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P53 Promotes Retinoid Acid-induced Smooth Muscle Cell
Differentiation by Targeting Myocardin
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TP53 is a widely studied tumor suppressor gene that controls various cellular functions, including cell dif-
ferentiation. However, little is known about its functional roles in smooth muscle cells (SMCs) differentiation
from embryonic stem cells (ESCs). SMC differentiation is at the heart of our understanding of vascular
development, normal blood pressure homeostasis, and the pathogenesis of vascular diseases such as athero-
sclerosis, hypertension, restenosis, as well as aneurysm. Using retinoid acid (RA)-induced SMC differentiation
models, we observed that p5S3 expression is increased during in vitro differentiation of mouse ESCs into SMCs.
Meanwhile, suppression of p53 by shRNA reduced RA-induced SMC differentiation. Mechanistically, we have
identified for the first time that Myocardin, a transcription factor that induces muscle cell differentiation and
muscle-specific gene expression, is the direct target of pS3 by bioinformatic analysis, luciferase reporter assay,
and chromatin immunoprecipitation approaches. Moreover, in vivo SMC-selective p53 transgenic over-
expression inhibited injury-induced neointimal formation. Taken together, our data demonstrate that p5S3 and its
target gene, Myocardin, play regulatory roles in SMC differentiation. This study may lead to the identification
of novel target molecules that may, in turn, lead to novel drug discoveries for the treatment of vascular diseases.
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Introduction

THE 2017 AMERICAN HEART ASSOCIATION (AHA) statis-
tical report shows that cardiovascular and cerebrovascular
diseases have become the leading cause of death globally
(representing 31% of all global deaths), an estimated 17.3
million deaths per year in 2013 [1]. Vascular smooth muscle
cells (VSMCs) are the main cell components that constitute the
vascular wall tissue and maintain the vascular tension [2].
Vascular SMC differentiation plays an essential role during
vascular development. When dysregulated, altered SMC dif-
ferentiation contributes to multiple cardiovascular diseases
such as atherosclerosis, restenosis, aneurysm, and hypertension
[3]. Therefore, the differentiation and functional researches of
SMCs are the basis for the cardiovascular disease study.

P53 is a transcription factor that is widely expressed in
embryos and tumor tissues [4]. It functions through binding
to DNA-specific sites to activate transcription of target
genes such as p21, Bax, Tspl, and Mdm?2 [5,6]. Activation of
pS3 further induces cell growth arrest, apoptosis, DNA re-
pair, and cell differentiation [7]. As a tumor suppressor, p53
plays an important role in the regulation of tumor cell
proliferation and apoptosis [8]. Recently, accumulating
studies have confirmed that p53 is also involved in the

process of cell differentiation. Lin et al. reported that p53
promotes mouse embryonic stem cell (ESC) differentiation
by inhibiting Nanog expression through direct binding to the
Nanog promoter [9]. In addition, knocking out of p53 in
stem cells or in transgenic mouse was reported to further
affect the differentiation of mesoderm [10], neural progen-
itor cells [11,12], and mesenchymal stem cells [13].

Other transcription factors such as GKLF [14] and cAMP
[15] were reported to inhibit the proliferation of SMCs
through activating p53. In ApoE knockout mice, endoge-
nous p53 inhibits the apoptosis of vascular SMCs and slows
the symptoms of atherosclerosis [16]. Nevertheless, whether
pS3 could directly work on the differentiation of SMCs re-
mains unknown. In this study, by using an in vitro ESC/
SMC differentiation model [17], we found that the expres-
sion and activation of p53 were significantly increased
during RA-induced ESC/SMC differentiation, accompanied
by a large number of cell apoptosis. Knocking down the
expression of p53 by shRNA led to a significant reduction of
RA-induced ESC/SMC differentiation. In addition, SMC-
selective p53 overexpression in transgenic mouse facilitated
the switch of vascular SMC phenotypic characteristics from
a migratory synthetic phenotype to a quiescent, contractile
phenotype, which may restrain injury-induced neointimal
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formation. Further mechanistic studies by using chromatin
immunoprecipitation (ChIP), PCR, and luciferase assay
confirmed that p53 was involved in SMC differentiation by
binding directly to the promoter of Myocardin and regu-
lating Myocardin expression.

Experimental Procedures
SMC in vitro differentiation system

The mouse ESC (mESC) line D3 (ATCC) was cultured on
mitomycin-C-treated mouse embryonic fibroblasts (MEFs) in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) sup-
plemented with 15% fetal bovine serum (FBS; Gibco), 2 mM
L-glutamine (Gibco), 0.1 mM f-mercaptoethanol (Sigma),
1% nonessential amino acids (NEAA; Gibco), and 1,000 U/
mL leukemia inhibitory factor (LIF, Chemicon). RA-induced
SMC differentiation was applied as previously described
[18]. Briefly, the mESCs and feeder cells were dissociated
into a single cell and then adhered to the 0.5% gelatin-coated
10-cm dish for 1h to separate the mESCs from the feeder,
and mESCs were resuspended and plated on 0.1% gelatin-
coated six-well plates at a density of 2x 10%cm?. Cells were
then incubated at 37°C with 5% CO, in a differentiation
medium. The differentiation medium consisted of DMEM
supplemented with 10% fetal calf serum, 1 mM L-glutamine,
0. mM nonessential amino acids, penicillin/streptomycin
(Invitrogen), 0.1 mM B-mercaptoethanol, and 10 uM RA ad-
ded (Sigma). The cells were cultured for 8-10 days with a
daily change of fresh differentiation medium.

A404 cells were induced to differentiate into SMCs following
the previous procedure, with minor modification [19]. Briefly,
after an 8-h 0.5 uM doxorubicin treatment, A404 cells were
treated with 1 uM RA for 4 days. On day 2, cells were lifted,
plated in two 10-cm dishes, and incubated under the presence of
0.5 pg/mL puromycin (Clontech) for another 2 days.

Lentiviral constructs and p53 knockdown ESCs

Lentiviruses encoding p53 shRNA (#sc-29436-V) or
control shRNA (#sc-108080) were purchased from Santa
Cruz Biotechnology. D3 ESCs were infected with control
shRNA lentivirus or p53 shRNA lentivirus for 24 h. The cell
clones stably ex ressin§ p53 (MESCP?¥*"RNAY and control
shRNA (mESCT"™"RN2) wwere selected for 5 days by pu-
romycin. Western blot analysis was used to determine the
expression levels of p53 in these cells.

RNA extraction and gene expression analysis
by quantitative real-time PCR

Total RNA from cultured D3 ESCs was extracted and pu-
rified by using the RNeasy mini kit (Qiagen) following the
manufacturer’s instructions. cDNA was synthesized from 1 pg
of total RNA with Superscript III first-strand synthesis system
(Invitrogen). For quantitative real-time PCR (qQRT-PCR) anal-
ysis, amplification reaction was performed using SYBR Green
master mix (Bio-Rad) in Bio-Rad MyIQ PCR machine by
following the manufacturer’s protocol. The melting curve of
each sample was measured to ensure the specificity of the
products, and samples with an unexpected melting curve were
excluded from further analysis. The following primer pairs
designed by primer analysis software Oligo V7 were used for
gRT-PCR: Myocardin, 5'-gtgggcccageattttcaac-3” (forward)
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and 5'-tttccggtatcgtgctttecte-3” (reverse); SM a-actin, 5-ggcat
ccacgaaaccacctat-3” (forward) and 5’-agccaccgatccagacagagta-
3’ (reverse); SMMHC, 5’-atgctgggaaggtggactacaa-3" (forward)
and 5’-gtgcggaacatgececttttt-3” (reverse); p21, 5’-cgagaacggtgga
actttgac-3" (forward) and 5'-ccagggctcaggtagacctt-3” (reverse);
Mdm2, 5-ggatcttgacgatggcgtaag-3” (forward) and 5-aggetgt
aatcttccgagtcec-3” (reverse); Bax, 5'-ccggcgaattggagatgaact-3
(forward) and 5’-ccagcccatgatggttctgat-3” (reverse); p53, 5'-ccc
ctgteatcttttgtcect-3” (forward) and 5'-agctggcagaatagcettattgag-3’
(reverse); and 18S, 5'-ggaagggcaccaccaggagt-3” (forward) and
5’-tgcagccecggacatctaag-3” (reverse). Relative gene expres-
sion was calculated using the 272ACT method. All qRT-
PCR experiments were performed in triplicate, and 18S RNA
was served as an internal standard.

Western blot analysis

Total proteins were extracted using the M-PER mamma-
lian protein extraction reagent (Pierce) supplemented with a
protease inhibitor cocktail (Roche Diagnostics) and sepa-
rated by SDS-PAGE. The resolved proteins were transferred
to PVDF membranes (Millipore). Antibodies against p53
(Santa Cruz; 1:1,000), SM a-actin (Millipore; 1:3,000), SM
myosin heavy chain (SMMHC; Abcam; 1:2,000), Myocardin
(Abcam; 1:500), and B-tubulin (Abcam; 1:10,000) were used
for testing individual protein expression. Protein detection
was achieved with the enhanced chemiluminescence system
(Amersham Biosciences).

ChIP PCR assay

P53 ChIP samples were prepared from differentiating ESCs,
and ChIP DNA quality was verified. RA-treated or control cells
were fixed sequentially with 1% formaldehyde in PBS and then
lysed, sonicated, and immunoprecipitated as described previ-
ously [18] using material from 5x 107 cells per sample. All
antibodies used had been previously tested for ChIP and vali-
dated for their specificity. Biological replicates are defined as
p53 ChIP DNA prepared from distinct cell cultures grown,
harvested, and processed on separate days. Sonicated chromatin
was immunoprecipitated with mouse monoclonal anti-p53 an-
tibodies. The primers used to amplify the area containing the
predicted p53-binding site I were 5’-gcgcgttctggagatgtace-3”
(forward) and 5"-aacagccggctcttaactctt-3” (reverse), resulting in a
227-bp fragment (P1). The primers used to amplify the
area containing the predicted p53-binding site II were 5-
gaattcctggtectectgec-3(forward) and  5-actaatggagcccacatgea
-3(reverse), resulting in a 180-bp fragment (P2). Amplification
was carried out using the following conditions: one cycle at 95°C
for 2 min, followed by 37 cycles at 95°C for 30, 55°C for 30s,
and 72°C for 30s and one final incubation at 72°C for 5 min.

Immunocytochemistry and apoptosis assay

For immunocytochemistry, cells were fixed in 4% para-
formaldehyde (PFA) in PBS and blocked in 0.3% Triton X-
100 and 2% BSA in PBS for 1h at room temperature. The
cells were washed three times in PBST (0.1% Triton X-100/
PBS), blocked in 5% BSA for 30 min, and incubated with the
anti-SM a-actin antibody (Millipore; 1:200) at 4°C over-
night. Rhodamine-conjugated secondary antibodies (Mil-
lipore; 1:200) were used for antibody localization, and the
nucleus was counterstained with Hoechst 33258 or DAPI
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(Abcam). The cells were washed three times with ice-cold
PBS for 5 min each.

For DNA ladder assay, fragmented and intact DNA fractions
were extracted from cultured cells by using the apoptotic
DNA Ladder Detection kit (Abcam) according to the manu-
facturer’s instructions. DNA ladder assay using 1.5% gel elec-
trophoresis showed DNA fragmentation in the treated cells.

Fluorescence-activated cell sorting analysis

Fluorescence-activated cell sorting analysis (FACS) was
performed following a previous report [18]. Briefly, cell pel-
lets were fixed, permeabilized using a BD Biosciences Cyto-
fix/Cytoperm™ kit, and incubated overnight with the anti-SM
a-actin antibody (Millipore). Mouse IgG2a served as isotypic
control (DakoCytomation). Rhodamine-conjugated IgG anti-
body was used as the secondary antibody (Millipore). Finally,
fluorescence was analyzed using the FACSCalibur™ system
(BD Biosciences) following the manufacturer’s instructions.

Construction of reporter plasmids
and luciferase reporter assays

The pcDNA3 p53 WT (p53) and pcDNA3 p53 S15A (p53-
Mut) plasmids were gifts from David Meek (Addgene plas-
mids #69003 and #69004) [20]. To generate the Myocardin
luciferase reporter plasmid, a 2,115bp fragment (-1,865 to
250bp) containing the p53 putative binding site was ampli-
fied from C57/B6L mouse genomic DNA and then cloned
into Kpnl and HindIII sites of the pGL4.10 [Luc2] vector
(Promega). The following primers were used for cloning the
Myocardin promoter: 5'-cttttctctggagtcgecce-3” (forward) and
5’-gctttccaccagaaactgge-3” (reverse). For the construction of
the mut-Myocardin luciferase plasmid, the pS3 binding site I
was mutated from the Myocardin-luciferase construct using
the QuikChange XL mutagenesis kit (Stratagene) following
the manufacturer’s instructions. Primers used were as follows,
resulting in the mutation of the putative pS3-binding element
(capitalized is the partial mutated region from the predicted
Myocardin promoter): 5’-gtaagctggggacaccagggaTCGCcac
acctaggacaagcagata-3” (forward) and 5'-tatctgcttgtectaggtgtg
GCGAtccctggtgtecccagettac-3” (reverse). The final sequences
of all constructed plasmids were confirmed by DNA sequenc-
ing. Relative plasmids were transfected into HEK 293 cells
using Lipofectamine 2000 (Invitrogen) for 4 hrs. Luciferase
activity was measured 48 hrs after transfection using the Dual-
Luciferase assay kit (Promega) with an EnSpire Multimode
Plate Reader (PerkinElmer). Individual luciferase activity was
normalized to the responding TK promoter Renilla luciferase
activity.

Animals and wire injury of the femoral artery

For transgenic mouse construction, SM myosin heavy chain
(SMMHC)-p53 plasmid was constructed and then micro-
injected into mouse-fertilized eggs. These eggs were trans-
planted into the oviduct of pseudopregnant mice. Transgenic
mice were identified by PCR and Southern blot. In vivo studies
were performed using male SMMHC-p53 transgenic mice and
wild-type (WT) mice that were 18-25 weeks of age and
weighed 25-30 g. All operational procedures were approved by
the Hangzhou Normal University Animal Care and Use Com-
mittee. Mouse femoral injury model was done as described by
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Sata et al. [21]. Briefly, mice were anesthetized by isoflurane
inhalation, and surgery was carried out using a Leica dissecting
microscope on a heated surgical pad. The femoral artery was
exposed and a 0.36 mm straight spring wire was readily inserted
into the femoral artery via a muscular branch artery. The wire
was left in the femoral artery for 1 min, and after it was removed,
the muscular branch artery was ligated to restore the blood flow
in the injured femoral artery. After 2 weeks, mice were eutha-
nized by inhalation of anesthesia and quickly perfused with
PBS solution. Femoral arteries were removed, fixed overnight
in 4% PBS-buffered formalin, and embedded in paraffin.

Statistics

All experiments were performed in triplicate. Data were
analyzed by SPSS12.0 and expressed as mean*SD. Statis-
tical comparisons between the two groups were made using
an unpaired Student’s ¢ test, and probability values (P) <
0.05 were considered significant.

Results

P53 is upregulated during SMC differentiation
from mouse ESCs

Previously, we have established an RA-induced in vitro dif-
ferentiation model of SMCs from ESCs [17,18], illustrated in
Fig. 1A. In the present study, we observed a large number of
apoptotic cells in 10 uM RA-treated ESCs by Hoechst 33258
staining and apoptotic DNA ladder assay. During the process of
SMC differentiation, RA-treated cells showed considerably
condensed chromatin by Hoechst 33258 staining (Fig. 1B).
These dense fragments are known as apoptotic bodies, which
indicate an early apoptotic event. Meanwhile, DNA fragments
that are roughly 180-200 bp intervals, which are a key feature of
apoptosis, can only be observed in RA-treated cells (Fig. 1C).

Furthermore, as the key regulator of cell apoptosis, p53
accumulates and transactivates downstream target genes such
as Mdm?2 (responsible for the feedback degradation circuitry of
pS3), p21 (responsible for cell cycle control), and Bax (re-
sponsible for mitochondrial membrane remodeling) in re-
sponse to stress [22]. Here we found the protein levels of p53
were gradually elevated in the RA-treated group during ESC/
SMC differentiation by western blot analysis (Fig. 1D). P53-
targeted genes p21, Mdm?2, and Bax were found to be upre-
gulated at the mRNA level at day 3 after RA treatment
compared to DMSO-treated groups (Fig. 1E). Our results
demonstrated that both expression and transcriptional activ-
ity of endogenous p53 were consistently increased during
RA-induced ESC/SMC differentiation.

Suppression of p53 inhibits RA-induced
ESC/SMC differentiation

Previous studies demonstrated that p53 regulates various
cellular processes, including cell differentiation in vitro
and in vivo [23]. To uncover the roles of p53 in SMC
differentiation, we establish an mESC line with stably p53
gene silencing by lentivirus-mediated shRNA interference.
Western blot analysis showed that p53 protein expression
was significantly inhibited in the mESC™P>* group com-
pared with the mESC" group at day 4 post-RA treatment
(Fig. 2A). At day 9, immunofluorescence staining images
indicated that the number of smooth muscle-like cells was
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remarkable declined after knocking down p53 protein
(Fig. 2B). Correspondingly, the expression of SM a-actin
and SM-MHC, the two key SMC markers, was decreased at
both mRNA and protein levels in the mESC*"P>* group
(Fig. 2C, D). Furthermore, FACS analysis revealed that the
proportion of SM a-actin-positive cells was considerably
reduced from 90.7% to 71.1% at day 10 post-RA treatment
(Fig. 2E). All indicated that knocking down of p53 impairs
RA-induced ESC/SMC differentiation.

P53 activates myocardin expression by binding
directly to myocardin promoter

To better understand the molecular mechanism of p53 reg-
ulatory role during ESC/SMC differentiation, we performed a
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bioinformatic analysis for the p53-targeted genes in the Gen-
omatix database (www.genomatix.de/). There are two pre-
dicted sites for pS3 binding in the upstream area of Myocardin
promoter: located in site I (-=311bp to —301bp) and site II
(-3,298 bp to —3,288 bp), respectively (Fig. 3A). In addition,
rVista database analysis (rVista 2.0, https://rvista.dcode.org/)
reveals that gene sequence near p53 binding site I is evolu-
tionarily conserved among vertebrate species such as rat and
human. Myocardin as a transcriptional coactivator of cardio-
myocyte and SMC can promote SMC differentiation by acti-
vating specific SMC genes, implying that p53 may act to
transactivate Myocardin during SMC differentiation. We ob-
served siélgliﬁcantly reduced Myocardin expression in the
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10 um RA treatment for 6 days (Fig. 2B, C). To further validate

TSS

1000'

2000’ 3000’ 4000’
predicted p53 binding site |

GGACATGCAC

Mutant %

*kk

(9]

2.0+

TCGC

*kk B3 Veclor

1d 3d
DMSO RA DMSO RA

Myocd

P1
Input

Relative Luc Activity

Myocd
P2

Input

S
%‘oo

L] E= p53
E3 p53-Mut FIG. 3. P53 activates Myo-
cardin transcription by binding
to the promoter directly. (A)
Bioinformatic  analysis re-
vealed two predicted binding
sites of p53 on Myocardin
promoter. (B) ChIP-qPCR
demonstrated that p53 binds to
the Myocardin promoter at P1
during RA-induced ESC/SMC
differentiation. (C) The effects
of p53 and p53-Mut acting on
Myocardin  promoter were
further measured by luciferase
reporter assay. ***P<0.05.
(D) gRT-PCR revealed that
the upregulation of Myocardin

P & @
N ° obs!‘

) &

p53

15-
- RA

-+ DMSO

*k*

10 4

* k% * k%

Relative Expression Folds
Relative Expression Folds

level was synchronized with
the increasing of p53 expres-
sion. ***P <(0.05.

p53

Myocd
*k%k

= RA

Time of induction (day)

Time of induction (day)



540

our hypotheses, we perform ChIP-PCR with extracts prepared
from differentiating ESC at day 1 and 3 post-RA treatment.
Figure 3B shows that p53 and its associated DNA were
immunoprecipitated by using anti-pS3 antibody in RA-
treated ESC. Crosslinks were reversed, and the success of
each immunoprecipitation was examined by PCR analysis
using primers for two predicted p53-binding sites in Myo-
cardin promoter. The results indicated that p53 could only
bind to the predicted site I of Myocardin promoter. Fur-
thermore, we cloned an ~2.1kb fragment of the Myocardin
promoter sequence containing either normal or a mutant p53
binding site I (CATG to TCGC) into the pGL4 luciferase
reporter vectors. Cotransfections of p53 expression vector
with the Myocardin reporter to RA-induced SMC resulted in
the enhancement of luciferase activity when compared with
the control vector, while the mutant Myocardin reporter was
not affected by overexpression of p53 (Fig. 3C). We also
noted that overexpression of p53 mutant (p53 S15A, p53 in
which Serl5 substituted by alanine fails to mediate p53-
dependent transcription or growth arrest) [20] does not
change the luciferase activity of normal and mutant Myo-
cardin reporter, which indicated that Myocardin is the direct
target of the p53 protein. Moreover, we observed that the
upregulation of Myocardin levels was synchronized with the

FIG. 4. Increased p53 expression pro-
motes A404 differentiation into SMC. (A)
After an 8-h doxorubicin treatment, the in-
creased expression of p53 was measured by
western blotting. The expressions of SMC C
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increasing of p53 expression by qRT-PCR (Fig. 3D), which
further confirmed our results.

Upregulating p53 promotes A404 cell
differentiation into SMC

A404 is a mouse embryonic carcinoma cell (P19)-derived
cell line, commonly used for SMC differentiation studies
[19]. We further used this in vitro model to verify the role of
pS3 in SMC differentiation. During the RA-induced SMC
differentiation, treatment with 0.5 pM doxorubicin upregu-
lates p53 expression by doxorubicin-induced DNA damage
repair [9]. As shown in Fig. 4A, the protein level of p53 was
significantly increased in A404 cells after an 8-h doxoru-
bicin treatment. At the same time, elevated expression of
SMC differentiation markers SM a-actin and SMMHC was
also observed at both mRNA (Fig. 4B) and protein levels
(Fig. 4C). Interestingly, doxorubicin treatment also increased
Myocardin mRNA level compared to vehicle-treated A404
cells (Fig. 4B), consistent with the results from the ESC/
SMC differentiation model. As summarized in Fig. 4D, high
concentration of RA activates p53, which then binds to the
Myocardin promoter and enhances Myocardin expression,
and consequently modulates SMC differentiation.

markers in RA-induced A404/SMC differ-
entiation were detected by (B) qPCR and
(C) western blotting. The right panel (C)
shows quantitative analysis of SMC-specific
markers from western blotting. ***P <0.05.
(D) A schematic diagram exhibits RA-p53-
Myocardin-mediated differentiation of mESCs
into SMCs.
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Transgenic overexpression of SMMHC-p53 in vivo
inhibits injury-induced neointimal formation

To determine the function of p53 in SMC differentia-
tion in vivo, we generated transgenic mice in a C57BL/6J
background with SMC-selective overexpression of p53. The
transgenic construct contains the SMMHC genomic region
(containing the first intron) from —4.2 to +11.6kb, the
1,173 bp full-length cDNA sequence, and the ployA element
(Fig. 5A). There was no distinct effect on normal develop-
ment and reproduction of the mice by over-expressing p53
in mature SMCs. RT-PCR analysis of different smooth
muscle tissues from the third generation of transgenic mice
showed that p53 was found overexpressed in five different
smooth muscle tissues of SMMHC-p53 mice compared with
WT mice (Fig. 5B). Ten-week-old WT mice and SMMHC-
pS53 transgenic mice were subjected to wire-mediated vas-
cular injury. After 14 days, van Gieson staining showed that
neointimal thickness and relative intima/medial ratio were
remarkable lower in SMMHC-p53 transgenic mice than WT
mice, indicating that SMC-selective overexpression of p53
significantly inhibits the formation of neointimal membrane
during vascular injury in vivo (Fig. 5C).

Discussion

SMC differentiation plays essential roles during vascular
development and in regulating normal blood pressure ho-
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meostasis. Abnormal proliferation of SMC is key to the
pathogenesis of vascular diseases such as atherosclerosis,
hypertension, restenosis, as well as aneurysm. However, the
progress in understanding the mechanisms of SMC differ-
entiation was hindered, given SMCs have different embry-
ological origins and can undergo phenotypic modulation in
cell culture. A number of in vitro models have been de-
veloped for studying SMC differentiation, and thus, careful
consideration should be taken so that the model chosen fits
the questions being raised [24]. For example, SMC lines
derived from adult tissue such as PAC1 cells (a pulmonary
artery-derived SMC line) are not suitable for the study of
SMC development [25]. In our present study, we used the
RA-induced ESC/SMC differentiation system (Fig. 1A),
with which each stage of early SMC development is reca-
pitulated in the process of ESC/SMC differentiation. In
brief, ESCs are separated from the MEF feeder layers and
cultured in monolayer in the presence of RA (10~ M)
leading to SMC differentiation with 90.7% efficiency for
SM a-actin expression. Morphological change into SMC-
like phenotype is accompanied by elevated expression of
SMC marker genes such as Myocardin, SM o-actin, and
SMMHC. 1t is also accompanied by the appearance of
functional SMC properties, including contraction in re-
sponse to the muscarinic agonist carbachol, autonomous
SM-like contraction frequency after prolonged culture, and
functional calcium responses to the vasoconstrictors caf-
feine, endothelin, and the depolarizing agent KCI [17,26].
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FIG. 5. SMC-selective p53 trans-
genic overexpression inhibits injury-
induced neointimal formation in vivo.
(A) A schematic diagram of the
SMMHC-p53 transgenic expression
cassette. The pS3 cDNA was cloned
into the expression vector, which
carries SMMHC promoter and the

Relative Intima/Media Ratio

BGH polyadenylate DNA fragments.
(B) P53 was overexpressed in SMC
tissues of transgenic mice. (C) Rep-
resentative photomicrographs from
elastica-van Gieson-stained sections.
Images showed the neointimal de-
velopment of mouse arteries with
14 days after wire-mediated injury in
wild-type or SMMHC-p53 mice
(left). Relative intima/medial ratios
were calculated by measuring area of
each vascular layer and lumen (n=06,
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.com/scd
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Cellular differentiation is often executed concomitantly
with cell cycle arrest and the acquisition of a specialized
lineage type by a highly coordinated set of events. On the
contrary, the halted differentiation and enhanced prolifera-
tion are considered to be contributing to cell transformation
and tumor formation [23]. Fittingly, the key tumor sup-
pressor p53 is also a general regulator that controls cell
differentiation [27]. Several studies have supported this
concept, for example, in situ hybridization studies of
mouse embryos revealed high p53 mRNA levels in all
tissues until midgestation [28]. While in pS53-deficient
Xenopus laevis embryos, halted mesodermal differentia-
tion and severe gastrulation defects were observed [29]. In
addition, inhibiting p53 expression in Salamander resulted
in the inhibition of limb regeneration [30]. In our study of
SMC differentiation, we also found elevated expression of
p53 and its targeting genes, initiating cell apoptosis rather
than cellular senescence following differentiation induc-
tion (typical features of apoptosis can be observed in RA-
treated ESCs, shown in Fig. 1B, C). Knockdown of p53 in
the ESC/SMC differentiation system resulted in attenuated
expression of SMC markers, including SM-MHC, SM o-
actin, and Myocardin. These results are in line with pre-
viously published data, which indicated that knocking out
of p53 in ESC impaired SMC and adipocyte formation
[31]. It was reported in another study that resveratrol in-
duced p53 expression, whereas suppressed Myocardin-
mediated differentiation in adult SMC line [32]. These
studies suggest that p53 may exert either a positive or a
negative effect depending on the specific cell type and the
specific differentiation stage.

Myocardin, a cotranscriptional activator of serum response
factor (SRF), stimulates the expression of SMC genes, in-
cluding SM o-actin, SMMHC, calponin, SM22, h-caldesmon,
and SM myosin light chain kinase (MLCK) [33,34]. Trans-
forming growth factor-betal-induced transcript 1 (TGFB111),
a novel biomarker of the SM contractile phenotype, is also
regulated by Myocardin/SRF [35]. Due to its central role in
SMC generation, whether p53 functions through Myocardin in
SMC differentiation is worth further study. Through bioin-
formatic analysis we identified two binding sites of p53 in
the upstream area of Myocardin promoter, implying that p53
may affect SMC differentiation by directly acting on Myo-
cardin. In support of this hypothesis, we performed ChIP-PCR
assay and luciferase reporter assay, and confirmed that about
2kb fragment (—1,865 to 250 bp) of the Myocardin promoter
is the p53 working site. Taken together, we confirmed that a
high concentration of RA stimulates the differentiation of
ESCs in the expression of p53, after which p53 binds directly
to the Myocardin promoter to promote its transcription,
thereby inducing the expression of SMC genes.

In addition to p53 as a regulator of ESC/SMC differentia-
tion, using another cell model (A404/SMC differentiation
model), we provided compelling evidence that p53 promotes
SMC differentiation in vitro. Our findings that upregulation of
p53 by doxorubicin enhanced expression of the key SMC
transcription factor Myocardin might represent a general
mechanistic basis for the p53-modulated SMC differentiation.
Although Myocardin plays pivotal roles, as both a necessary
and a sufficient factor during SMC differentiation, there would
be other target genes of p53 or p5S3 downstream genes such as
p21, Mdm2, and Bax that may exert regulatory functions on
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SMC differentiation [36]. Furthermore, as mentioned above,
knocking out of p53 can affect the differentiation of meso-
derm. In Fig. 3D, the upregulation of Myocardin level was
consistent with the increased p53 expression, which further
confirmed our conclusion that p53 works directly on Myo-
cardin for SMC differentiation. However, it does not preclude
the possibility that pS3 may first initiate the mesoderm dif-
ferentiation (which is also required for efficient SMC differ-
entiation) and then induce the SMC differentiation.

Interestingly, further in vivo study revealed that SMC-
selective overexpression of p53 is associated with inhibition
of injury-induced neointimal formation (Fig. 5). The reduction
in neointimal area was attributable to a diminished accumu-
lation of neointimal SMCs, as neointimal SMC accumulation
after wire-induced vascular injury is predominantly attribut-
able to the recruitment of SMC progenitor cells [37,38]. While
increased p53 expression in injured vessels may be involved
in SMC-mediated vascular repair by inducing cell cycle ar-
rest, apoptosis, and differentiation. This is the first in vivo
evidence supporting the conclusion that p53 promotes SMC
differentiation. It is known that vascular SMC can switch
phenotypic characteristics from a migratory synthetic pheno-
type in embryonic tissue to a quiescent, contractile phenotype
in mature vessels to maintain the vascular tone. Importantly,
during vascular remodeling in response to injury, VSMCs can
switch back to an active synthetic phenotype characterized by
increased VSMC proliferation, extracellular matrix synthesis,
and migration [39]. Overexpressing p53 in vessels reduced
vascular injury-induced VSMC phenotypic switch and intimal
hyperplasia, which indicated that consistent with our experi-
mental results in vitro, p53 may play essential roles in the
regulation of SMC differentiation in vivo.

In summary, our study demonstrated that p53 acts as a
general regulator in SMC differentiation. In agreement with
previously published data in skeletal muscle cells [40], we
found that p53 accelerates differentiation of SMCs. Inter-
estingly, we observed that p53 facilitates SMC differentia-
tion from mouse ESCs by binding to the promoter of
Myocardin and increasing its expression.
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