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Abstract
Background/Aims: Excessive apoptosis of trophoblasts, induced by sustained hypoxia, 
leads to abnormal placentation and is strongly linked to pregnancy complications such as 
preeclampsia (PE). Wild-type p53-induced phosphatase (Wip1) positively regulates cellular 
survival in tumor cells through the p38 and p53 pathways, but its expression pattern and 
effects in trophoblasts have yet to be reported. This study clarified the effect of Wip1 on 
the regulatory mechanism of p53-dependent apoptosis in trophoblasts, and thus increases 
understanding of the etiology of PE. Methods: In normal and PE placentas, Wip1 mRNA 
and protein levels were determined by RT-qPCR and Western blotting respectively, while 
localization of Wip1 in placental tissues and in HTR8/SVneo cells was determined by 
immunohistochemistry and immunofluorescence. Two in vitro trophoblastic PE models were 
established by subjecting HTR8/SVneo cells to either hypoxia intervention in incubator (HII) 
or simulated ischemic buffer (SIB). Wip1 was suppressed in the aforementioned PE models by 
specific inhibitor or shRNA, and apoptosis was then assessed by flow cytometry, while further 
validation was done by measurement of cleaved-caspase 9 expression by Western blotting. 
The p38 inhibitor SB202190, Mdm2 inhibitor NVP-CGM097, and proteasome inhibitor MG-
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132 were administered in PE models, either in combination or alone, to determine the 
regulatory order of the component signal molecules of the feedback loop. The impact of Wip1 
on p53-Mdm2 interaction was examined by coimmunoprecipitation. Lastly, the upregulation 
of the p38-Wip1 loop was confirmed in human placentas from pregnancies complicated by 
PE, using Western blotting. Results: Wip1 expression was significantly elevated in human PE 
placentas and in vitro trophoblastic PE models; this is opposite to the pattern observed in 
tumor cells. Inhibition of Wip1 rescued hypoxia-induced p38 activation, cleavage of caspase 
9 and apoptosis but significantly compromised p53-Mdm2 binding, while p-p53Ser15 was 
increased. Inhibition of Mdm2 degradation resulted in p53 destabilization and p38-Wip1 loop 
down-regulation, while degradation of the p53-Mdm2 complex resulted in p53 accumulation 
and p38-Wip1 loop hyperactivation. However, the p53-Mdm2 interaction was found to be 
more important in the regulation of the p38-Wip1 loop than Mdm2 stability. Conclusion: 
Trophoblastic p53 homeostasis is maintained by the p38-Wip1 feedback regulatory loop in 
response to hypoxic stress, which is dysregulated in the placentas of pregnancies complicated 
by PE, and thereby leads to excessive apoptosis.

Introduction

The proliferation, differentiation and invasion of trophoblasts are key to a successful 
pregnancy [1, 2]. During the first trimester, cytotrophoblasts (CTBs) rapidly proliferate and 
further differentiate into syncytiotrophoblasts (STBs) and extravillous trophoblasts (EVTs). 
In addition to implantation into the myometrium, EVTs invade spiral arteries in the maternal 
uterus, contributing to the establishment of a fetomaternal circulation to meet the nutrient 
and oxygen demand for fetal development. Defects in remodeling of the uterine spiral arteries 
result in the aberrant release of inflammatory factors as pregnancy progresses, eventually 
resulting in the development of preeclampsia (PE)[3] and intrauterine growth restriction 
(IUGR)[4].

In human placentas, trophoblastic dysfunction is associated with apoptosis induced 
by pathological hypoxia [5-7]. The expression of the tumor suppressor, p53, is inhibited by 
mouse double minute 2 homolog (Mdm2), and this presents a classical negative feedback 
loop, which is upregulated in response to conditions of stress, as well as in hypoxic 
trophoblasts [8]. Although a large number of studies have sought to elucidate the etiology 
of PE, the involvement of p53-Mdm2 in PE development through regulation of trophoblastic 
apoptosis remains largely unclear.

As a stress-activated protein kinase (SAPK), p38 mitogen-activated protein kinase 
(MAPK) has been reported to be involved in the regulation of inflammation, tumorigenesis, 
cardiovascular, and neurodegenerative diseases by modulating cellular survival and 
apoptosis [9]. Accumulating evidence suggests that wild-type p53-induced phosphatase 
(Wip1) negatively regulates p38 activity in various cancer cells by dephosphorylation [10, 
11]. Wip1 is encoded by the PPM1D (protein phosphatase Mg2+/Mn2+ dependent 1D) gene 
located on chromosome 17q23.2, and was found to play an important role in the pathogenesis 
of several diseases [12-14], especially in tumorigenesis [15-17]. Although current evidence 
suggests that Wip1-mediated pathological progression occurs through negative regulation 
of the p53 by p38 pathways during tumorigenesis [18], its role in trophoblasts has yet to be 
delineated.

Wip1 reduces p53 by directly dephosphorylating p53 on Ser15 as a result of increased 
interaction between p53 and Mdm2 [19, 20]. Additionally, Wip1 inactivates p38 through a 
dephosphorylation of Thr180/Tyr182 in tumor cells undergoing stress [21]. Both of these 
findings imply that Wip1 might play a crucial role in the crosstalk between p53 and p38, 
protecting against the impact of various stresses on trophoblastic viability during pregnancy. 
Hence, this study aimed to unveil the involvement of Wip1 in the regulatory mechanism of 
p53-dependent trophoblastic death, and the findings may provide insights into the etiology 
of PE.

© 2019 The Author(s)
Published by S. Karger AG, Basel
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Materials and Methods

Patient recruitment
Women with PE and healthy normotensive pregnant women were recruited from the Department of 

Obstetrics at The First Affiliated Hospital of Chongqing Medical University. PE was defined as hypertension 
reaching or exceeding 140/90 mmHg on two or more occasions after 20 weeks of gestation, without pre-
existing hypertension [22]. Women with chronic medical conditions such as cardiovascular diseases, 
diabetes, renal disorders, intrahepatic cholestasis of pregnancy (ICP), thyroid disorders, and other 
metabolic diseases were excluded. All pregnancies in this study were delivered by elective cesarean 
section for obstetric indications. This study was conducted in accordance with the principles set out in the 
Declaration of Helsinki and approved by the Ethical Committee of Chongqing Medical University (No. 2016-
78). Informed consent was obtained from all participants.

Sample collection
Collection of term placental specimens was performed as previously described [23]. Briefly, tissues 

were dissected from the maternal surface of the placenta that was close to the basal decidua and surrounding 
umbilical cord insertion. This was done immediately after cesarean section, and visible infarction, 
calcification, hematoma, or tears were avoided. Placental tissue from each participant was immersed in 
RNAlater (QIAGEN, Hilden, Germany) and snap-frozen in liquid nitrogen (after rinsing thoroughly in ice-cold 
0.9% saline), and then stored at -80℃. The remaining placental tissues were fixed in a 4% formaldehyde 
solution. Human decidual and villus tissues were obtained under aseptic conditions from healthy women 
who voluntarily chose legal abortions during the first trimester (5-10 weeks of gestation) for nonmedical 
reasons.

Immunohistochemistry (IHC)
IHC was performed on paraffin-embedded specimens as reported [24]. First-trimester villus 

and term placental sections were incubated with the primary cytokeratin-7 (CK7) antibody (1:200, 
Abcam，Cambridge, UK). The decidual sections were incubated with the primary antibody (1:200, 
Proteintech, Rosemont, USA) against human leukocyte antigen G (HLA-G). Meanwhile, the corresponding 
serial sections were incubated with primary Wip1 antibody (1:1000, Abcam, Cambridge, UK) and the term 
placental section had an additional incubation in the primary CD31 antibody (1:200, Abcam, Cambridge, UK). 
Following incubation overnight at 4℃, sections were incubated with horseradish peroxidase-conjugated 
anti-rabbit or anti-mouse secondary antibody (1:500, Proteintech, Rosemont, USA) and sequentially stained 
with diaminobenzidine chromogen solution (DAB). Cell nuclei were counterstained with hematoxylin.

Cell line and hypoxic treatments
The HTR8/SVneo cell line was a generous gift from Dr. Charles Graham (Queen’s University, Kingston, 

Ontario, Canada). Cells were cultured in RPMI 1640 medium (Thermo Fisher, Waltham, USA) supplemented 
with 10% fetal bovine serum (Thermo Fisher, Waltham, USA) and 1% penicillin-streptomycin in a humidified 
atmosphere of 21% O2 and 5% CO2 at 37℃. Cells subjected to persistent (24 h) low-oxygen (1% O2) were 
denoted as hypoxia intervention in incubator (HII), while simulated ischemic buffer (SIB) containing 137 
mM NaCl, 12 mM KCl, 0.49 mM MgCl2, 0.9 mM CaCl2, 4 mM HEPES, 10 mM deoxyglucose, 0.75 mM sodium 
dithionate, and 20 mM lactate (pH 6.5) was applied to HTR8/SVneo cells for 24 h in a humidified incubator 
(21% O2, 5% CO2, 37℃) as previously described [25].

Immunoblotting
Cells and placental tissues were lysed in RIPA lysis buffer (Sigma Aldrich, St. Louis, USA) supplemented 

with both protease inhibitor (Selleckchem, Houston, USA) and phosphatase inhibitor cocktails (Selleckchem, 
Houston, USA). Protein concentrations were determined by the use of a BCA assay kit (Beyotime, Beijing, 
China) according to the manufacturer’s manual. Then, 20 µg of total proteins was subjected to 7% or 10% 
discontinuous SDS-PAGE and transferred to polyvinylidene fluoride membranes (Roche, UK). Membranes 
were blocked for 1 h with 5% nonfat dried milk in Tris-buffered saline containing 0.05% Tween-20 (TBST) 
and then probed with primary antibodies at 4℃ overnight. Primary antibodies against p-AMPKThr172 
(1:1000), AMPKα (1:1000), p-ACCSer79 (1:1000), ACC (1:1000), p-p53Ser15 (1:1000), p-p38Thr180/Tyr182 (1:1000), 
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p38 (1:1000), and cleaved caspase-9 (cl-cas9, 1:1000) were purchased from Cell Signaling Technology 
(Danvers, USA); p53 (1:2000) and β-actin (1:1000) were purchased from Proteintech (Rosemont, USA); 
Wip1 (1:1000) and Mdm2 (1:1000) were purchased from Abcam (Cambridge, UK) and Invitrogen (Waltham, 
USA), respectively. The membranes were then washed three times in TBST, each time for 10 min, followed 
by incubation with anti-rabbit (1:5000, Proteintech) or anti-mouse (1:5000, Proteintech) IgG secondary 
antibody conjugated with horseradish peroxidase. The immunoreactive signal was then detected by ECL 
reagents (Millipore, Darmstadt, Germany), and the bands were scanned and quantified by densitometry 
analysis using an image analyzer Quantity One System (Bio-Rad, Richmond, CA, USA).

Real-time reverse-transcriptase quantitative polymerase chain reaction (RT-qPCR)
Total RNA of the placental tissue was extracted using TRIzol reagent (Invitrogen, Waltham, USA) 

followed by measurement of the RNA concentration by NanoDrop 2000 (Thermo Fisher, Waltham, USA). 
cDNA was obtained from total RNA by reverse transcription with the Superscript II First-Strand Synthesis 
System (Roche, Basel, Switzerland). The primer sequences for RT-qPCR were designed as follows:

PPM1D forward: 5’-GTGGAAGAAACTGGCGGAATG-3’, reverse: 5’-ACCACCCCTGAGTCACCTACG-3’;
β-actin forward: 5’-TGGCACCCAGCACAATGAA-3’, reverse:5’-CTAAGTCATAGTCCGCCTAGAAGCA-3’.

mRNA levels were quantified by using SYBR Green I and melting curve analysis to ensure amplification 
specificity through the Bio-Rad CFX Connect™ Real-Time System. Forty cycles of PCR were performed: 
initial enzyme activation and template denaturation at 95 °C for 10 min was followed by denaturation at 
95 °C for 10 s, annealing at 63 °C (PPM1D) or 58 °C (β-actin) for 30 s, and an extension phase at 72 °C for 
30 s followed by melting curve analysis. Ct values were used for quantification. All assays were 95-105% 
efficient. The relative levels of mRNA were calculated by the 2-ΔΔCt method.

Lentivirus transfection
Lentivirus vectors expressing scrambled shRNA (5-RTTCTCCGAACGTGTCACGT-3’) and shRNA 

targeting PPM1D (5′-CCCTTCTCGTGTTTGCTTAAA-3′) were purchased from GenePharma (Shanghai, China), 
and transfection was performed according to the manufacturer’s protocol. The transfection efficiency was 
assessed by FL-1 channel detection of fluorescence generated from GFP-labeled shRNAs.

Reagents
The specific inhibitors of Wip1 (GSK2830371), p38 (SB202190) and Mdm2 (NVP-CGM097) were 

purchased from Selleckchem (Houston, USA), along with the proteasome inhibitor (MG-132). Dimethyl 
sulfoxide (DMSO, Sigma Aldrich, St. Louis, USA) served as a solvent.

Flow cytometry
HTR8/SVneo cells were plated in 6-well plates at a density of 1×105 cells/well. After culturing for 48 

h, the cells were washed twice with ice-cold PBS. Then, 1×106 cells were transferred into Annexin V-FITC 
and PI binding buffer (BD Biosciences, San Jose, USA) for 20 min. The cells were then analyzed by an FCM 
Vantage SE flow cytometer (BD Biosciences, San Jose, CA, USA).

Coimmunoprecipitation (Co-IP)
Cell lysates were collected using binding buffer (50 mM Tris, 150 mM NaCl, 0.1% TritonX-100, pH 7.5) 

after treatments, and the lysates were immunoprecipitated with 3 µg of antibody against p53 (Cell Signaling 
Technology, Danvers, USA) for 15 min before coupling to Protein A/G Magnetic Beads (Selleckchem, Houston, 
USA) overnight at 4℃. The eluted antigen was obtained after 13000g centrifugation for 10 min before SDS-
PAGE was performed as described in immunoblotting.

Statistical analysis
Quantitative data are shown as the mean ± SEM. Statistical analyses were processed with Prism6 

(GraphPad Software, San Diego, USA). The differences between the two groups were analyzed by independent 
t-test assuming a normal distribution and equal variance while Welch’s t-test was used under conditions 
when equal variance was not assumed. Statistical comparisons among multiple groups were evaluated by 
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One-way ANOVA. Parametric tests were applied if normality and homogeneity of variance assumptions 
were satisfied; otherwise, the equivalent nonparametric test was used. A value of p < 0.05 was considered 
statistically significant.

Results

Clinical characteristics
Clinical information on normal (n=15) and PE (n=13) pregnant women that participated 

in this study are summarized in Table 1. There was no difference in maternal age, body 
mass index (BMI) and gestational age (GA) between the two groups, while systolic blood 
pressure (165.20±2.19 mmHg vs. 100.80±2.53 mmHg, p<0.0001), diastolic blood pressure 
(114.50±2.02 mmHg vs. 74.73±1.72 mmHg, p<0.0001), and 24 h proteinuria (2.52±0.11 g vs. 
0.05±0.01 g, p<0.0001) were significantly higher in the PE group compared to the controls. 
In addition, the PE group demonstrated a significant reduction in neonatal birth weight 
(3584.00±144.10 g vs. 3083.00 ± 132.80 g, p<0.05) and placental weight (524.40±9.30 g vs. 
487.40±15.79, p<0.05).

Wip1 is predominantly expressed in trophoblasts in placenta
First, the expression patterns of Wip1 in placental tissues during different stages of 

gestation were determined by IHC staining. As shown in Fig. 1A, in first-trimester placental 
villi Wip1 is mainly expressed in CTBs and STBs (Fig. 1Aa). Specifically, Wip1 is prominently 
expressed in EVTs and trophoblast columns (TC), as well as decidua (Fig. 1Ag-h), where 
they are costained with HLA-G (Fig. 1Ab and g). Similarly, in term placenta, Wip1 protein is 
barely observed in endothelial cells but is mainly expressed in trophoblasts (Fig. 1Ad-f). The 
distribution of Wip1 in the placenta suggests a potential role of the protein in the regulation 
of trophoblastic function.

Wip1 is upregulated in placentas from pregnancies complicated by PE and in vitro 
trophoblast PE models
To investigate the role of Wip1 in trophoblasts and in the development of PE, we then 

examined Wip1 expression levels in PE and normal placentas and found that both mRNA 
and protein levels of Wip1 were significantly elevated in PE term placentas (Fig. 1B-C). 
Consistently, upregulation of Wip1 was also observed in HTR8/SVneo cells after treatment 
with HII or SIB (Fig. 1D), both of which effectively induced energetic crisis in trophoblast 
cells as the phosphorylation levels of AMPK and ACC were elevated (Fig. 1E-F). The results 
suggest that Wip1 overexpression in trophoblasts may be associated with the development 
of PE.

Wip1 is required for p38 activation and p53 dephosphorylation in trophoblasts under 
conditions of hypoxia
To ascertain the regulatory effect of Wip1 on p38 in trophoblasts during hypoxia, a 

shRNA targeting PPM1D, which led to a 51.16% reduction in Wip1 protein levels (Fig. 2A-
B), was transfected into HTR8/
SVneo cells during various in 
vitro hypoxic conditions. As 
shown in Fig. 2C, p-p38Thr180/

Tyr182 was significantly elevated 
by HII, while total p38 remained 
unchanged, but such activation 
of p38 was completely 
blocked in the presence of 
either a Wip1 inhibitor or 
shWip1. Accordingly, cl-cas9 

Table 1. Clinical characteristics of subjects. GA and proteinuria 
were analyzed by Welch’s t-test, and others were analyzed by 
student’s t-test.  *P<0.05, ****P<0.0001
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Fig. 1. Expression pattern of Wip1 is altered 
in PE placentas and trophoblastic PE models. 
A. IHC staining of CK7, CD31, HLA-G, and 
Wip1 in villous (a-c), term placental (d-f) and 
decidual (g-h) tissue from healthy pregnancies, 
to assess the expression patterns of Wip1 in 
endothelial cells (ECs), cytotrophoblasts (CTBs), 
syncytiotrophoblasts (STBs), extravillous 
trophoblasts (EVTs), and trophoblast columns 
(TCs). Scale bar, 200 µm; B. The mRNA levels 
of Wip1 in normal and PE placentas, n=7, 
*p<0.05, Student’s t-test; C. The representative 
Western blot and quantification of Wip1 protein 
in normal and PE placentas, n=7, ***P<0.001, 
Student’s t-test; D. IF staining of Wip1 (green) 
in HTR8/SVneo cells after 24 h of HII or SIB 
treatment, normoxia was included as control. 
Nuclei were counterstained by DAPI (blue). 
Scale bar, 100μ m; E-F. Phosphorylation levels of 
AMPKα and ACC, and Wip1 protein expression 
in HTR8/SVneo cells after 24 h of HII (E) and 
SIB (F) treatments were examined by Western 
blotting. n=4, *P<0.05, **P<0.01, ***P<0.001, 
Student’s t-test. Experiments were performed in 
triplicate.
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Fig. 2. Wip1 activates p38 
and dephosphorylates p53 in 
trophoblasts under conditions 
of hypoxia. A: Lentiviral 
transfection efficiency was 
examined by FCM and IF. Scale 
bar 400 µm; B: Wip1 protein 
expression was confirmed 
by western blotting, n=4, 
*P<0.05 vs. scrambled shRNA, 
one-way ANOVA, Dunnett-t 
multiple comparison test; C-D. 
Representative Western blots 
of p-p38Thr180/Tyr182, p38, cl-cas9, 
Mdm2, p-p53Ser15, and p53 in 
HTR8/SVneo cells after 24 
h of HII (A) or SIB (B) in the 
presence of 20 µM GSK2830371 
(GSK), DMSO (0.1%), shWip1, 
or scrambled shRNA (MOI=50). 
n=4, (*P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001, one-
way ANOVA, Sidak’s multiple 
comparisons test. Experiments 
were performed in triplicate.
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was also significantly increased by HII, but levels declined if Wip1 activity or expression 
was suppressed. Moreover, a putative downstream target of Wip1, p-p53Ser15 [26, 27], was 
significantly reduced in HTR8/SVneo cells during HII, while Wip1 knockdown or GSK2830371 
treatment rescued p53 phosphorylation at Ser15. It is known that phosphorylation of p53 
at Ser15 reduces the interaction between p53 and its negative regulator, the oncoprotein 
Mdm2 [20]. Wip1 expression may thus be positively correlated with p53-Mdm2 interaction 
through dephosphorylation of p53. We then detected p53 in trophoblast. Intriguingly, p53 
expression was dramatically enhanced by HII treatment, which was opposite to the observed 
change in p-p53 Ser15, and further manipulation of Wip1 did not show any effect on the total 
protein levels of p53. However, Mdm2 was decreased by HII; recovery was demonstrated 
by additional GSK2830371 treatment or shWip1 transfection. Similar effects of Wip1 on 
p-p38Thr180/Tyr182, p38, p-p53Ser15, p53, Mdm2 and cl-cas9 were observed in SIB induced in 
vitro trophoblast PE model (Fig. 2D). These results suggest that persistent hypoxia augments 
p-p38Thr180/Tyr182 and cl-cas9, as well as decreases p-p53Ser15 and Mdm2, in trophoblast in a 
Wip1-dependent manner. Most importantly, our data suggest that Wip1 negatively regulates 
Ser15-phosphorylation-dependent p53 stabilization in trophoblasts during hypoxia.

Inhibition of Wip1 attenuates hypoxia-induced apoptosis in HTR8/SVneo cells
The roles of p53 and cl-cas9 in the regulation of cell apoptosis have been extensively 

studied. To verify the signaling alterations observed in our Western blotting experiments, we 
measured the viability of HTR8/SVneo by FCM and found that either HII or SIB significantly 
elevated the apoptosis of HTR8/SVneo cells, while inhibition or down-regulation of Wip1 
largely blocked hypoxia-induced trophoblastic apoptosis (Fig. 3A-C); this is consistent with 
the changes in apoptotic signaling discussed above.

Wip1 is required for p53-Mdm2 interaction in trophoblast
Phosphorylation at Ser15 stabilizes p53 by interfering with its binding to Mdm2 

[20]. Therefore, to further ascertain the involvement of Wip1 in p53-Mdm2 interaction in 
trophoblasts, the protein-protein interaction between p53 and Mdm2 were examined by 
co-IP. As shown in Fig. 3D, p53 physically interacts with Mdm2 in HTR8/SVneo cells under 
various hypoxic conditions, and inhibition of Wip1 by either shRNA or GSK2830371 resulted 
in significantly reduced binding between Mdm2 and p53, indicating that Wip1 is critical for 
the formation of the p53-Mdm2 complex. These results suggest that the elevation of Wip1 
induced by hypoxic stress may enhance Mdm2-mediated p53 degradation through the 
inhibition of p53 phosphorylation at Ser15, thus providing a regulatory machinery to confine 
p53 accumulation, which may prevent excessive trophoblastic apoptosis during hypoxia.

p38 is required by hypoxia-induced Wip1 expression and Mdm2-dependent p53 degradation
To investigate whether p38 activation is involved in the regulatory effect of Wip1 on 

p53 stabilization and consequent apoptosis under hypoxia, the p38 inhibitor SB202190 was 
administered in hypoxic HTR8/SVneo cells. Surprisingly, inhibition of p38 activity in hypoxia 
not only markedly suppressed p53 and cl-cas9 expression levels (Fig. 4) but also down-
regulated Wip1 expression, indicating the existence of a positive feedback loop around Wip1 
and p38 in trophoblasts. Moreover, SB202190 treatment significantly enhanced Mdm2 and 
p-p53Ser15 in hypoxia. Collectively, these data imply that p38 regulates p53 stabilization 
and consequent caspase-mediated apoptosis in hypoxia mainly by modulating the levels of 
Mdm2 and p-p53Ser15, both of which may directly impact Mdm2-dependent p53 degradation 
in trophoblast.
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Inhibition of Mdm2 degradation resulted in p53 destabilization and p38-Wip1 loop down-
regulation
p38 degrades Mdm2 via a ubiquitin-proteasomal pathway and thus stabilizes p53 

in cancer cells [28, 29]. However, such a regulatory pathway has yet to be validated in 
trophoblasts. Therefore, the proteasome inhibitor MG-132 was applied to HTR8/SVneo cells 
under conditions of hypoxia to investigate whether Mdm2 plays an important role in p53 
homeostasis in trophoblast. Immunoblots demonstrated that MG-132 significantly enhanced 

Fig. 3. Wip1 is required for 
hypoxia-induced p53-Mdm2 
interaction and apoptosis 
in HTR8/SVneo cells. A-C. 
Apoptosis of HTR8/SVneo 
cells after 24 h of HII (A) or SIB 
(B) in the presence of GSK (20 
µM), DMSO (0.1%), shWip1, or 
scrambled shRNA (MOI=50), 
were determined by FCM, and 
apoptosis rate was qualified 
by percentage of Q2 and Q3 
quadrants (C). n=4, *P<0.05, 
**P<0.01, one-way ANOVA, 
Sidak’s multiple comparisons 
test; D. Co-IP of Mdm2 and 
p53 in HTR8/SVneo cells after 
24 h of HII or SIB treatment 
in the presence of GSK (20 
µM) or shWip1 (MOI=50). 
Experiments were performed 
in triplicate.
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Mdm2 in hypoxia; consistent with this finding, p53 accumulation was completely alleviated, 
even though p-p53Ser15 was significantly elevated (Fig. 5). Reduction in cl-cas9 suggested 
that trophoblastic apoptosis could be inhibited via Mdm2-dependent p53 degradation. 
Furthermore, p38 phosphorylation and Wip1 expression levels were suppressed in the 
presence of MG-132, thus confirming Mdm2 as a key mediating component of the p38-Wip1 
loop, through the regulation of p53 stability.

Inhibition of p53 binding to Mdm2 resulted in p53 accumulation and p38-Wip1 loop 
upregulation
To further reveal the underlying mechanism of Mdm2 regulating p53 stabilization in 

the putative p38-Wip1 loop, HTR8/SVneo cells were treated with a highly potent selective 
inhibitor of Mdm2, NVP-CGM097 (denoted as NVP below), which specifically blocks the p53 
binding-site of Mdm2 [30]. In the presence of NVP, the hypoxia-induced loss of Mdm2 was 
significantly rescued (Fig. 6). In accordance with this finding, p53 accumulation was further 
enhanced by NVP treatment. Taken together, these results suggest that p53 binding to Mdm2 
resulted in degradation of p53 in trophoblasts. Consistent with p53 accumulation, cl-cas9 
was upregulated by NVP administration. Furthermore, Wip1 expression was significantly 

Fig. 4. p38 activity regulates p53 stabilization and Wip1 expression in hypoxia in HTR8/SVneo cells. 
Representative Western blotting of p-38-Wip1 loop consisting molecules in HTR8/SVneo cells after 24 h 
of HII or SIB in the presence of 4 µM SB202190, Kruskal-Wallis test, Dunn’s multiple comparison test for 
p-p53/p53 in SIB and one-way ANOVA, Dunnett-t multiple comparison test for others. n=4, β-actin was used 
as loading control. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Experiments were performed in triplicate.
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enhanced by the inhibition of Mdm2-p53 binding, either in normoxia or hypoxia; in accord 
with this finding, its substrate p-p53Ser15 was significantly lower under hypoxic conditions 
and further inhibited by NVP, while the level of p-p38 demonstrated similar changes with 
Wip1. These data are consistent with our previous results and confirm that p53 binding 
to Mdm2 is critical for p53 stabilization, and that the accumulation of p53 in trophoblasts 
during hypoxia due to interrupted Mdm2-dependent p53 degradation can be limited by the 
p38-Wip1 loop through the phosphorylation of p53.

Fig. 5. Inhibition of Mdm2 degradation down-regulates p38-Wip1 loop.  Representative Western blotting 
of p38-Wip1 loop consisting molecules in HTR8/SVneo cells after 24 h of HII or SIB in the presence of 
6 µM MG-132, Kruskal-Wallis test, Dunn’s multiple comparison test for p-p53/p53 and one-way ANOVA, 
Dunnett-t multiple comparison test for others. n=4, β-actin was used as loading control. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. Experiments were performed in triplicate.
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Fig. 6. Disruption of p53-Mdm2 interaction up-regulates p38-Wip1 loop. Representative Western blotting 
of p38-Wip1 loop consisting molecules in HTR8/SVneo cells pretreated with 2 µM NVP-CGM097 (NVP) for 
6 h followed by 24 h of HII or SIB in fresh medium, Kruskal-Wallis test, Dunn’s multiple comparison test for 
p-p53/p53 and one-way ANOVA, Sidak’s multiple comparison test for others. β-actin was used as loading 
control. n=4, β-actin was used as loading control. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Experiments 
were performed in triplicate.
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Fig. 7. Wip1 acts as a downstream effector of p53 in trophoblasts. Western blotting of p38-Wip1 loop 
consisting molecules in HTR8/SVneo cells pretreated with 2 µM NVP for 6 h, followed by 24 h of normoxia, 
HII, or SIB treatment in fresh medium along with 20 µM GSK or shWip1 (MOI=50), Kruskal-Wallis test, 
Dunn’s multiple comparison test for p-p53/p53 in HII and one-way ANOVA, Dunnett-t multiple comparison 
test for others. n=4, β-actin was used as loading control. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
Experiments were performed in triplicate.
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Wip1 is a downstream effector of p53 in trophoblasts
In our study, inhibition or down-regulation of Wip1 in conditions of hypoxia did not 

influence p53 levels in trophoblasts, while manipulation of p53 stabilization resulted in 
alterations in Wip1 expression, suggesting that Wip1 might be a downstream effector of p53 
in the p38-Wip1 loop. To further verify the regulatory order of components in the putative 
signaling loop, HTR8/SVneo cells were pretreated with NVP to break down all p53-Mdm2 
interactions, followed by either pharmacological inhibition or shRNA interference of Wip1. 
The results demonstrated that the levels of Wip1, p-p38, and cl-cas9 were significantly 
enhanced, while p-p53Ser15 and Mdm2 were suppressed by HII or SIB, even though the binding 
of p53 and Mdm2 had been demonstrated in advance (Fig. 7). However, the response of total 
p53 to Wip1 manipulation during hypoxia was blunted by NVP pretreatment. Taken together, 
these data confirmed that Wip1 elevation during hypoxia is more likely a downstream effect 
of p53 accumulation that passively feeds back on p53 stability in trophoblasts, rather than 
an upstream triggering event of p53 stabilization in response to hypoxic stress.

Fig. 8. p53-Mdm2 interaction is required for activation of the p38-Wip1 loop. Western blotting of p38-Wip1 
loop consisting molecules in HTR8/SVneo cells incubated with 4 µM SB202190 alone, 2 µM NVP alone, or a 
combination of SB202190 and NVP in normoxia, HII and SIB for 24 h, Kruskal-Wallis test, Dunn’s multiple 
comparison test for p-p53/p53 in HII and SIB, and one-way ANOVA, Dunnett-t multiple comparison test for 
others. n=4, β-actin was used as loading control. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Experiments 
were performed in triplicate.
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p53-Mdm2 interaction is required for activation of the p38-Wip1 loop
To further investigate the role of p53-Mdm2 interaction in the p38-Wip1 loop, HTR8/

SVneo cells were subjected to the treatment of SB202190 alone, NVP alone, or a combination 
of SB202190 and NVP in hypoxia. SB202190 and NVP increased Mdm2 accumulation in 
trophoblasts under conditions of hypoxia (Fig. 8), indicating that both the p53-Mdm2 
interaction and p38 activation contribute to Mdm2 destabilization. However, additional 

Fig. 9. The p53-Mdm2 interaction is critical in regulating the p38-Wip1 loop in trophoblasts. Western 
blotting of p38-Wip1 loop consisting molecules in HTR8/SVneo cells incubated with 6 µM MG-132 alone, 2 
µM NVP alone, or a combination of MG-132 and NVP in normoxia, HII and SIB for 24 h, Kruskal-Wallis test, 
Dunn’s multiple comparison test for p-p53/p53 in HII and SIB, and one-way ANOVA, Dunnett-t multiple 
comparison test for others. n=4, β-actin was used as loading control. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001. Experiments were performed in triplicate.
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SB202190 did not cause a further increase in p53, Wip1, and cl-cas9 compared to NVP 
treatment alone; nonetheless, NVP demonstrated more potent effects on p53 accumulation 
than SB202190 alone, suggesting that the p53-Mdm2 interaction is essential for transducing 
hypoxia-induced activation of p38 signaling to the downstream effectors of the p38-Wip1 
loop in trophoblasts.

p53-Mdm2 interaction plays a more critical role in the regulation of the p38-Wip1 loop 
than Mdm2 destabilization
We found that either proteasome or p53-Mdm2-binding-mediated Mdm2 degradation 

impacts the p38-Wip1 loop in the trophoblast. However, the relative importance of these 
events in the regulation of the p38-Wip1 loop remains unclear. To clarify this issue, HTR8/
SVneo cells were subjected to treatments of NVP alone, MG-132 alone, or both together in 
hypoxia. Mdm2 expression in the MG-132 and NVP cotreated trophoblasts was significantly 
higher than that of the MG-132- or NVP-treated trophoblasts alone (Fig. 9). This indicated 
that either inhibition of the proteasome-mediated Mdm2 degradation or suppression of 
p53-Mdm2 binding resulted in Mdm2 upregulation. However, although the cotreatment 
with MG-132 and NVP resulted in a significantly higher p53 levels compared to treatment 
with MG-132 alone, there was no significant elevation in p53 expression compared to the 
group treated with NVP alone. Similar effects were observed for Wip1, p-p53Ser15, cl-cas9, 
and p-p38Thr180/Tyr182

. These data indicate that blocking the p53-Mdm2 interaction is more 
efficient in potentiating the p38-Wip1 loop in trophoblasts than stabilization of Mdm2.

The p38-Wip1 loop is hyperactivated in human placentas from pregnancies complicated 
by PE
To validate the findings from our in vitro experiments, the putative p38-Wip1 loop 

was then examined in human term placentas. As shown in Fig. 10A, p-p38 Thr180/Tyr182 was 
significantly augmented in PE placentas while Mdm2 was sharply down-regulated. In line 
with these results, p53 accumulation was observed in the PE group, and the levels of cl-
cas9 were also significantly elevated. Moreover, p-p53Ser15 was markedly decreased in PE 
placentas compared to normotensive controls. These data confirmed that PE placenta is 
associated with hyperactivation of the p38-Wip1 loop, and elevation of p53 and consequent 
cleavage of cas9 may be responsible for the increased apoptosis in trophoblast cells that has 
long been observed in PE.

Discussion

The hypoxic microenvironment at the fetomaternal interface is thought to play a crucial 
role in the pathogenesis of PE [2, 31-33]. However, during 8-10 weeks of gestation, the oxygen 
concentration in the intervillous space is only 2-5% since the invasion of maternal uterine 
vessels by trophoblasts has just been initiated, and thus the fetomaternal circulation has yet 
to be fully established. Despite the fact that the oxygen levels will gradually increase to 10% 
due to vascular remodeling as pregnancy progresses, the placenta remains in a physiological 
hypoxic condition. Adaptation to the long-term low-oxygen environment confers hypoxia 
resistance on trophoblasts; therefore, establishment of a solid hypoxia model for trophoblasts 
is critical for elucidating the cellular and molecular basis of PE development.

In the present study, trophoblast cells were made hypoxic by using two approaches: HII 
treatment, a conventional approach of adjusting the concentration of oxygen to 1% in a cell 
incubator, and SIB treatment, which deprives HTR8/SVneo of dissolved oxygen by excessive 
sodium dithionate from potassium hydrogen and lactate. Most importantly, the hypoxia 
in trophoblast cells was confirmed by determination of the phosphorylation of AMPK, the 
master regulator of metabolism and sensor of ATP depletion [34, 35]; AMPK is much more 
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Fig. 10. The p38-Wip1 loop in normal and PE placentas. A. Western blotting of p38-Wip1 loop consisting 
molecules in Normal and PE complicated human placentas, Welch’s t-test for p-p53/p53 and student’s-t 
test for others, n=7. β-actin was used as loading control, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
Experiments were performed in triplicate; B. Working model of the p38-Wip1 feedback loop in trophoblasts.
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sensitive indicator of cellular hypoxia than HIF-1α, which is currently widely used as a 
biomarker for in vitro trophoblastic hypoxia [35, 36].

Placental apoptosis is exacerbated in placentas from pregnancies complicated by PE; 
this finding correlated with upregulation of p53, a well-studied tumor suppressor protein, as 
well as the down-regulation of its negative regulator, Mdm2 [8]. Although previous studies 
have shown that hypoxia induces p53 expression in placenta, the underlying mechanism 
underlying p53 regulation by hypoxic stress remains unknown [37]. In addition, previous 
work of our group and others have shown that PE placentas and low-oxygen treated 
trophoblast cells are associated with p38 hyperactivation, which compromises the invasion 
of trophoblast cells and increases the secretions of sFlt-1/sEng [38, 39]. Importantly, 
sustained p38 activation leads to elevation of cell apoptosis [40].

However, in the present work, we found that the enzyme that dephosphorylates p38, 
Wip1, which is supposed to be suppressed if p38 phosphorylation increased, was actually 
overexpressed in PE placentas. However, another substrate of Wip1, p-p53, demonstrates 
concordant alterations with Wip1 in the in vitro hypoxia trophoblast models. This 
phenomenon drew our attention to the role of Wip1 and its cross-talk with p38 and p53 in 
trophoblast apoptosis under hypoxia.

Both the pharmacological and genetic suppressions of Wip1 in HTR8/SVneo cells during 
hypoxia confirmed that hypoxia-induced p38 phosphorylation is Wip1-dependent; however, 
inhibition of p38 by SB202190 revealed that p38 activity is also required for hypoxia-induced 
Wip1 upregulation in trophoblast. This evidence suggested that p38 and Wip1 are positively 
correlated; therefore, a p38-Wip1 regulatory loop may exist in trophoblasts in response to 
hypoxia.

Moreover, our data showed that inhibition of Wip1 was significantly alleviated during 
hypoxia-induced trophoblastic apoptosis, which is opposite to its carcinogenic function in 
cancer cells [18]. To validate our finding, the effect of Wip1 on p53 was assessed. Although 
p53 phosphorylation was found to be decreased during hypoxia, in line with the alterations 
of Wip1 expression levels, the total p53 protein level remained relatively stable rather than 
unlimited augmentation in trophoblast cells. These facts indicate that the enhanced Wip1 
expression and consequent dephosphorylation of p53 are likely to be a negative feedback for 
maintaining p53 homeostasis and are protective against excessive cell death.

In considering how Wip1 modulates p53 in trophoblasts, an MG-132-induced reduction 
in p53 led to suppressed Wip1 expression during hypoxia; in contrast, p53 accumulation 
by interfering with the p53-Mdm2 interaction markedly enhanced Wip1 expression in 
trophoblasts. Consistent with this finding, levels of p-p53Ser15 were negatively correlated with 
trophoblastic Wip1 levels in these experiments. The Wip1-induced loss of p-p53Ser15 is likely 
to be a compensatory feedback that prevents a burst of p53 accumulation; this feedback 
mechanism may be critical for maintaining p53 homeostasis and protecting against excessive 
apoptosis of trophoblasts and the loss of placental functions. These data further confirm that 
hypoxia results in p53 accumulation, which sequentially enhances Wip1 expression, in turn 
promoting p53 binding to Mdm2. Indeed, our co-IP data demonstrated that Wip1 is required 
for the p53-Mdm2 interaction, probably through dephosphorylation of p53 at Ser15[20].

To ascertain the initiating role of p38 activation in the putative p38-Wip1 loop, the binding 
between Mdm2 and p53 was disrupted by NVP prior to inhibition of p38 under conditions of 
hypoxia; we demonstrated that the physical interaction between p53 and Mdm2 is required 
for transmitting the signal of hypoxia-induced p38 activation to downstream effector Wip1. 
Lastly, the proposed p38-Wip1 loop has been validated in normal and PE human placentas, 
and the alterations of all signalling molecules were in accordance with those in hypoxia-
induced HTR8/SVneo models of PE.

To the best of our knowledge, we are the first to report the interplay between p38 and 
Wip1 through p53-Mdm2 interaction in trophoblasts under a low-oxygen environment. 
However, although two different hypoxia-induced trophoblastic PE models were utilized in 
this study, the limitation of an in vitro PE model such as hypoxia reoxygenation [41] and 
continuous hypoxia [42] might not be able to fully elucidate the physiological changes of the 
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loop in vivo. Further validation of our findings by using Reduced Uterine Perfusion Pressure 
(RUPP) or sFlt-1 overexpression induced murine PE models [43, 44], could more precisely 
delineate the importance of p38-Wip1 loop in the pathogenesis of PE.

Conclusion

In summary, this study demonstrates a feedback regulatory loop between p38 and 
Wip1 in trophoblasts. Phosphorylation of p38 stabilizes p53 through deprivation of Mdm2 
and/or disassociation of the p53-Mdm2 complex, both of which lead to p53-dependent 
apoptosis and the upregulation of Wip1. In turn, elevated Wip1 dephosphorylates p-p53Ser15, 
thus restoring the interaction between p53 and Mdm2, and consequent p53 degradation. 
Activation of the p38-Wip1 loop ultimately results in p53 homeostasis and protects against 
excessive apoptosis during hypoxia (Fig. 10B). Validation of these findings by using animal 
PE models could further ascertain the potential of this loop as an interventional target for 
the prevention and management of PE. 
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