 and ultimately
promoted the proliferation of PASMCs. In addition, we showed
that preblocking S1PR2, prior silencing of STAT3, miR-135b, or
YAP, and prior inhibition of Notch3 all attenuated S1P-induced
PASMCs proliferation. Taken together, our study indicates that
S1P stimulates PASMCs proliferation by activation of the S1PR2/
STAT3/miR-135b/β-transduction repeat-containing protein/
YAP/Notch3 pathway, and our data suggest that targeting this
cascade might have potential value in ameliorating PASMCs
hyperproliferation and benefit pulmonary arterial hypertension.

Pulmonary arterial hypertension (PAH) is a progressive dis-
ease characterized by histological changes of the pulmonary
vasculature, such as sustained vasoconstriction, uncontrolled
pulmonary vascular remodeling, and thrombosis in situ,
resulting in structural and functional changes of the pulmonary
vasculature, continuous and notable elevation of pulmonary
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vascular resistance and pulmonary arterial pressure, and even-
tually leads to heart failure and death (1, 2). Pulmonary artery
smooth muscle cells (PASMCs) hyperproliferation is the most
prominent feature of pulmonary vascular remodeling (3). Thus,
understanding the precise mechanisms involved in PASMCs
proliferation in pulmonary vascular remodeling is important for
identifying novel therapeutics.

Sphingosine-1-phosphate (S1P) is a natural multifunctional
phospholipid released by various cells, and sphingosine kinase 1
is a highly conserved lipid kinase for phosphorylating sphingo-
sine to generate S1P (4). It has been found that the elevated level
of S1P is consistent with the growth-promoting effects in many
cancer cells (5, 6). Meanwhile, Gairhe et al. (7) have found that
the plasma S1P level is increased in patients with idiopathic PAH
and in early and late stages of PAH in rats. We have recently
reported that sphingosine kinase 1/S1P mediates transforming
growth factor-β1-induced PASMCs proliferation by activating
the Notch3 signaling pathway (8). Notch3 is a transmembrane
receptor; upon activation, the intracellular domain of theNotch3
(NICD3) receptor is released and translocated into the nucleus to
regulate the transcription of specific target genes (9). Our pre-
vious studies have demonstrated that the Notch3 receptor is
involved in the development of PAH by promoting the prolif-
eration of PASMCs (8, 10, 11). However, the precise mechanism
of how S1P activates the Notch3 signaling pathway remains
unclear. Yes-associated protein (YAP) is the core protein of the
Hippo signaling pathway and mediates various cell functions,
including cell growth, survival, and differentiation (12). It has
been reported that YAP is involved in the pathogenesis of PAH
(13, 14). Meanwhile, studies have shown that YAP promotes
differentiation of neural crest progenitors into smooth muscle
cells during the development of the arterial wall by activating
Notch signaling (15, 16). In addition, it has been shown that the
contraction of muscle fibers increases the expression of YAP,
which in turn activates Notch signaling in neighboring satellite
cells, thereby preventing their differentiation (16, 17). S1P has
been identified to activate YAP by inhibiting the Hippo pathway
kinase Lats1/2 in HEK293A cells (18), and Liu et al. (19) have
reported that S1P can induce the proliferation and migration of
airway smooth muscle cells by activating YAP. Therefore, we
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Mechanism of S1P-induced PASMCs proliferation
hypothesized that S1P activates Notch3 signaling by upregulat-
ing YAP in PASMCs.

MicroRNAs are small noncoding RNAs that bind to the 3’
untranslated regions of the target genes, thereby inhibiting
translation and/or inducing degradation of target mRNAs. It
has been shown that signal transducers and activators of
transcription 3 (STAT3), an important downstream of S1P (20,
21), mediates the expression of miR-135b in lymphoma cells
(22, 23). Meanwhile, miR-135b can downregulate the expres-
sion of the β-transduction repeat-containing protein (β-TrCP)
in lung cancer cells (24) and hepatocellular carcinoma cells
(25). The Skp1-Cullin-F-box ubiquitin ligase β-TrCP has been
shown to be involved in many diseases including cancers and
PAH (26, 27). In addition, studies have demonstrated that the
ubiquitin ligase β-TrCP is mainly responsible for the ubiq-
uitinated degradation and thus inhibit the function of YAP in
mammalian cells (28–30). Therefore, we hypothesized that
S1P upregulates YAP by activating STAT3/miR-135b/β-TrCP
signaling pathway in PASMCs.

S1P regulates cellular activities via S1P receptors (S1PRs).
Five types of S1PRs have been identified in mammalian cells,
and S1PR2 and S1PR3 are the major types of S1PRs to
transduce cellular effects of S1P in most of cell types
(19, 31–33). To address above hypothesis and to clarify which
S1PR is involved in this process, we intervened STAT3, miR-
135b, β-TrCP, YAP, Notch3, and S1PR2/3 in primary
cultured PASMCs stimulated with exogenous S1P, separately.
We found that S1P increased the expression and activation of
Notch3 by upregulating the protein level of YAP. Further ex-
periments showed that the S1PR2/STAT3/miR-135b/β-TrCP
signaling pathway mediated S1P induction of YAP protein and
ultimately promoted PASMCs proliferation.

Results

Upregulation of YAP mediates S1P-induced Notch3 expression
and activation

To investigate whether S1P upregulates YAP expression in
PASMCs, cells were treated with different concentration of
Figure 1. S1P upregulates the protein level of YAP in PASMCs. A, PASMCs
3000 nM for 48 h; the protein level of YAP was examined using Western blott
exposed to 1000-nM S1P for the indicated times; the protein level of YAP was
each group). *p < 0.05 versus control. PASMCs, pulmonary artery smooth mu
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S1P at different time points, and Western blotting was used to
detect the protein level of YAP. As shown in Figure 1A, S1P
increased the protein level of YAP in PASMCs at 48 h, and
1000-nM S1P triggered a 1.69-fold increase compared with the
control. Figure 1B shows that 1000-nM S1P significantly
increased YAP protein levels from 12 h to 48 h, which reached
to 1.46-fold compared with the control at the time of 12 h,
1.63-fold at 24 h, and 1.66-fold at 48 h. These results suggest
that S1P upregulates the protein level of YAP in PASMCs.

We next investigated whether S1P promotes Notch3 expres-
sion and activation in PASMCs. First, cells were stimulated with
1000-nM S1P for 48 h, and protein levels of Notch3 and the
NICD3 were determined using Western blotting. As shown in
Figure 2A, 1000-nM S1P stimulation for 48 h resulted in a 2.19-
fold increase in the Notch3 protein level compared with the
control, and a 1.78-fold increase in the NICD3 protein level. To
further clarify whether the upregulation of YAP mediates the
effect of S1P on the expression and activation of Notch3 in
PASMCs, siRNA-mediated YAP knockdownwas performed and
protein levels of YAP, Notch3, and the NICD3 were examined.
Figure 2B shows that transfection of YAP siRNA for 48 h in
PASMCs reduced the YAP protein level to 32%, whereas trans-
fection of negative control (NC) siRNA did not change the YAP
protein level. Figure 2C indicates that 1000-nM S1P stimulation
for 48 h significantly increased Notch3 and the NICD3 protein
levels, whereas prior knockdown of YAP notably reduced S1P-
induced increases of Notch3 and the NICD3 protein levels in
PASMCs, which decreased from 1.80-fold and 1.71-fold in
control siRNA and S1P-cotreated cells to 1.29-fold and 1.19-fold
in YAP siRNA and S1P-cotreated cells, separately. Together,
these results suggest that the upregulation of YAPmediates S1P-
induced Notch3 expression and activation in PASMCs.

STAT3 mediates S1P-induced increase of YAP and the
expression and activation of Notch3

Studies have shown that S1P promotes the activation of
STAT3 in non-PASMCs (20, 21). To examine the effect of S1P
on STAT3 in PASMCs, cells were stimulated with 1000-nM
were stimulated with different concentrations of S1P in the range of 100 to
ing; β-actin served as a loading control (n = 4 each group). B, PASMCs were
detected using Western blotting; β-actin served as a loading control (n = 4
scle cells; S1P, sphingosine-1-phosphate; YAP, yes-associated protein.



Figure 2. YAP mediates S1P-induced Notch3 expression and activation in PASMCs. A, PASMCs were treated with 1000-nM S1P for 48 h; the protein
levels of Notch3 and NICD3 were examined using Western blotting; β-actin served as a loading control (n = 4 each group). B, PASMCs were transfected with
YAP sequence-specific siRNA or nontargeting siRNA; the YAP protein level was determined using Western blotting; β-actin served as a loading control (n = 4
each group). C, PASMCs were previously transfected with YAP-specific or nontargeting siRNA for 24 h and then stimulated with 1000-nM S1P for 48 h;
protein levels of Notch3 and NICD3 were detected using Western blotting; β-actin served as a loading control (n = 4 each group). *p < 0.05 versus control,
#p< 0.05 versus control siRNA, &p < 0.05 versus control siRNA and S1P-cotreated cells. NICD3, intracellular domain of the Notch3; PASMCs, pulmonary artery
smooth muscle cells; S1P, sphingosine-1-phosphate; YAP, yes-associated protein.

Mechanism of S1P-induced PASMCs proliferation
S1P at different time points, and Western blotting was per-
formed to detect the phosphorylation level of STAT3 and total
STAT3 level. Figure 3A shows that S1P significantly increased
the phosphorylation of STAT3 from 10 min to 60 min, which
reached to 1.77-fold compared with the control at 30 min. This
suggests that S1P activates STAT3 in PASMCs.

To further investigate whether STAT3 mediates S1P-
induced increase of YAP and the expression and activation
of Notch3, siRNA-mediated STAT3 knockdown was per-
formed and phosphorylation and protein level of STAT3,
protein levels of YAP, Notch3, and NICD3 were detected
using Western blotting. As shown in Figure 3B, transfection
of STAT3 siRNA for 48 h in PASMCs reduced the STAT3
protein level to 39%, whereas transfection of NC siRNA did
not affect the STAT3 protein level. Figure 3C shows that
preknockdown of STAT3 with siRNA for 48 h notably
reduced S1P-induced increase of phosphorylation of STAT3
in PASMCs, which reduced from 1.62-fold over control to
0.61-fold over control. This suggests that phosphorylated
STAT3 is sensitive to STAT3 siRNA knockdown. Figure 3D
indicates that 1000-nM S1P stimulation for 48 h significantly
increased the protein level of YAP, whereas prior silencing of
STAT3 notably reduced the elevated protein level of YAP
induced by S1P in PASMCs, which dropped from 1.62-fold
over control in control siRNA and S1P-cotreated cells to
1.32-fold over control in STAT3 siRNA and S1P-cotreated
cells. And Figure 3E shows that loss of STAT3 notably
reduced S1P-induced Notch3 and NICD3 protein levels in
PASMCs, which decreased from 2.27-fold and 1.85-fold in
control siRNA and S1P-cotreated cells to 1.62-fold and 1.23-
fold in STAT3 siRNA and S1P-cotreated cells, separately.
Taken together, the above results indicate that STAT3 me-
diates S1P-induced increase of YAP protein and the
expression and activation of Notch3.

STAT3 mediates S1P-induced miR-135b upregulation

Studies have reported that STAT3mediates the expression of
miR-135b in lymphoma cells (22). To examine whether S1P
promotes miR-135b upregulation in PASMCs, the level of miR-
135b was examined using quantitative real-time (qRT)-PCR. As
shown in Figure 4A, 1000-nM S1P stimulation for 24 h resulted
in a 5.54-fold increase in miR-135b expression compared with
the control. To further verify whether STAT3 mediates this
effect, siRNA-mediated STAT3 knockdownwas performed, and
J. Biol. Chem. (2021) 296 100599 3



Figure 3. STAT3 mediates S1P-induced increase of YAP and Notch3 expression and activation. A, PASMCs were exposed to 1000-nM S1P for the
indicated times; the phosphorylation level of STAT3 and total STAT3 protein level were examined using Western blotting; β-actin served as a loading control
(n = 4 each group). B, PASMCs were transfected with STAT3 sequence-specific siRNA or nontargeting siRNA; the total STAT3 protein level was determined
using Western blotting; β-actin served as a loading control (n = 4 each group). C, PASMCs were previously transfected with STAT3-specific or nontargeting
siRNA for 48 h and then stimulated with 1000-nM S1P for 30 min; the phosphorylation of STAT3 and total STAT3 were determined using Western blotting; β-
actin served as a loading control (n = 3 each group). D and E, PASMCs were previously transfected with STAT3-specific or nontargeting siRNA for 24 h and
then treated with 1000-nM S1P for 48 h; protein levels of YAP, Notch3, and NICD3 were examined using Western blotting; β-actin served as a loading
control (n = 4 each group). *p < 0.05 versus control, #p < 0.05 versus control siRNA, &p < 0.05 versus control siRNA and S1P-cotreated cells. NICD3,
intracellular domain of the Notch3; PASMCs, pulmonary artery smooth muscle cells; S1P, sphingosine-1-phosphate; STAT3, signal transducers and activators
of transcription 3; YAP, yes-associated protein.

Mechanism of S1P-induced PASMCs proliferation
the level of miR-135b was determined. Figure 4B indicates that
prior knockdown of STAT3 dramatically reduced the elevated
expression of miR-135b induced by S1P from 4.96-fold in
control siRNA and S1P-cotreated cells to 2.27-fold in STAT3
siRNA and S1P-cotreated cells. These results suggest that
STAT3 mediates S1P-induced miR-135b upregulation.

S1P suppresses β-TrCP expression by upregulating miR-135b

It has been reported that platelet-derived growth factor, a
key mediator in the pathogenesis of PAH, downregulates the
expression of the β-TrCP in PASMCs (26). To investigate
whether S1P also inhibits β-TrCP expression in PASMCs, the
cells were stimulated with 1000-nM S1P for 48 h and the
protein level of the β-TrCP was examined using Western
blotting. As shown in Figure 5A, S1P reduced the protein level
4 J. Biol. Chem. (2021) 296 100599
of β-TrCP to 0.50-fold over control. This suggests that S1P
inhibits β-TrCP expression in PASMCs.

Studies have shown that miR-135b targets and down-
regulates the expression of the β-TrCP in non-PASMCs
(24, 25). To clarify whether S1P-induced miR-135b upregula-
tion mediates the reduction of the β-TrCP in PASMCs,
sequence-specific inhibitor-mediated miR-135b knockdown
was performed and the levels of miR-135b and β-TrCP mRNA
were determined using qRT-PCR, and the protein level of the
β-TrCP was examined using Western blotting. As shown in
Figure 5B, transfection with the miR-135b sequence-specific
inhibitor for 48 h reduced the miR-135b level to 36% of the
control in PASMCs, whereas NC miRNA inhibitor trans-
fection did not change the miR-135b level. Figure 5, C and D
shows that 1000-nM S1P stimulation for 48 h significantly



Figure 4. STAT3 mediates S1P-induced miR-135b upregulation. A, PASMCs were stimulated with 1000-nM S1P for 24 h; the expression of miRNA-135b
was examined using qRT-PCR, and U6 small nuclear RNA served as a loading control (n = 3 each group). B, PASMCs were previously transfected with STAT3-
specific or nontargeting siRNA for 24 h and then treated with 1000-nM S1P for 24 h; the expression of miRNA-135b was determined using qRT-PCR, and U6
served as a loading control (n = 3 each group). *p < 0.05 versus control, #p < 0.05 versus control siRNA and S1P-cotreated cells. PASMCs, pulmonary artery
smooth muscle cells; qRT, quantitative real-time; S1P, sphingosine-1-phosphate; STAT3, signal transducers and activators of transcription 3.

Mechanism of S1P-induced PASMCs proliferation
decreased the mRNA level and protein level of the β-TrCP,
whereas prior knockdown of miR-135b reversed S1P-induced
reduction of the mRNA level and protein level of the β-
TrCP, which increased from 0.54-fold and 0.42-fold in the NC
inhibitor and S1P-cotreated cells to 0.79-fold and 0.73-fold in
miR-135b inhibitor and S1P-cotreated cells, separately. These
results indicate that S1P suppresses β-TrCP expression by
upregulating miR-135b.

β-TrCP promotes the ubiquitinated degradation of YAP in
PASMCs

It has been shown that the β-TrCP mediates the ubiquiti-
nated degradation of YAP and thus inhibits the function of YAP
in non-PASMCs (28–30). To investigate whether the β-TrCP
promotes the ubiquitinated degradation of YAP in PASMCs,
sequence-specific siRNA was used to silence the β-TrCP, and
proteasome inhibitor MG-132 was used to inhibit ubiquitin
proteasome (34), and protein levels of the β-TrCP and YAP
were examined using Western blotting. As shown in Figure 6A,
transfection of β-TrCP siRNA for 48 h in PASMCs reduced the
β-TrCP level to 34%, whereas transfection of NC siRNA did not
change β-TrCP level. Figure 6B shows that prior silencing of the
β-TrCP significantly increased the YAP protein level to 1.54-
fold compared with the control and inhibiting the ubiquitin
proteasome system with 10-μMMG-132 for 12 h also increased
the YAP protein level to 1.81-fold over control. Figure 6C
shows that the loss of β-TrCP reduced ubiquitinated proteins
including YAP, whereas inhibition of ubiquitin proteasome
increased the accumulation of ubiquitinated YAP and other
proteins. The results of our study suggest that the β-TrCP
promotes the ubiquitinated degradation of YAP, and it may be
inferred that the reduction of the β-TrCP induced by S1P
mediates the elevated protein level of YAP in PASMCs.

STAT3/miR-135b/β-TrCP/YAP/Notch3 mediates S1P-induced
proliferation of PASMCs

To clarify whether activation of STAT3, upregulation of
miR-135b, accumulation of YAP induced by the reduction of
the β-TrCP, and subsequent Notch3 expression and activation
are involved in S1P-induced PASMCs proliferation, cells were
previously transfected with STAT3 siRNA or the miR-135b
inhibitor or YAP siRNA for 24 h, or preincubated with 10-
μM N-[N-(3, 5-difluorophenacetyl)-l-alanyl]-s-phenylglycinet-
butyl ester for 4 h, and then stimulated with 1000-nM S1P for
an additional 48 h; the proliferation of cells were evaluated by
50-ethynyl-20-deoxyuridine (EdU) incorporation assay and cell
viability assay. As shown in Figure 7A, interfering the STAT3/
miR-135b/β-TrCP/YAP/Notch3 axis significantly suppressed
PASMCs proliferation assessed by EdU staining, and the per-
centage of EdU-positive cells was reduced from 1.65-fold over
control in S1P-treated cells to 1.27-fold, 1.21-fold, 1.25-fold,
and 1.18-fold over control, separately. Similar results were
observed by the PASMCs viability assay (Fig. 7B), which was
reduced from 1.75-fold in S1P-treated cells to 1.31-fold, 1.32-
fold, 1.27-fold, and 1.21-fold over control, separately. These
results suggest that STAT3/miR-135b/β-TrCP/YAP/Notch3
cascade mediates S1P-induced PASMCs proliferation.

S1PR2 mediates S1P-induced changes of the STAT3/miR-135b/
β-TrCP/YAP/Notch3 signal pathway and PASMCs proliferation

Studies have demonstrated that S1PR2 and S1PR3 are the
major types of S1PRs to transduce cellular effects of S1P in
most of mammalian cell types (19, 31–33). To examine
whether S1PR2 and S1PR3 mediate S1P-induced activation of
the STAT3/miR-135b/β-TrCP/YAP/Notch3 signal pathway
and PASMCs proliferation, cells were previously treated with
JTE013 (a selective S1PR2 antagonist, 10-μM) or CAY10444 (a
selective S1PR3 antagonist, 10-μM) for 1 h and then stimu-
lated with S1P, the phosphorylation level and total protein
level of STAT3 and protein levels of β-TrCP, YAP, Notch3,
and NICD3 were examined using Western blotting, the level of
miRNA-135b was detected using qRT-PCR, and proliferation
of cells was evaluated by the EdU incorporation assay. As
shown in Figure 8, inhibition of S1PR2 significantly reduced
S1P-induced increase of STAT3 phosphorylation from 1.73-
fold to 1.34-fold over control; decreased the S1P-caused
J. Biol. Chem. (2021) 296 100599 5



Figure 5. S1P suppresses β-TrCP expression by upregulating miR-135b. A, PASMCs were stimulated with 1000-nM S1P for 48 h; the protein level of
β-TrCP was examined using Western blotting, β-actin served as a loading control (n = 4 each group). B, PASMCs were transfected with the miRNA-135b
inhibitor or negative control inhibitor; the expression of miRNA-135b was detected using qRT-PCR, U6 served as a loading control (n = 3 each group).
C, PASMCs were previously transfected with the miRNA-135b inhibitor or negative control inhibitor for 24 h and then treated with 1000-nM S1P for 48 h;
mRNA level of β-TrCP was detected by qRT-PCR, and β-actin served as a control (n = 3 each group). D, PASMCs were previously transfected with miRNA-
135b inhibitor or negative control inhibitor for 24 h and then treated with 1000-nM S1P for 48 h; the protein level of β-TrCP was detected using Western
blotting, β-actin served as a loading control (n = 4 each group). *p < 0.05 versus control, #p < 0.05 versus negative control inhibitor, &p < 0.05 versus
negative control inhibitor and S1P-cotreated cells. β-TrCP, β-transduction repeat-containing protein; PASMCs, pulmonary artery smooth muscle cells; qRT,
quantitative real-time; S1P, sphingosine-1-phosphate.

Mechanism of S1P-induced PASMCs proliferation
miRNA-135b elevation from 5.93-fold to 2.81-fold over con-
trol; increased the S1P-induced downregulation of β-TrCP
from 0.49-fold to 0.72-fold over control; and reduced
S1P-resulted increase of YAP, Notch3, and NICD3 from 1.67-
fold, 2.03-fold, and 2.10-fold to 1.25-fold, 1.34-fold, and 1.42-
fold over control, separately. However, prior blocking of
S1PR3 did not affect these changes induced by S1P. In addi-
tion, preblocking S1PR2 reduced S1P-induced PASMCs pro-
liferation from 1.64-fold to 1.20-fold over control.
Interestingly, presuppression of S1PR3 also slightly but sta-
tistically inhibited S1P-triggered PASMCs proliferation to
1.43-fold over control. Taken together, these results suggest
that S1PR2 mediates S1P-induced activation of the STAT3/
6 J. Biol. Chem. (2021) 296 100599
miR-135b/β-TrCP/YAP/Notch3 signal pathway and prolifer-
ation of PASMCs, and S1PR3 may partial mediate S1P-
induced PASMCs proliferation by other signal pathways.

Discussion

S1P is a natural multifunctional phospholipid secreted by a
variety of cells that regulates various cellular processes
including cell proliferation, differentiation, apoptosis, migra-
tion, invasion, and angiogenesis (5, 35). It has been found that
elevation of S1P is associated with the growth-promoting ef-
fects in many cancer cells (5, 6). Meanwhile, Gairhe et al. (7)
have found that the plasma S1P level is increased in patients
with idiopathic PAH and in early and late stages of PAH in



Figure 6. β-TrCP promotes the ubiquitinated degradation of YAP in PASMCs. A, PASMCs were transfected with β-TrCP sequence-specific siRNA or
nontargeting siRNA; β-TrCP protein level was examined using Western blotting; β-actin served as a loading control (n = 4 each group). B, PASMCs were
transfected with β-TrCP sequence-specific siRNA or nontargeting siRNA or proteasome inhibitor MG-132; protein level of YAP was determined using
Western blotting; β-actin served as a loading control (n = 4 each group). C, PASMCs were transfected with β-TrCP sequence-specific siRNA or nontargeting
siRNA or proteasome inhibitor MG-132; ubiquitinated proteins were detected using Western blotting; β-actin served as a loading control (n = 4 each group).
*p < 0.05 versus control siRNA, #p < 0.05 versus control. β-TrCP, β-transduction repeat-containing protein; PASMCs, pulmonary artery smooth muscle cells;
YAP, yes-associated protein.

Mechanism of S1P-induced PASMCs proliferation
rats. We have recently reported that the elevated level of S1P
mediates transforming growth factor-β1-induced proliferation
of PASMCs by activation of the Notch3 signaling pathway (8).
Notch3 and NICD3 have been shown to participate in the
development of PAH by promoting PASMCs proliferation and
pulmonary vascular remolding (10, 11). The present study
confirmed that S1P significantly promoted proliferation of
PASMCs by increasing Notch3 expression and activation. This
is consistent with the results showed in other cell types (36,
37). Hirata et al. (37) have reported that S1P promotes
expansion of cancer stem cells by activating the Notch
signaling pathway. Our study verifies the importance of S1P in
the pathophysiological process of PAH.

YAP is a core protein of the Hippo signaling pathway and
is involved in the pathogenesis of many diseases (13, 19, 38).
With the YAP elevation and activation, more YAP protein
translocates into the nucleus and promotes the expression of
particular target genes (39). High level of YAP has been
detected in ovarian, colon, gastric, liver, esophageal, and
non–small-cell lung cancers and lobular type of invasive
J. Biol. Chem. (2021) 296 100599 7



Figure 7. STAT3/miR-135b/β-TrCP/YAP/Notch3 mediates S1P-induced proliferation of PASMCs. PASMCs were previously transfected with STAT3 siRNA or
miR-135b inhibitor or YAP siRNA for 24 h or preincubated with 10-μM DAPT for 4 h and then stimulated with 1000-nM S1P for an additional 48 h, the proliferation
of cells was evaluated by EdU incorporation assay (A, the scale bar represents 200 μm, n = 3 each group) and cell viability assay (B, n = 6 each group). *p < 0.05
versus control, #p < 0.05 versus control siRNA and S1P-cotreated cells, &p < 0.05 versus negative control inhibitor and S1P-cotreated cells, $p < 0.05 versus S1P-
treated cells. β-TrCP, β-transduction repeat-containing protein; DAPT, N-[N-(3, 5-difluorophenacetyl)-l-alanyl]-s-phenylglycinet-butyl ester; EdU, 50-ethynyl-20-
deoxyuridine; PASMCs, pulmonary artery smooth muscle cells; STAT3, signal transducers and activators of transcription 3; YAP, yes-associated protein.

Mechanism of S1P-induced PASMCs proliferation
breast cancers (38). Meanwhile, it has been shown that the
expression of YAP protein in primary cultured PASMCs
from patients with idiopathic PAH was significantly raised
(13). In addition, S1P has been identified to activate YAP by
inhibiting the Hippo pathway kinase Lats1/2 in HEK293A
cells (18). In this study, we demonstrated that S1P signifi-
cantly upregulated the protein level of YAP in PASMCs, and
YAP further mediated S1P-induced Notch3 expression and
activation and PASMCs proliferation. These results are
consistent with published studies; Manderfield et al. (15)
have shown that YAP promotes differentiation of neural
crest progenitors into smooth muscle cells during the
development of the arterial wall by activating Notch
signaling; Esteves de Lima et al. (17) have proved that the
enhancement of YAP expression can activate Notch
signaling in neighboring satellite cells, thereby preventing
their differentiation. Our results indicate that YAP is
8 J. Biol. Chem. (2021) 296 100599
required in S1P-triggered PASMCs hyperproliferation by
upregulation and activation of Notch3 signaling.

STAT3 is a transcription factor involved in many signaling
pathways of different cell types under a wide variety of con-
ditions (40, 41). STAT3 is mainly activated by phosphorylation
of the conserved Tyr705 residue, and activated STAT3 further
translocates to the nucleus to regulate the expression of
multiple genes (40, 42), such as Hif1α, LEMD1, and miR-135b
(22, 43). S1P has been found to play an essential role in
maintaining persistent activation of STAT3 in cancer cells (44,
45). In this study, we demonstrated that S1P significantly
promoted the phosphorylation of STAT3 in PASMCs, which
further mediated S1P-induced upregulation of miR-135b and
YAP, and the expression and activation of Notch3. Upregu-
lation of miR-135b has been detected in a variety of cancers
including breast cancer, non–small-cell lung cancer, prostate
cancer, and colon cancer (23, 24, 46–48). It has been reported



Figure 8. S1PR2 mediates S1P-induced changes of the STAT3/miR-135b/β-TrCP/YAP/Notch3 signal pathway and PASMCs proliferation. PASMCs
were previously treated with JTE013 (10-μM) or CAY10444 (10-μM) for 1 h and then stimulated with S1P, the phosphorylation level of STAT3 (A) and total
STAT3 protein level (A), protein levels of β-TrCP (C), YAP (D), Notch3 (E) and NICD3 (E) were examined using Western blotting; β-actin served as a loading
control (n = 4 each group); mRNA level of miRNA-135b (B) was detected using qRT-PCR; U6 served as a loading control (n = 3 each group); proliferation of
PASMCs (F) was evaluated by the EdU incorporation assay (the scale bar represents 200 μm, n = 3 each group). *p < 0.05 versus control, # p < 0.05 versus
S1P-treated cells. β-TrCP, β-transduction repeat-containing protein; EdU, 50-ethynyl-20-deoxyuridine; NICD3, intracellular domain of the Notch3; PASMCs,
pulmonary artery smooth muscle cells; qRT, quantitative real-time; S1P, sphingosine-1-phosphate; STAT3, signal transducers and activators of transcrip-
tion 3; YAP, yes-associated protein.
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that upregulation of miR-135b is far more robust in highly
invasive non–small-cell lung cancer cell lines than the less-
invasive cell lines, and a high level of miR-135b in lung can-
cer specimens is significantly correlated with decreased overall
survival (24). Meanwhile, Lin et al. (24) have shown that miR-
135b promotes the progression of non–small-cell lung cancer
by targeting multiple key components in the Hippo pathway,
including LZTS1, MOB1, and β-TrCP. Here, we demonstrated
that the STAT3/miR-135b pathway mediated S1P-induced
PASMCs hyperproliferation.

Recently, we have shown that the reduction of β-TrCP me-
diates PDGF-induced PASMCs hyperproliferation by increasing
the expression of cell division cycle 25 homologue A (26). As a
Skp1-Cullin-F-box ubiquitin ligase substrate recognition sub-
unit, β-TrCP is responsible for the ubiquitination of several
substrate proteins which are then targeted for proteasomal
degradation (27, 49). The β-TrCP exerts pivotal roles in
regulating various key cellular processes including cell prolifer-
ation, apoptosis, and differentiation (49). Many of the signaling
steps are coordinated by protein ubiquitination, including the
Hippo/YAP signal pathway (28).When the Hippo pathway is on,
activated LATS1/2 phosphorylates YAP, and then β-TrCP ligase
is recruited, leading to YAP ubiquitination and degradation
(28, 29). In this study,we showed that S1P reduced the expression
J. Biol. Chem. (2021) 296 100599 9
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of β-TrCP by STAT3/miR-135b pathway and increased YAP
expression, and knockdown of β-TrCP increased the YAP pro-
tein level and reduced ubiquitinated proteins including YAP,
while inhibition of ubiquitin proteasome increased the accu-
mulation of ubiquitinated YAP and other proteins. Together,
these results indicate that β-TrCP mediated YAP ubiquitinated
degradation in PASMCs, and it may be inferred that the down-
regulation of β-TrCP induced by S1P was responsible for
elevated YAP and PASMCs hyperproliferation.

S1P regulates cellular activities via five types of S1PRs in
mammalian cells, and S1PR2 and S1PR3 are the major types to
transduce cellular effects of S1P in most of cell types (19,
31–33). Chen et al. (33) have reported that S1P promotes
human PASMCs proliferation via S1PR2, and blocking S1PR2
with JTE013 prevents the development of PAH in hypoxia
mice. In this study, we demonstrated that S1PR2 was the
predominant receptor that mediated S1P-induced activation of
the STAT3/miR-135b/β-TrCP/YAP/Notch3 signal pathway
and proliferation of PASMCs.

In conclusion, as outlined in Figure 9, we have demon-
strated that S1P significantly induced PASMCs proliferation by
activating the S1PR2/STAT3/miR-135b/β-TrCP/YAP/Notch3
pathway. Our study suggests that targeting S1P/S1PR2/
STAT3/miR-135b/β-TrCP/YAP/Notch3 might have potential
value in ameliorating PASMCs hyperproliferation and benefit
PAH.

Experimental procedures

Cell preparation and culture

Primary cultured PASMCs were obtained from Sprague-
Dawley male rats that weighed from 70 to 80 g by the
method reported previously (8, 50). All animal care and ex-
periments were performed in accordance with the Guide for
Figure 9. The molecular mechanisms of S1P-induced rat PASMCs prolifer-
ation. S1P promotes the activation of STAT3 through S1PR2 and subsequently
upregulates the expressionofmiR-135b,which further reduces the expressionof
β-TrCP and leads to a reduction in YAP ubiquitinated degradation. The accu-
mulation of YAP further increases the expression and activation of Notch3 and
ultimately promotes the proliferation of PASMCs. β-TrCP, β-transduction repeat-
containing protein; NICD3, intracellular domain of the Notch3; PASMCs, pul-
monary artery smoothmuscle cells; S1P, sphingosine-1-phosphate; STAT3, signal
transducers and activators of transcription 3; YAP, yes-associated protein.
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the Care and Use of Laboratory Animals of Xi’an Jiaotong
University Animal Experiment Center. All protocols used in
this research were approved by the Laboratory Animal Care
Committee of Xi’an Jiaotong University. Briefly, pulmonary
arteries were rapidly isolated from killed rats and washed in
PBS (4 �C). The adventitia was carefully stripped off with fine
forceps, and the endothelium was carefully removed by
scratching the intima surface with elbow tweezers. The
remaining smooth muscle layer was cut into 1 mm3 pieces and
placed into a culture flask with Dulbecco’s modified Eagle
medium (DMEM; Gibco) with 10% fetal bovine serum (Gemini
Bio-Products), 100 U/ml penicillin, and 100 μg/ml strepto-
mycin and incubated at 37 �C in a humidified 5% CO2 incu-
bator until the cells reached 80% confluence. Then, cells were
passaged using 0.25% trypsin (Beyotime Biotechnology). Cells
between passages two and six were used for further experi-
ments. The purity of rat PASMCs was determined by immu-
nostaining with α-smooth muscle actin (Boster Biological
technology) as described previously (8, 51). Fluorescence mi-
croscope images showed that the cells contained more than
90% of PASMCs. Before each experiment, cells were serum-
starved (1% fetal bovine serum in DMEM) overnight to
minimize serum-induced effects. S1P (Cayman Chemical) was
used to stimulate PASMCs. N-[N-(3, 5-difluorophenacetyl)-l-
alanyl]-s-phenylglycinet-butyl ester (Santa Cruz Biotech-
nology), a γ-secretase inhibitor, was used to block the Notch
pathway (8, 11). JTE013 (a selective S1PR2 antagonist) (31) and
CAY10444 (a selective S1PR3 antagonist) (19) were purchased
from Cayman Chemical.

Oligonucleotide synthesis and transfection

The STAT3 siRNA, miR-135b inhibitor, β-TrCP siRNA, YAP
siRNA, and NC oligonucleotides were synthesized by Gene-
Pharma. The sequences are as follows: STAT3 siRNA, sense 50-
CCCGCCAACAAAUUAAGAATT-30, anti-sense 50-UUCUUA
AUUUGUUGGCGGGTT-30; miR-135b inhibitor, 50-UCACAU
AGGAAUGAAAAGCCAUA-30; β-TrCP siRNA, sense 50-GCA
CAUCAACUCCUAUCUATT-30, anti-sense 50-UAGAUAG-
GAGUUGAUGUGCTT-30; YAP siRNA, sense 50-CUGCCAC-
CAAGCUAGAUAATT-30, anti-sense 50-UUAUCUAGCUU
GGUGGCAGTT-30; NC siRNA, sense 50-UUCUCCGAACGU-
GUCACGUTT-30, anti-sense 50-ACGUGACACGUUCGGAG
AATT-30; miRNA inhibitor NC, 50-CAGUACUUUUGUGUA-
GUACAA-30. Lipofectamine 2000 reagent (Invitrogen) was used
for transfection according to the manufacturer’s protocols.
Western blotting was used to analyze the effect of siRNA trans-
fection, and qRT-PCR was used to analyze the effect of miRNA
inhibitor transfection.
Western blotting

Cells were washed twice with ice-cold PBS and then lysed in
RIPA lysis buffer (Hat Biotechnology). Lysates were centri-
fuged at 15,000 rpm at 4 �C for 15 min, and the supernatants
were collected as sample proteins. Proteins were separated on
8 to 12% SDS-PAGE gel and transferred onto polyvinylidene
fluoride membranes (Millipore). After blocking for 1 h at room
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temperature (RT) with 5% nonfat milk, the membranes were
incubated overnight at 4 �C with primary antibodies against p-
STAT3 (Tyr705, 1:800 dilution; Cell Signaling Technology), t-
STAT3 (1:1000 dilution; Cell Signaling Technology), β-TrCP
(1:500 dilution; ABclonal), YAP (1:1000 dilution; Proteintech),
Notch3 and NICD3 (1:500 dilution; Abcam), and β-actin
(1:1000 dilution; Santa Cruz Biotechnology). Horseradish
peroxidase–conjugated goat anti-rabbit (1:5000 dilution;
Sigma Aldrich) or goat anti-mouse (1:5000 dilution; Santa
Cruz Biotechnology) was used as the secondary antibody.
Immunoreactive bands were visualized using the enhanced
chemiluminescence kit (Millipore). Images were digitally
captured using a ChemiDoc XRS System (Bio-Rad). The band
densities were quantified using Quantity One software (Bio-
Rad).

qRT-PCR

Total RNA including the miRNA fraction was extracted from
PASMCs using TRIzol Reagent (Invitrogen) following the
manufacturer’s instructions. Isolated RNA was polyadenylated
using the PrimeScript RT reagent Kit (Perfect Real Time;
TaKaRa). The synthesized cDNAwas used to perform qRT-PCR
on StepOnePlus Real-Time PCR System (Thermo Fisher Scien-
tific) using TB Green Premix Ex Taq II (Tli RNaseH Plus,
TaKaRa). Primers specific for miR-135b, U6 small nuclear RNA,
β-TrCP, and β-actin were purchased from Dingguo Biotech-
nology; the following primer sets were used: miR-135b, RT
primer: 50-GTCGTATCCAGTGCGTGTCGTGGAGTCGG-
CAATTGCACTGGATACGACTCACATA-30, forward: 50-
GCGTATGGCTTTTCATTCCTA-30, reverse: 50-CAGTGCG
TGTCGTGGAGT-30; U6, RT primer: 50-CCTGCTTCGGC
AGCACAT-30, forward: 50-CCTGCTTCGGCAGCACAT-30,
reverse: 50-AAATATGGAACGCTTCACG-30; β-TrCP, for-
ward: 50-TGCCCAAGCAGCGGAAAC-30, reverse: 50-CAG-
CATAGGCTTTAGATAGGAG-30; β-actin, forward: 50-TTA
CTGCCCTGGCTCCTAG-30, reverse: 50-CGTACTCCTGC
TTGCTGATC-30. The fold increase relative to the control
samples was determined by the 2−ΔΔCt method. U6 served as an
internal control for miR-135b; β-actin was used as an internal
control for β-TrCP. Amplification was performed at 95 �C for
30 s, followed by 40 cycles of 95 �C for 5 s, 60 �C for 30 s, and 72
�C for 30 s.

EdU incorporation assay

To determine PASMCs proliferation, the rate of EdU
incorporation was examined using the EdU Cell Proliferation
Kit (Beyotime Biotechnology) following the established
protocol. PASMCs were planted into 24-well plates with a
density of 2.5 × 104 cells/well and allowing to adhere for at
least 24 h. After serum starved overnight and different
treatments, EdU was added to the wells and incubated for 2 h
at 37 �C. Cells were then washed with 3% BSA three times
and fixed with 4% paraformaldehyde for 10 min. After
washing with 3% BSA three times again, cells were per-
meabilized with 0.3% Triton X-100 for 15 min at RT. Cells
were then incubated with EdU staining cocktail (Click
Reaction Buffer, CuSO4, Azide 488, Click Additive Solution)
kept from lights at RT for 30 min. After washing with 3%
BSA three times, samples were then counterstained with
Hoechst 33342 and kept from lights at RT for 10 min. Images
were acquired by using a fluorescence microscope. Cells
stained both green (EdU-positive) and blue (nuclei) were
considered proliferated cells.

Cell viability

Cell viability was measured using 3-(4,5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide assay. Briefly, PASMCs
were planted into 96-well plates at 5 × 103 cells/well and allowed
to adhere for at least 24 h. After serum starved overnight and
different treatments, 20-μl 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (5 mg/ml, PBS as a vehicle;
GenView) was added into each well and incubated with cells at
37 �C for another 4 h. Then, 150-μl dimethyl sulfoxide was
added to dissolve the formazan crystals. Finally, the microplate
reader (Thermo) was used tomeasure the absorbance at 490 nm
to quantify the reaction product.

Statistical analysis

Statistical analysis was performed using the SPSS 22.0
software. All data were shown as the mean ± SD and analyzed
using one-way ANOVA with Tukey’s post hoc test. p < 0.05
was considered to represent a significant difference between
groups.

Data availability

All data are contained within the article.
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