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Background and Objectives: Manipulating different signaling pathways via small molecules could efficiently induce
cardiomyocytes from human induced pluripotent stem cells (hiPSC). However, the effect of transcription factors on
the hiPSC-directed cardiomyocytes differentiation remains unclear. Transcription factor, p53 has been demonstrated
indispensable for the early embryonic development and mesendodermal differentiation of embryonic stem cells (ESC).
We tested the hypothesis that p53 promotes cardiomyocytes differentiation from human hiPSC.

Methods and Results: Using the well-characterized GiWi protocol that cardiomyocytes are generated from hiPSC via
temporal modulation of Wnt signaling pathway by small molecules, we demonstrated that forced expression of p53
in hiPSC remarkably improved the differentiation efficiency of cardiomyocytes from hiPSC, whereas knockdown endog-
enous pS53 decreased the yield of cardiomyocytes. This pS3-mediated increased cardiomyocyte differentiation was medi-
ated through WNT3, as evidenced by that overexpression of p53 upregulated the expression of WNT3, and knockdown
of p53 decreased the WNT3 expression. Mechanistic analysis showed that the increased cardiomyocyte differentiation
partially depended on the amplified mesendodermal specification resulted from p53-mediated activation of
WNT3-mediated Wnt signaling. Consistently, endogenous WNT3 knockdown significantly ameliorated mesendodermal
specification and subsequent cardiomyocyte differentiation.

Conclusions: These results provide a novel insight into the potential effect of p53 on the development and differ-
entiation of cardiomyocyte during embryogenesis.
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Introduction

Heart disease is a leading cause of morbidity and
mortality. Loss of cardiomyocytes is one of the main
pathological features in most heart diseases, which ini-
tiates fibrosis and scar formation and eventually leading
to heart failure. However, the very limited ability of hu-
man adult cardiomyocytes (CMs) to regenerate sig-
nificantly hampered the development of novel therapeutic
strategies. Human-induced pluripotent stem cell (hiPSC)-
derived cardiomyocytes could potentially provide an un-
limited supply of cardiomyocytes (1).

A series of different monolayer-based protocols for car-
diomyocytes differentiation from hiPSC have been estab-
lished, where small molecules and growth factors were
used to modulate signaling pathways, such as Activin/
Nodal, BMP, Wnt and TGF 3, to induce cardiac lineage
differentiation following the stages of hiPSC, mesen-
doderm, mesoderm, cardiac mesoderm, cardiac progeni-
tors and finally to induced cardiomyocytes, a process sim-
ilar to the in-vivo embryonic heart development (2-5). For
example, sequential exposure to activin A and BMP4
could generate more than 30% cardiomyocytes from the
hiPSC (2, 6). Lian et al. (7) further reported that sequen-
tial activation and inactivation of Wnt signaling in the ab-
sence of exogenous activin A and BMP4 was sufficient to
efficiently produce around 90% cardiomyocytes from
hiPSC. However, the roles of transcription factors on the
hiPSC-directed cardiomyocytes differentiation remains
unexplored.

The transcription factor p53, a well-known tumor sup-
pressor, plays a crucial role in early embryo development
and differentiation (8-12). Unlike quite low level kept by
complex regulatory mechanisms in terminal differentiated
somatic cells, p53 is expressed at relatively high levels in
mouse embryo germ layer progenitors and embryonic stem
cells (ESCs), suggesting its potential functions in ESCs
and early development (8, 9). Xenopus embryos failed to
undergo gastrulation after p53 depletion (10). Monolayer
culture of mouse embryonic stem cells (ESC) requires p53
for mesendodermal differentiation (11, 12). Activation of
the pS3 pathway suppressed iPSC generation (13, 14),
whereas pS53 reactivation in teratocarcinomas promotes
cancer cell differentiation (15), suggesting the promoting
effect of p53 on differentiation. It has been demonstrated
that p33 activates multiple TGF- 8 target genes via bind-
ing to Smad proteins during xenopus embryonic develop-
ment (16). Using the chromatin immunoprecipitation-
based microarray (ChIP-chip) and gene expression micro-
array assays, Lee et al. (17) revealed that the expression

of Wnt ligand genes was strongly induced in a p53-de-
pendent manner in mESC upon treatment with DNA-
damaging agents. All these observations point to the possi-
bility that p53 may function in the hiPS-directed car-
diomyocytes differentiation.

In this study, we investigated whether the transcription
factor p53 could promote the differentiation of car-
diomyocytes from hiPSC. We found that p53 remarkably
promoted the efficiency of cardiomyocyte differentiation
from hiPSC based on modulation of Wnt signaling path-
way by small molecules, which was partially attributed to
the amplified mesendodermal specification resulted from
increased expression of Wnt signaling gene, WNT?3. These
results provide a novel mechanistic insight into the effect
of p53 on the development and differentiation of embry-
onic heart.

Materials and Methods

Materials

The information of commercial reagents and cell lines
used in the study are listed below: LHpb-YaabC3 hiPSC
(HNF-P30-P11, OSINGLAY BIO, China), HN4 human
embryonic stem cell (hESC) line (HES-P20-P9, OSINGLAY
BIO, China), RPMI/1640 media (11875093, Thermo Fisher
Scientific, USA), DMEM/F12 media (11320082, Thermo
Fisher Scientific, USA), BioCISO medium for hiPSC
(BC-PM0001, OSINGLAY BIO, China), Glycogen syn-
thase kinase 3 (GSK3) inhibitor CHIR99021 (§1263, Sigma,
USA), Wnt inhibitor IWP2 (3533, Tocris Bioscience, UK),
ROCK inhibitor Y27632 (1254, Tocris Bioscience, UK),
B-27 supplement with (17504044, Thermo Fisher Scientific,
USA) or without insulin (A1895601, Thermo Fisher
Scientific, USA), Matrigel for ESC (354277, Corning, UK),
TRIzol Reagent (15596026, Thermo Fisher Scientific,
USA), Real-time PCR reagents (208056, Qiagen, Germany).
Propidium Iodide (PI) Staining Solution (556463, BD
Biosciences, USA). All lentiviruses overexpressing human
P53 and knocking down P53 and WNT3 using shRNA
technology were designed and packaged by GENE CHEM,
China. All primers/oligos were synthesized by Sangon
Biotech, China and listed in Supplementary Table S1. All
other reagents, unless specified otherwise, were products
of Sigma.

Cell culture and lentivirus transduction

Both HN4 and hiPSC were maintained in the hPSC
BioCISO medium in plates pre-coated with Matrigel (1 :
50). When reaching 80~90% confluence, cells were trypsi-
nized and passaged in a 1 : 4~7 ratio using BioCISO me-
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dium supplemented with 5 M Y27632. After 24 h, cells
were transduced with lentiviruses at MOI 1 : 50 in the
presence of 8 rg/ml of polybrene and 1 xg/ml of pur-
omycin for stable cloning. The overexpressing P53 and
knocking down P53 and WNT3 were identified by
gRT-PCR and Western blot.

Cardiomyocytes differentiation from hiPSC

The cardiac induction from hiPSC was performed in a
growth factor- and serum-free system by temporal modu-
lation of canonical Wnt signaling, GSK3 inhibitor (Gi)
and Wnt inhibitor (Wi), where highly efficient differ-
entiation of cardiomyocytes was enabled through sequen-
tial temporal Wnt activation by Gi and Wnt inhibition by
Wi, the GiWi protocol (3). At about 80~90% confluent,
hiPSC cultures were split into a 12-well plate pre-coated
with Matrigel at 1x10° cells per well containing 2 ml of
hPSC medium on day —4. At day 0 the medium was
changed to RPMI/B-27 minus insulin with CHIR99021
(10 M, GSK3 inhibitor). At day 1 the medium was re-
freshed by RPMI/B-27 without insulin for 48 h. At day
3 of differentiation (72 h after addition of CHIR99021),
RPMI/B-27 minus insulin with IWP2 (5 «M, Wnt in-
hibitor) was added for 48 h followed by RPMI/B-27 minus
insulin refreshing from day 5 to 7. On day 7 of differ-
entiation and every 3 days thereafter, RPMI/B-27 with in-
sulin was refreshed. The beating cardiomyocytes were ob-
served as early as on day 8.

RNA isolation and gPCR

Total RNA was isolated using TRIzol method. One #g
of total RNA was reversely transcribed in a total volume
of 10 1 with ReverTra Ace qQPCR RT Master Mix kit
(FSQ-201, TOYOBO, Japan) following manufacturer’s
instructions. One 1 of three-times diluted cDNA was
used for real-time PCR in a 20 «1 reaction using SYBR
Green Real Time PCR Mix (204143, Qiagen, Germany).
The PCR conditions were 95°C for 2 min, followed by 40
cycles of 95°C for 20” and 60°C for 15”. All primers used
were listed in Supplementary Table S1. The expression of
target gene was normalized to GAPDH and calculated us-
ing 2~ %" method as described previously (18).

Immunofluorescence assay

Well-suspended hiPSC cells and induced cardiomyocytes
were seeded in a x-Slide 8 well (80827, ibidi, USA)
pre-coated with Matrigel (1 : 100) at the density of 2x10°
per well. 48 h later cells were fixed with 4% W/v)
Paraformaldehyde (PFA) for 15 min at room temperature,
permeabilized, and incubated with following first primary

antibodies: anti-OCT4 antibody (#2750, Cell Signaling
Technology, USA), anti-NANOG antibody (#3580, Cell
Signaling Technology, USA), anti-SSEA4 antibody
(#4755, Cell Signaling Technology, USA), anti-TRA-1-60
antibody (#4746, Cell Signaling Technology, USA), an-
ti-MKI67 antibody (ab15580, abcam, USA), anti-NKX2-5
antibody (ab91196, abcam, USA), anti-cTNT antibody
(MS-295-P1, Thermo Fisher Scientific, USA) and anti- @ -
ACTININ antibody (A7811, Sigma, USA), followed by
their corresponding fluorescence-labeled secondary anti-
bodies, alexa fluor 488 labeled goat anti-rabbit IgG
(A-11008, Invitrogen, USA), alexa fluor 488 labeled goat
anti-mouse IgG (A-11001, Invitrogen, USA), alexa fluor
594 labeled goat anti-rabbit IgG (R37177, Invitrogen,
USA) and alexa fluor 594 labeled goat anti-mouse IgG
(A-11005, Invitrogen, USA). The slides were then counter-
stained using 0.5 xg/ml of DAPI (#4083, Cell Signaling
Technology, USA) for 15 min at room temperature. After
rinsing with PBS, the chambers were mounted and vi-
sualized by fluorescence microscopy (IX83, Olympus,

Japan).

Flow cytometry

For cardiomyocytes identification, the induced car-
diomyocytes from hiPSC in 12-well plate were dissociated
into single cells using 0.25% trypsin with 0.5 mM EDTA
followed by washing with PBS. Cells were fixed in form-
aldehyde at a final concentration of 4% for 10 min at RT
and chilled on ice for 1 min. Permeabilization was per-
formed by adding ice-cold 100% methanol slowly to
pre-chilled cells to a final concentration of 90% methanol
followed by incubation on ice for 30 min. Permeabilized
cells were then blocked with blocking buffer (0.5% BSA
in PBS) for 10 min, incubated with anti-cTNT antibody
(MS-295-P1, Thermo Fisher Scientific, USA) for 1 h, and
followed by incubation with alexa fluor 488 labeled goat
anti-mouse IgG (A-11001, Invitrogen, USA) for 30 min at
room temperature. Samples were analyzed using Flow cy-
tometry machine (BD FACSVerse, BD Bioscience, USA)
according to the manufacturer’s protocol. All the data was
analyzed using FlowJo V10.0 software.

For cell cycle analysis, 80~90% confluent hiPSC in
6-well plate were dissociated into single cells using 0.25%
trypsin with 0.5 mM EDTA. After being washed with
ice-cold PBS, cells were fixed in cold 70% ethanol for 30
minutes, and washed twice with PBS. Cells were spun
down, resuspended with staining buffer consisting of 100
«g/ml RNase A and 25 rg/ml propidium iodide (PD),
and continued to incubate for 30 min at RT. Samples were
analyzed using flow cytometry machine (BD FACSVerse,
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BD Bioscience, USA) according to the manufacturer’s
protocol. All the data was analyzed using FlowJo V10.0
software.

Western blot

Western blot was performed following the protocol re-
ported previously (18). Briefly, cells were lysed using
RIPA lysis buffer supplemented with proteinase inhibitor
cocktail (78430, Thermo Fisher Scientific, USA), soni-
cated and boiled for 10 min. Lysates were spun down at
top speed for 1 min at room temperature and supernatants
were quantitated using a BCA Protein Assay Kit (71285,
Merk, USA). NE-PER™ Nuclear and Cytoplasmic
Extraction Reagents (78833, Thermo Fisher Scientific,
USA) was used for nuclear protein extraction according
to vendor’s instructions. Twenty-five /g of protein was re-
solved with 12.5% SDS-PAGE, and transferred onto
PVDF membrane (Millipore, USA). The membrane was
blocked with 5% milk in TBST for 1 hour at RT, probed
with following first antibodies for overnight at 4°C: an-
ti-p53 antibody (#9282, Cell Signaling Technology, USA),
anti-OCT4 antibody (#2750, Cell Signaling Technology,
USA), anti-NANOG antibody (#3580, Cell Signaling
Technology, USA), anti-WNT3 antibody (ab28472,
Abcam, USA), anti- 8-Catenin Antibody (#9562, Cell
Signaling Technology, USA), anti-Histone H3 Antibody
(#9715, Cell Signaling Technology, USA), and an-
ti-GAPDH antibody (#2118, Cell Signaling Technology,
USA), washed, and followed by incubation with their cor-
responding secondary antibodies for 1 hour at room
temperature. The membrane was then developed with
highly sensitive ECL luminescence reagent (C500044,
Sangon Biotech, China), and images were acquired.
Relative expression of total and nuclear protein, normal-
ized to that of GAPDH and Histone H3 respectively, was
analyzed by densitometry using the Molecular Analyst
software (Imaging Densitometer, Bio-Rad).

Statistical analysis

GraphPad Prism 8.0 software (GraphPad, USA) was
used to perform statistical analysis and data with at least
three independent experiments are presented as the
mean=+SD. Comparisons between two groups were per-
formed using one-way analysis of variance (one-way
ANOVA), with p<0.05 was considered statistically
significant.

Results

Characterization of hiPSC

hiPSC colonies displayed typical morphology such as
high nucleus-to-cytoplasm ratio and prominent nucleoli
morphology (Fig. 1A). The hiPSC expressed high levels
of pluripotency markers OCT4, SOX2, NANOG and
KLF4 that were similar to that of hESC line, HN4 (Fig.
1B). Immunofluorescence (IF) showed high-intensity fluo-
rescence signals localized in nuclei (OCT4 and NANOG)
and on membrane (SSEA4 and TRA-1-60) respectively
(Fig. 1C). In addition, the expression of cell proliferation
markers, AURKB and MKI67 in hiPSC was similar to that
in hESC (Fig. 1D). The high level of MKI67 expression
was further confirmed by IF (Fig. 1E). These results in-
dicate that the hiPSC possesses pluripotency and self-re-
newal capacity.

Identification of hiPSC-induced cardiomyocytes

Schematic protocol for cardiomyocyte differentiation
from hiPSC was shown (Fig. 2A), where temporal modu-
lation of canonical Wnt signaling, the GiWi protocol
(sequential activation (Gi) and inactivation of Wnt (Wi)
signaling pathways) directs the differentiation of hiPSC
into beating cardiomyocytes (3). The differentiating car-
diomyocytes showed time-dependent increase of cardiac
progenitor maker NKX2-5 and cardiomyocyte marker
TNNT2 (Fig. 2B). On day 21, IF showed nuclear local-
ization of NXK2-5 and cytosolic localization of cTNT and
a-ACTININ (Fig. 2C). Noticeably the staining of ¢TNT
and «-ACTININ displayed characteristic striations in-
dicating relatively mature sarcomere in some clusters of
cardiomyocytes (Fig. 2C). Together with the movie show-
ing a high percentage of beating cardiomyocytes with reg-
ular rhythm (Video was not shown), the results suggest
successful cardiomyocytes differentiation from hiPSC via
the GiWi protocol that was therefore used to generate car-
diomyocytes for all experiments thereafter.

Effect of p53 overexpression on the characteristics of
hiPSC

In order to test the effects of pS3 on hiPSC, cells were
transduced with lenti-P53 and lenti-control. Successful
transduction of both lenti-P53 and lenti-control were in-
dicated by high percent of GFP* hiPSC (Fig. 3A).
Positive hiPSC cells overexpressing P53 were further vali-
dated by qRT-PCR (Fig. 3B) and Western blot (Fig. 3C
and 3D). Characterization of hiPSC-P53 showed that there
was no significant differences between lenti-P53 and len-
ti-control group in terms of the expression of the pluri-
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Fig. 1. Identification of the hiPSC. (A) Representative images displayed the typical morphology of hiPSC. (B) qRT-PCR results showed hiPSC
has similar mRNA levels to the human embryonic stem cells (hESC) regarding the pluripotency marker genes (OCT4, SOX2, NANOG
and KLF4). (O) Pluripotency markers of hiPSC (OCT4, NANOG, SSEA4 and TRA-1-60) were confirmed by immunofluorescence (IF) assay.
(D) gRT-PCR results showed that hiPSC has similar mRNA levels to the hESC regarding the proliferation marker genes, MKI67 and AURKB.
(E) MKI67 was further identified using IF method. Expression values of the PCR analysis were normalized to GAPDH. Data are presented

as mean+SD (t test, NS not significant; n=3).

potency marker genes (OCT4, SOX2, NANOG and KLF4)
(Fig. 3E), and of the proliferation markers (AURKB and
MKI67) (Fig. 3H), by qRT-PCR. However, forced ex-
pression of P53 slightly decreased the expression of
NANOG with statistical significance, but not OCT4 at
protein levels, compared to control (Fig. 3F and 3G). Flow
cytometry analysis further showed that overexpression of
P53 did not affect the cell cycle distribution of GO/G1, S
and G2 phase (Fig. 31 and 3]). Taken together, our ob-
servations indicate that P53 overexpression does not sig-
nificantly affect the characteristics of hiPSC regarding the
pluripotency, self-renewal capacity and cell cycle distri-
bution.

p53 promotes the differentiation of hiPSC toward
cardiomyocytes

The effects of p53 on promoting the differentiation of
hiPSC toward cardiomyocytes was then investigated.
Forced expression of pS3 remarkably increased the mRNA
levels of cardiomyocyte markers TNNT2, TNNI3 and «
-ACTNIN (Fig. 4A) and of cardiac progenitor marker
NKX2-5 (Fig. 4B) on day 21 after differentiation. Flow cy-
tometry showed that the percentage of c¢TnT" car-
diomyocytes was significantly higher in hiPSC-P53 than
the control on day 21 (Fig. 4C and 4D). It is well-estab-
lished that the process of the GiWi-based differentiation
of hiPSC toward cardiomyocytes mimics the natural em-
bryonic heart development processes, starting from embry-
onic stem cells to mesendoderm, cardiac mesoderm, car-
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diac progenitor cells, and finally to cardiomyocytes. To
test our hypothesis that forced expression of p53 boosts
the differentiation of cardiomyocytes at earlier stages rath-
er than cardiac progenitor stage, markers of mesendoderm
and cardiac mesoderm were analyzed by qRT-PCR on day
3 and 5. As expected, both mesendoderm indicators
BRACHYURY and EOMES (Fig. 4E), and mesoderm
markers MESP1 and KDR (Fig. 4F) were consistently in-
creased by P53 overexpression compared to the standard
GiWi protocol. These results suggest that p53 enhances
the cardiomyocytes-differentiation program at as early as
mesendoderm stage.

Knocking down P53 in hiPSC suppresses its
differentiation toward cardiomyocytes

We have shown that p53 overexpression increased car-
diomyocytes yields from hiPSC. To further investigate the
role of p53 on the differentiation of hiPSC toward car-
diomyocyte, endogenous p53 was knocked down by len-
ti-sh-TP53. Successful knockdown of TP53 in hiPSC (Fig.
SA~C) significantly reduced mRNA levels of cardiac
marker TNNT2 (Fig. 5D) and progenitor marker NKX2-5
(Fig. 5E) in the induced cardiomyocytes in comparison to

Fig. 2. Identification of the hiPSC de-
rived cardiomyocytes. (A) Schematic
illustration of an experimental proto-
col for the cardiomyocytes differ-
entiation from hiPSC via sequential
transient modulation of canonical
Wnht signaling pathway using GiWi
method. Gi, GSK3 inhibitor; Wi,
Wnht inhibitor; iCM, induced car-
diomyocytes; IF, immunofluorescence;
FC, flow cytometry. (B) Time course
analysis of the expression of cardiac
progenitor marker (NKX2-5) and car-
diomyocytes marker (TNNT2) was
performed using qRT-PCR assay. (C)
The protein of cardiac progenitor
marker (NKX2-5) and cardiomyo-
cytes marker (CTNT and @ -ACTININ)
was further evaluated by IF method.
Data are presented as mean+SD.

that in the control, which was further confirmed by flow
cytometry showing a significantly decreased percentage of
¢INT" cardiomyocytes on day 21 in hiPSC-sh-TP53 com-
pared to control (Fig. SF and 5G). Moreover, knockdown
of TP53 caused significant decrease of mRNA levels of
both mesendoderm indicators, BRACHYURY and
EOMES (Fig. 5SH), and mesoderm markers, MESP1 and
KDR (Fig. SI) on day 3 and 5 from differentiation
respectively. Taking the crucial role of p53 in the mesen-
dodermal specification into account (11, 12), other lineage
markers regarding the germ layers were investigated using
gRT-PCR assay (Supplementary Fig. S1). Consistently,
the mesendodermal marker genes (GSC, FOXA2, MIXL1
and SOX17) were remarkably decreased by Si-TP53
(Supplementary Fig. SIA) in addition to BRACHYURY
and EOMES (Fig. 5SH). In contrast, the ectodermal mark-
ers (PAX6, NES and SOX1) were significantly up-regu-
lated by knockdown of TP53 gene (Supplementary Fig.
S1B), suggesting that in addition to the promoted effect
of mesendodermal differentiation, p53 exerts the blocking
effect of ectodermal specification as well.
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Fig. 3. Overexpression of P53 gene in hiPSC by lentivirus methods. (A) Representative images of GFP fluorescence displayed highly efficient
infection of hiPSC cells in both P53 and control group. (B) The qRT-PCR results showed that hiPSC with lenti-P53 caused about 8-fold
increase of P53 mRNA compared with control group. (C) Representative image of Western Blot showed significantly higher p53 protein
level of lenti-P53 group than control, and quantification was done by densitometry (D). (E) The qRT-PCR results showed that overexpressed
P53 had no significant effects on the mRNA expression of the pluripotency marker (OCT4, SOX2, NANOG and KLF4) of hiPSC. (F, G)
The Western Blot results showed that overexpressed P53 did not change OCT4 protein level but slightly decreased Nanog with statistical
significance. Representative image was shown (F) and quantified by densitometry (G). (H) hiPSC with lenti-P53 displayed similar mRNA
levels of proliferation markers (MKI67 and AURKB). (I, J) Representative image of cell cycle analysis using flow cytometry showed cell
cycle was not influenced by lenti-P53 (I) and quantification by densitometry (J). Expression values of the PCR analysis were normalized
to GAPDH. Data are presented as mean+SD (t test, *p<0.05, NS not significant; n=3).

p53-enhanced differentiation of cardiomyocytes
depends partially on the activation of WNT3-mediated
Wnt signaling pathway

Given that temporary activation of Wnt signaling is in-
dispensable for early mesendoderm and terminal car-
diomyocytes differentiation (11, 12) and that WNT3 gene
is a confirmed target gene of pS3 transcription factor (12),
loss and gain of functions of p53 was therefore adopted
to test whether pS53 could regulate the expression of
WNT3. Overexpression of p5S3 elevated, whereas knock-

down of p53 decreased, WNT3 at both mRNA (Fig. 6A
and 6D) and protein (Fig. 6B, 6C, 6E and 6F) levels.
Furthermore, knockdown WNT3 (Fig. 6G~1I) in hiPSC
significantly inhibited the p53-mediated enhancing effect
of cardiomyocytes differentiation, as evidenced by de-
creased expression of mesendoderm markers, BRACHYURY
and EOMES (Fig. 6]), cardiac mesoderm markers, MESP
and KDR (Fig. 6K), cardiac progenitor marker, NKX2-5
(Fig. 6L) and cardiomyocyte marker, TNNT2 (Fig. 6M).
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Fig. 4. p53 increases the differentiation efficiency of cardiomyocytes from hiPSC.
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(A, B) The qRT-PCR results showed that overexpression

of P53 significantly increased mRNA levels of the cardiomyocytes markers (TNNT2, TNNI3 and @-ACTNIN) (A) and also that of cardiac
progenitor marker (NKX2-5) (B) at day 21. (C, D) Representative image of flow cytometry (C) displayed more yields of cardiomyocytes
derived from hiPSC indicated by cTNT™ population by lenti-P53 and quantification was performed (D). (E, F) It was showed using gRT-PCR
method that p53 resulted in remarkably increased mRNA levels of mesendodermal markers (BRACHYURY and EOMES) at day 3 from
differentiation (E) and cardiac mesodermal makers (MESP1 and KDR) at day 5 (F), respectively. Expression values of the PCR analysis were
normalized to GAPDH. Data are presented as mean+SD (t test, *p<0.05; n=3, performed in 3 independent experiments).

p53 synergistically amplifies GSK inhibitor-mediated
activation of Wnt signaling pathway through
up-regulation of WNT3

The GiWi protocol promotes differentiation of hiPSC
toward cardiomyocytes through coordinated early activa-
tion by GSK inhibitor (Gi) and late inhibition by WNT
inhibitor (Wi) of Wnt signaling pathway. To further de-
fine the roles of p53, the effect of p53 on the Wnt signal-
ing was evaluated at day 1 an 5 after differentiation corre-
sponding to the timepoint of Gi and Wi respectively. On

day 1 post-differentiation, forced expression of P53 or
WNT alone did not change the total cellular, but sig-
nificantly increased the nuclear, 5 -catenin, an indication
of the activation of the Wnt signaling pathway, and addi-
tion of GSK inhibitor further increased the p53-mediated
Wnt activation (Fig. 7A and 7B). On day 5 post-differ-
entiation, the activation of the Wnt pathway by the com-
bined effect of pS3 and WNT could be almost completely
blocked by Wi. These results suggest that in the early
stage (day 0~1) of GiWi-mediated cardiomyocyte differ-
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Fig. 5. Knockdown of P53 gene decreases the cardiomyocytes generation from hiPSC. (A) The gRT-PCR results showing successful knock-
down of P53 in HiPSC. (B) Representative image of Western Blot displayed significantly decreased p53 protein level of lenti-Sh-P53 group
(B) and quantification was done by densitometry (C). (D, E) Knockdown of P53 significantly declined mRNA levels of makers of car-
diomyocytes (TNNT2) (D) and cardiac progenitor (NKX2-5) (E). (F, G) Representative image of flow cytometry (F) displayed notably decreased
cTNT™ cardiomyocytes differentiated by hiPSC by knockdown of P53 in contrast with control, and quantification was done (G). (H, )
The gRT-PCR results showed that knockdown of P53 markedly reduced the mRNA levels of mesendodermal markers (BRACHYURY and
EOMES) at day 3 from differentiation (E) and cardiac mesodermal makers (MESP1 and KDR) at day 5 (F), respectively. Expression values
of the PCR analysis were normalized to GAPDH. Data are presented as mean+SD (t test, *p<0.05; n=3, performed in 3 independent

experiments).
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Fig. 6. Enhanced mesendodermal differentiation mediated by Wnt signaling pathway partially accounted for the effects of p53 on the cardiac
differentiation from hiPSC. (A) The gRT-PCR results showing hiPSC with lenti-P53 had raised mRNA level of WNT3. It was further confirmed
by representative image of Western Blot (B) and quantification by densitometry (C). (D) The mRNA level of WNT3 in hiPSC was decreased
by knockdown of P53 as shown by qRT-PCR results. (E) Representative image of Western Blot displayed notably reduced protein level
of WNT3 caused by knockdown of P53, and quantification was done by densitometry (G~1). WNT3 gene was successfully downregulated
by Sh-WNT3 using qRT-PCR (G) and Western Blot analysis (H, I). (J, K) The qRT-PCR results showed that Sh-WNT3 notably reversed
P53-caused upregulation of mesendodermal markers (BRACHYURY and EOMES) (J) and cardiac mesodermal makers (MESP1 and KDR)
(K) at day 3 and 5 from differentiation respectively. (L, M) The qRT-PCR results showed that knockdown of WNT3 significantly abrogated
P53-dependent increased mRNA levels of mesendodermal markers (BRACHYURY and EOMES) at day 3 from differentiation (L) and cardiac
mesodermal makers (MESP1 and KDR) at day 5 (M). Expression values of the PCR analysis were normalized to GAPDH. Data are presented
as mean+SD (t test, *p<0.05; n=3, performed in 3 independent experiments).
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Fig. 7. Upregulated WNT3 by p53 could further amplify the activation of Wnt signaling pathway caused by GSK inhibition (Gi). However,
the amplified Wnt pathway by p53 was completely blocked by Wnt inhibitor (Wi) at late stage. (A, B) The Western Blot result showing
at day 1 from differentiation, overexpressing P53 or WNT3 alone could increase the localization of /-catenin in the nuclear fraction indicat-
ing activation of Wnt pathway. Moreover, P53 overexpression together with GSK inhibitor (Gi) could further amplify the activation of
Gi-caused activation of Wnt signaling as shown by the representative image of Western Blot (A) and quantification by densitometry (B).
(C, D) The representative image of Western Blot showed that synergically increased Wnt signaling could remarkably abrogated by WNT
inhibitor (Wi) at day 5, indicated by significantly decreased nuclear S-catenin level (C) and quantification was done by densitometry (D).
Expression values of the Western Blot analysis of nuclear and total protein were normalized to Histone H3 and GAPDH respectively.
Data are presented as mean+SD (t test, *p<0.05, **p<0.01; n=3, performed in 3 independent experiments).

entiation from hiPSC, the p53-induced up-regulation of
WNT3 amplifies the effect of the Gi-mediated activation
of Wnt signaling pathway; whereas in the subsequent
Wi-mediated inhibition of Wnt signaling pathway, the ef-
fect of the p53-mediated up-regulation of WNT3 signaling
is completely abolished by Wi (Fig. 7C and 7D). In other
word, p53 only amplifies the effect of Gi-mediated activa-
tion of Wnt signaling at the early stage, but has no effect
on the Wi-mediated inhibition of Wnt signaling at the late
stage, thus realizing p53-mediated promotion of car-
diomyocytes differentiation from hiPSC.

Discussion

Using the GiWi-based cardiomyocytes differentiation
system in which highly efficient cardiomyocytes were in-
duced through sequentially temporal activation and in-

activation of Wnt signaling pathway (3), we found that
pS3 could enhance the cardiac differentiation program, re-
sulting in remarkably higher efficiency of cardiomyocytes
induction. Moreover, the promoting effect of p53 exerted
at as early as mesendoderm stage, where mesendodermal
specification was amplified by increased WNT3-mediated
Wnt signaling.

Although well-characterized as a tumor suppressor, p53,
as a transcription factor, has been shown to play crucial
and as yet not fully defined functions in embryonic devel-
opment and cell differentiation. The evidence that p53
participates in early development was originated from the
discovery that the level of p53 expression is high in early
mouse embryonic cells, and is decreased upon terminal
differentiation (8). Multiple studies have then shown that
p53 is implicated in cell differentiation. Normally, pS3
negatively regulates proliferation and self-renewal of hem-
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Fig. 8. Graphic abstract. Working model of how p53 enhances
more cardiomyocytes generation from hiPSC. During the period
from HiPSC to mesendoderm, p53 activates the Wnt signaling path-
way through transactivating WNT3 expression which boosts mes-
endodermal differentiation, and finally yields more cardiomyocytes
generation.

atopoietic and neural stem cells (19, 20). In the presence
of specific hormones or some chemicals, p53 promotes dif-
ferentiation of both mouse and human ESCs (21-23).
However, in iPSC reprogramming from somatic cells, p53
inhibited the efficiency of iPSC reprogramming (13, 14).
Further studies demonstrated that p53 plays a role in
specifying mesendoderm and mesoderm. Jain et al. (21)
reported that p53 preferentially promoted a mesen-
dodermal state from hESC through activating lineage-
identity genes including IncRNAs. Cordenonsi et al. (24)
showed a cause-and-effect relationship between p53 and
mesoderm induction in vivo, as pS3-depleted xenopus em-
bryos failed to gastrulate, whereas overexpression of p53
induces mesoderm specification. Wang et al. (12) showed
that p53 family members are required for the induction
of Nodal-responsive genes and for mesendoderm specifica-
tion from mouse ESC. In agreement, we found that in the
GiWi system of cardiomyocyte differentiation from hiPSC,
pS3 overexpression not only amplified the mesendoderm
specification but also promoted the differentiation of its
descendant cardiac progenitors and cardiomyocytes, and
these effects were significantly diminished by knockdown
of p53. In addition to the enhancing effect of mesen-
dodermal specification by p53, we further found that p53
also impeded the ectodermal differentiation as evidenced
by that Si-TP53 remarkably decreased the marker genes
of ectodermal lineage (Supplementary Fig. S1B). It is pos-

sible that the more potential of hiPSC toward mesen-
doderm by p53 results from compromised ectodermal
specification, although it remains to be clarified.

Wnt signaling has been thought to be the key regulator
of vertebrate heart development and particularly of car-
diomyocyte differentiation (25). Lian et al. (7) established
a highly efficient, stable and universal protocol for car-
diomyocytes induction from hiPSC, by which sequential
and temporal activation and inactivation of Wnt signaling
pathway induced high yield of cardiac mesoderm and then
the final induced cardiomyocytes with high efficiency.
Our result showed that the enhancing effect of p53 on the
cardiomyocytes generation was dependent on the Wnt sig-
naling, as p53 increased the expression of WNT3, and
more importantly, the promoting effect of p53 on the car-
diomyocytes induction was noticeably ameliorated by si-
multaneous knockdown of the endogenous WNT3. Zhao
et al. (26) demonstrated that optimum Wnt signaling is
critical to direct the cell fate into cardiac mesoderm and
increase the final efficiency and purity of derived car-
diomyocytes, and lower or higher Wnt signals led to defin-
itive endoderm or presomitic mesoderm differentiation in-
stead of cardiac mesoderm. Therefore, upregulated and
possibly fine-tuned Wnt signaling by p53 may interpret
its enhancing effect of cardiomyocytes differentiation.
However, the detailed mechanism remains to be eluci-
dated in the future.

In summary, the present study has demonstrated that
pS3 enhances cardiomyocyte induction from hiPSC
through amplification of mesendoderm specification that
is mediated by WNT3-mediated Wnt signaling pathway
(see graphic abstract). The findings may provide a mecha-
nistic insight into the effect of p53 on the embryonic heart
development and cardiomyocytes differentiation.
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