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Abstract
Background  The syncytiotrophoblast (SCT) layer in the placenta serves as a crucial physical barrier separating 
maternal-fetal circulation, facilitating essential signal and substance exchange between the mother and fetus. Any 
abnormalities in its formation or function can result in various maternal syndromes, such as preeclampsia. The 
transition of proliferative villous cytotrophoblasts (VCT) from the mitotic cell cycle to the G0 phase is a prerequisite 
for VCT differentiation and their fusion into SCT. The imprinting gene P57Kip2, specifically expressed in intermediate 
VCT capable of fusion, plays a pivotal role in driving this key event. Moreover, aberrant expression of P57Kip2 has been 
linked to pathological placental conditions and adverse fetal outcomes.

Methods  Validation of STK40 interaction with P57Kip2 using rigid molecular simulation docking and 
co-immunoprecipitation. STK40 expression was modulated by lentivirus in BeWo cells, and the effect of STK40 on 
trophoblast fusion was assessed by real-time quantitative PCR, western blot, immunofluorescence, and cell viability 
and proliferation assays. Co-immunoprecipitation, transcriptome sequencing, and western blot were used to 
determine the potential mechanisms by which STK40 regulates P57Kip2.

Results  In this study, STK40 has been identified as a novel interacting protein with P57Kip2, and its expression is 
down-regulated during the fusion process of trophoblast cells. Overexpressing STK40 inhibited cell fusion in BeWo 
cells while stimulating mitotic cell cycle activity. Further experiments indicated that this effect is attributed to its 
specific binding to the CDK-binding and the Cyclin-binding domains of P57Kip2, mediating the E3 ubiquitin ligase 
COP1-mediated ubiquitination and degradation of P57Kip2. Moreover, abnormally high expression of STK40 might 
significantly contribute to the occurrence of preeclampsia.
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Background
The placenta stands as a crucial cornerstone for main-
taining a successful pregnancy and ensuring healthy fetal 
development. It serves the mission of nutrition trans-
mission, gas exchange, immune tolerance, and secretion 
of pregnancy-specific hormones [1]. Throughout preg-
nancy, mononuclear placental villous cytotrophoblast 
(VCT) continually proliferate and fuse into syncytiotro-
phoblast (SCT), eventually forming a semi-permeable 
barrier epithelium covering the surface of placental villi, 
which is the main place for material exchange and hor-
mone secretion between mother and fetus. Number of 
studies have demonstrated that the formation or func-
tion defects of SCT can lead to various placental-derived 
diseases, such as preeclampsia (PE), premature delivery, 
fetal growth restriction (FGR), and even stillbirth [2, 3]. 
As ongoing debates continue regarding whether abnor-
malities in trophoblast cells are the cause or a conse-
quence of these diseases, it remains crucial to conduct 
comprehensive investigations into the key steps and fac-
tors regulating the proliferation and differentiation of 
trophoblast cells to address this issue. This will also aid 
in identifying effective intervention targets for clinical 
treatment.

The differentiation and fusion of VCT into SCT 
involved complex interactions among multiple signaling 
pathways, epigenetic modification, transcription factors, 
cytoskeletal proteins, and plasma membrane compo-
nents [4]. The cell cycle plays a crucial role in balancing 
the self-renewal and differentiation of VCT. Cells in the 
growth phase exit the cell cycle and enter a state com-
monly referred to as the ‘resting’ or ‘quiescent’ phase (G0 
phase). The single-cell RNA sequencing (RNA-seq) anal-
ysis and experiments have clarified that the exit of VCT 
from the mitotic cell cycle to form intermediate cells with 
fusion competence in the G0 phase is a prerequisite for 
their subsequent fusion [5]. While premature exit from 
the mitotic cell cycle is necessary for the up-regulation 
of the classical fusion-driving factor Syncytin-2, forcibly 
expressing Syncytin-2 in proliferating VCT can induce 
physical cell fusion; however, this process leads to insta-
bility and dysfunctionality of SCT [6]. Moreover, the 
high expression of transcriptional coactivator YAP up-
regulates stem cell and cell cycle-related genes, promot-
ing self-renewal of VCT while inhibiting their fusion [7]. 
The role of classical cell cycle inhibitors such as P57Kip2, 
P21Cip1, and P27Kip1 in regulating the cell cycle and dif-
ferentiation of VCT has consistently been a focal point 
of attention [8]. Among them, the paternally imprinted 

gene P57Kip2 (hereinafter referred to as P57), encoded by 
CDKN1C, is the least studied member of the family. It 
was found to be highly expressed in embryos and down-
regulated with age-dependent and ultimately expressed 
only in specific tissues like the adult placenta, brain, skel-
etal muscle, and lung. Abnormal low expression or loss 
of P57 expression is associated with the proliferation of 
pathological trophoblast cells. Mutations or abnormal 
expression of P57 can lead to excessive cell proliferation, 
resulting in the development of hydatidiform mole. Cur-
rently, P57 serves as a key indicator used for clinical diag-
nosis and classification of hydatidiform mole [9, 10].

Our prior research, along with that of Takahashi et al., 
has concurrently discovered that high expression of P57 
inhibited VCT proliferation and promoted the fusion 
of VCT, and elevated levels of P57 drive the generation 
of intermediate VCT [11, 12]. Moreover, gene knock-
out technology has demonstrated that the absence of 
P57 expression in pregnant mice could induce PE-like 
symptoms [13]. More importantly, the proportion of 
P57-positive intermediate VCT was significantly lower 
in early-onset PE placenta compared to normal human 
placenta [14]. Combined with the phenotype of exces-
sive immature proliferative VCT and damaged SCT in 
the placenta of PE patients [3], it can be speculated that 
PE placenta experienced abnormal cell cycle regulation 
due to the withdrawal of VCT from mitosis, resulting 
in impaired VCT fusion and placental development and 
dysfunction in PE placenta. Therefore, abnormal expres-
sion of P57 in the placenta may be one of the key factors 
contributing to the imbalance between VCT proliferation 
and differentiation, resulting in impaired syncytialization 
and ultimately inducing PE.

To delve deeper into the regulatory mechanism of 
P57 in VCT fusion, immunoprecipitation-mass spec-
trometry analysis was employed to identify the potential 
interaction protein of P57, and a new interacting pro-
tein STK40 of P57 was verified. Then, through a variety 
of VCT fusion models and experiments, the interaction 
sites and regulatory mechanisms between STK40 and 
P57 and their roles in physiology and pathology were 
revealed. This study has laid a theoretical foundation for 
comprehending the pathological mechanism underly-
ing the imbalance in VCT proliferation and differentia-
tion, mediated by abnormal cell cycle regulation, which is 
implicated in the occurrence of PE.

Conclusions  This study offers new insights into the role of STK40 in regulating the protein-level homeostasis of 
P57Kip2 during placental development.

Keywords  P57Kip2, STK40, Placenta, Trophoblast, Cell fusion, Preeclampsia



Page 3 of 14Li et al. Journal of Translational Medicine          (2024) 22:852 

Materials and methods
Human placental tissue collection and isolation of primary 
human trophoblast cell
All placentas were voluntarily donated by patients at the 
First Affiliated Hospital of Chongqing Medical Univer-
sity with informed consent and institutional approval. 
The Human Research Ethics Board of the Chongqing 
Medical University approved the human placental tis-
sues collection procedures (#2,022,127). Placental tis-
sues were collected from normal pregnant women with 
voluntary termination of pregnancy (n = 3, gestational 
age 6–8 weeks), those with PE (n = 6, gestational age 
36–38 weeks), and age-matched normal controls (n = 6, 
gestational age 38–40 weeks). The diagnostic criteria 
for PE patients refer to the American College of Obstet-
rics and Gynecology (ACOG) guideline that new-onset 
hypertension (systolic blood pressure ≥ 140 mmHg and/
or diastolic blood pressure ≥ 90 mmHg; average of two 
measurements) after 20 weeks of gestation with protein-
uria or other organ damage [15]. The exclusion criteria 
included women with other systemic diseases, such as 
preexisting hypertension, cardiovascular diseases, renal 
disease, immune disease, or other gestational complica-
tions. To isolate primary human trophoblast cells (PHT), 
normal term placenta was washed twice with normal 
saline, cut into small pieces using sterile scissors, and 
then digested with an enzyme mixture containing tryp-
sin (Sigma-Aldrich, St. Louis, MO, USA), DNase (Roche, 
Basel, Switzerland), and Dispase (Sigma-Aldrich). Percoll 
(GE Healthcare, Chicago, IL, USA) gradient centrifuga-
tion was utilized to enrich VCT, and the collected cells 
were cultured in DMEM medium (Sigma-Aldrich) sup-
plemented with 10% fetal bovine serum (FBS,  Gibco, 
Waltham, MA, USA). VCT cells spontaneously fused 
into SCT cells in 48 h of culture in vitro, so VCT cells and 
SCT cells were collected separately after 3 h and 48 h of 
culture.

Cell culture
BeWo cells (American Type Culture Collection, ATCC, 
Manassas, VA, USA) were cultured in F12K medium 
(ATCC) supplemented with 10% FBS. To induce cell 
fusion, BeWo cells were treated with 25 µM forskolin 
(FSK, Sigma-Aldrich) for 48–72 h. HEK-293T (Cell Bank, 
Chinese Academy of Sciences) was cultured in DMEM 
(Gibco) supplemented with 10% FBS. All cells were cul-
tured in 37  °C, 5% CO2 incubator. Prior to use, all cell 
lines were tested negative for mycoplasma contamination 
using a mycoplasma detection kit (TransGen Biotech, 
Beijing, China).

Mass spectrometry
Human placental villi from early pregnancy were col-
lected and then lysed on ice for 20 min in 1 ml of RIPA 

buffer (Beyotime, Shanghai, China) supplemented with 
1 × Phenylmethanesulfonyl fluoride (PMSF, Beyotime). 
Whole cell lysates were subjected to immunoprecipita-
tion (IP) overnight at 4  °C using P57 antibody (Cell Sig-
naling Technology, Danvers, MA, USA; catalog: #2557S) 
or normal rabbit IgG (Cell Signaling Technology, Dan-
vers, MA, USA; catalog: #2729). The 25  µl prewashed 
Protein A/G magnetic beads (Thermo Scientific Pierce, 
Waltham, MA, USA; catalog: 88,802) were added to the 
lysis buffer and antibody mixture and incubated at room 
temperature for one hour. IP protein was separated by 
SDT buffer (4% SDS, 100 mM Tris-HCL, 1 mM DTT, 
PH = 7.6). Peptide detection was performed by liquid 
chromatography-tandem mass spectrometry (LC-MS/
MS) in Applied Protein Technology (Shanghai, China), 
and coupling analysis was performed with Easy NLC by 
Q Exactive mass spectrometer.

Plasmid construction
The plasmids utilized in this study were generated 
through following steps: the eukaryotic expression vec-
tor pCDH was first linearized by restriction endonu-
clease, ECoR-I (New England Biolabs, NEB, Beverly, 
MA, USA) and Not-I (NEB), and the linearized carri-
ers were then recovered by agarose gel electrophoresis 
and using a gel recovery kit (Omega Bio-Tek, Norcross, 
GA, USA). Fragments comprising STK40 (Genbank id: 
NM_001282547.2), P57 (Genbank id NM_001122630.2), 
and ubiquitin (UB; Genbank id: X04803.2) were obtained 
from the human placental villus cDNA library and fused 
with HA or MYC tag, then cloned into pCDH vector 
using homologous recombination, respectively. All frag-
ments were generated using high-fidelity polymerase 
(TransGen Biotech, China) and homologous recombina-
tion was performed by Exnase II ligase (Vazyme, Nan-
jing, China). Finally, the STK40 vector containing the 
HA tag, P57 truncated mutant containing MYC tag, and 
HA-tag Ub vector were obtained. The COP1 vector was 
purchased from Gene Copoeia (Guangzhou, China; Gen-
bank id: NM_022457.7). Synthesized shRNA targeting 
STK40 (Genbank id: NM_032017.3, 5′-​C​C​G​G​A​T​G​G​T​T​
A​A​G​A​A​G​A​T​G​A​A-3′) was cloned into a pSIH1 vector to 
construct knockdown of STK40 vector.

Lentivirus packaging and infection
HEK-293T cells were cultured in 60  mm dishes until 
reaching 60–80% confluence. A mixture of psPAX2, 
pVSVG, the target plasmid, and polyethylenimine Lin-
ear transduction reagent (Polysciences Co., USA) was 
added to the cells. Lentiviral particles were collected 
48–72  h after inoculation. The collected virus particles 
were used to infect BeWo cells after adding 2 µg/ml poly-
brene. After 12 h of infection, cells infected with pCDH 
or shRNA were selected with 6  µg/ml puromycin. The 
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selected cells were re-inoculated into a six-well plate con-
taining F12K complete medium supplemented with 1 µg/
ml puromycin and 10% FBS to continue culture to obtain 
stable overexpression or knockdown of STK40 cell lines.

Co-immunoprecipitation (Co-IP)
To extract protein, samples of human villus tissue or cells 
were lysed in a buffer containing protease and phospha-
tase inhibitors. The resulting mixture was centrifuged at 
12,000 g for 15 min at 4 °C to obtain the supernatant con-
taining the protein. Additionally, a tenth of the lysate was 
extracted as an input sample. The remaining lysates were 
divided into two equal parts. Subsequently, the target 
antibody and IgG were separately added to each part, fol-
lowed by overnight incubation at 4  °C. Afterward, 25 µl 
prewashed Protein A/G magnetic beads were introduced 
to the lysate and antibody mixture, and the solution was 
incubated at room temperature for one hour. Proteins 
associated with Protein A/G beads were collected using 
a magnetic rack. The protein was eluted with SDS poly-
acrylamide gel electrophoresis (SDS-PAGE) washing buf-
fer and subjected to Western blot (WB).

Immunofluorescence
Cells were seeded on a sterile glass slide and placed in a 
24-well plate with or without FSK treatment. After incu-
bation, the cells were gently washed three times with 
phosphate buffered saline (PBS), and fixed with 4% para-
formaldehyde for 15  min. Following fixation, the cells 
underwent three additional washes with PBS and were 
permeabilized with a 0.1% Triton X-100 PBS solution 
for 15  min. To minimize non-specific binding, the cells 
were incubated in a PBS solution containing 3% bovine 
serum albumin (BSA) for an hour. Next, the primary 
antibody was added to the cells and allowed to incubate 
overnight at 4  °C. Details of antibodies were as follows: 
Vimentin (1:200, Bioss, Woburn, MA, USA; catalog: BS-
0756R), Cytokeratin-7 (CK7, ZSbio, Beijing, China; cata-
log: ZM-007), STK40 (1:200, Biorbyt, Cambridge, United 
Kingdom; catalog: orb101780), E-Cadherin (E-CAD, 
1:200, CST; catalog: #14,472). After three washes with 
PBS, the cells were stained with the corresponding goat 
anti-rabbit IgG (H + L) cross-adsorbed secondary anti-
body Alexa Fluor 488/goat anti-mouse IgG (H + L) cross-
adsorbed secondary antibody Alexa Fluor 594 (1:1000; 
Thermo Fisher Scientific) and incubated for an hour. 
Finally, the cells were counterstained with DAPI (1:1000; 
Beyotime) to visualize the nucleus. Immunofluorescence 
(IF) signals were captured by using confocal laser scan-
ning microscopy (CLSM) (Nikon, Tokyo, Japan).

Protein extraction and western blot
Whole cells were lysed in RIPA buffer (Beyotime) supple-
mented with 1 × PMSF, and the protein concentration 

was determined using the BCA protein assay kit (Beyo-
time). All protein imprinting was performed using a 
micro-electrophoresis system (Bio-Rad, Hercules, CA, 
USA). The total protein was separated on a 10% SDS-
PAGE gel and transferred to a polyvinylidene fluoride 
(PVDF) membrane (Millipore, Burlington, MA, USA). 
Following blocking with 5% skim milk at room tem-
perature for an hour, the membrane was incubated with 
primary antibodies overnight at 4  °C with the following 
primary antibodies: STK40 (1:1000, Invitrogen; catalog: 
PA5-22165), P57 (1:1000, Proteintech, Wuhan, China; 
catalog: 66794-1-Ig), CGβ (1:1000, Proteintech; catalog: 
11615-1-AP), E-CAD (1:1000, CST; catalog: #14,472), 
GAPDH (1:1000, Beyotime; catalog: AF0006), Myc-Tag 
(1:1000, CST; catalog: #2276), COP1 (1:1000, Abcam, 
Cambridge, MA, USA; catalog: ab56400), Ubiquitin 
(1:1000, Abmart, Shanghai, China; catalog: T55965). 
Subsequently, the membrane was incubated with the 
corresponding Goat anti-Rabbit/Mouse IgG (H + L) 
Secondary Antibody, HRP (1:10000, Thermo Scientific 
Pierce, C31460100/C31430100) at 37  °C for one hour. 
The target protein was detected using the ECL-Plus kit 
(NCM Biotech, Suzhou, China).

RNA isolation, cDNA synthesis, and RT-qPCR
Total RNA was isolated using Trizol reagent (Takara, 
Shiga, Japan). RNA concentration was measured by spec-
trometer (Bio-rad). For the synthesis of cDNA, 0.1–0.5 µg 
of total RNA was used for reverse transcription accord-
ing to the reverse transcription kit (TransGen Biotech, 
China). real-time quantitative PCR (RT-qPCR) was per-
formed using SYBR Green qPCR Master Mix (TransGen 
Biotech, China) and real-time PCR system (Bio-Rad). 
Primer sequences used were as follows: STK40 for-
ward, 5′-​C​A​G​C​A​C​T​A​C​G​T​C​A​T​C​A​A​G​G​A​G-3′, STK40 
reverse, 5′-​C​G​A​T​G​T​G​T​C​C​T​C​T​C​T​T​G​T​T​G​A​G​C-3′; 
P57 forward, 5′-​G​C​G​G​C​G​A​T​C​A​A​G​A​A​G​C​T​G​T-3′, P57 
reverse, 5′-​G​C​T​T​G​G​C​G​A​A​G​A​A​A​T​C​G​G​A​G​A-3′; and 
GAPDH forward, 5′-​G​G​A​G​C​G​A​G​A​T​C​C​C​T​C​C​A​A​A​A​
T-3′, GAPDH reverse, 5′-​G​G​C​T​G​T​T​G​T​C​A​T​A​C​T​T​C​T​
C​A​T​G​G-3′. GAPDH was used as a standardized inter-
nal control. The specificity of the fluorescence signal was 
verified by melting curve analysis and gel electrophoresis. 
The expression level of the target gene was determined by 
the 2−ΔΔCT method.

Cell viability and proliferation assays
Cell viability was measured by Cell Counting Kit 8 
(CCK8, NCM Biotech). Cells were seeded into 96-well 
tissue culture plates at a density of 3 × 103 cells per well. 
At each time point, 10 µl of CCK8 solution was added to 
each well, and the plates were incubated at 37 °C for two 
hours. The absorbance at 450  nm was measured using 
a microplate reader (Molecular Devices, San Jose, CA, 



Page 5 of 14Li et al. Journal of Translational Medicine          (2024) 22:852 

USA). Cell proliferation was determined using 5-ethynyl-
2′-deoxyuridine (EdU) assay. Briefly, cells were inocu-
lated in cell crawls at a density of 1 × 104 cells and cultured 
overnight. The cells were then treated with 10 µM 5-Fu 
for 24 h. Next, 10 µM EdU (Beyotime) was added to the 
medium and incubated for an additional 12–24  h. Cells 
were fixed and stained according to the manufacturer’s 
instructions.

Cell cycle assay
STK40-OE and sh-STK40 cells and their control cells 
were seeded in a six-well culture plate and cultured to 
80% confluence. Cell cycle analysis was conducted via 
nuclear Propidium Iodide (PI, Beyotime) staining, and 
PI absorbance was measured by BD FACSCelesta Mul-
ticolor Flow Cytometer (BD Biosciences, San Jose, CA, 
USA).

Rigid molecular simulation docking
The PDB format files of the 3D crystal structures of 
P57 and STK40 proteins were obtained from the Uni-
Prot protein database (https://www.uniprot.org/). The 
model calculation was carried out using the GRAMM-X 
protein-protein docking server (https://gramm.comp-
bio.ku.edu/), with P57 was selected as the receptor and 
STK40 as the ligand to analyze the two full-length pro-
tein groups. Docked complexes were analyzed using the 
PDBePISA server (https://www.ebi.ac.uk/msd-srv/prot_
int/pistart.html). Results are visualized using PyMOL 
(Version 2.5.7).

RNA sequencing
Stably transfected cell lines, including STK40-OE and 
sh-STK40, as well as their respective control counter-
parts, were harvested, and total RNA was extracted using 
Trizol (Takara). RNA integrity was evaluated through 
1.0% agarose gel electrophoresis. Subsequently, the RNA 
that meets the required standards was sent to Personal-
bio (Shanghai, China) for cDNA library preparation and 
RNA-seq.  Samples were indexed and sequenced on an 
Illumina NovaSeq 6000. Raw reads were quality-con-
troled and cleaned using FastQC (Version 0.11.9) and 
fastp (Version 0.23.1), and then aligned to the human 
genome GRCh38.p13 using HISAT2 (version 2.2.1). Gene 
counts were derived using Subread: featureCount (ver-
sion 2.0.3). The DESeq2 package in R (Version 4.3.1) was 
used to analyze differentially expressed genes (DEGs) in 
RNA-seq data. Genes with a p-value < 0.05 and an abso-
lute fold change > 0.5 were considered DEGs. Volcano 
plots show the expression patterns of these DEGs. Gene 
ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis were used to explore 
the possible functions of these DEGs.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
software (Version 5.0). Each experiment was repeated 
independently at least three times. Significant changes 
between the two groups were analyzed by Student’s 
t-test. A value of P < 0.05 was considered significant, 
denoted as * P < 0.05, ** P < 0.01, and *** P < 0.001. All data 
are expressed as mean ± standard deviation (SD).

Results
1. STK40 is a novel interacting protein of P57
To delve into the regulatory mechanism of P57 dur-
ing VCT fusion, the Co-IP experiments targeting P57 
were performed using human villus tissue cells obtained 
from pregnancies at 6–8 weeks. Subsequently, protein 
mass spectrometry analysis was employed to identify 
the potential interacting proteins (IPs). A total of 118 IPs 
were finally identified (Supplementary Table S1), includ-
ing well-known P57 IPs such as CCND1, CDK1, and 
CDK2, and various potential interacting proteins such as 
STK40, RAP1B, and NID2. GO analysis revealed that the 
biological process (BP) of the IPs were mainly enriched 
in the regulation of the G2/M transition of the mitotic 
cell cycle. Moreover, the cellular components (CC) of IPs 
were enriched in the cyclin-dependent protein kinase 
holoenzyme complex. The molecular function (MF) of 
the IPs showed enrichment in protein serine kinase activ-
ity (Fig. 1A). KEGG signaling pathway enrichment anal-
ysis confirmed that IPs were closely related to the p53 
signaling pathway (Fig. 1B).

To further screen the high-reliability IPs, a Venn analy-
sis was conducted using both the 118 IPs obtained from 
human villus tissue and the 183 IPs from Nicolas et al.’s 
Co-IP dataset [16]. Seven common IPs were identified, 
including BAG2, CDK4, CCND1, CDK2, RPS19, RPS10, 
and STK40 (Fig.  1C). Following literature research, 
STK40 is a serine/threonine protein kinase. Consider-
ing the enrichment of the serine/threonine process in 
the P57 IPs, STK40 was selected as a potential interac-
tion target for further investigation. The online tool 
GRAMM-X was used to perform molecular docking on 
P57 and STK40, confirming a direct interaction between 
the two proteins (Supplementary Table S2). The docking 
results displayed the calculated free energy of rigid dock-
ing between the proteins as -19.3 kcal/mol, suggesting a 
close binding between them (Fig. 1D). Furthermore, P57 
was precipitated by Co-IP in human villus tissue and 
HEK-293T cells, the WB results showed that STK40 had 
a protein interaction with P57 (Fig. 1E).

2. Down-regulation of STK40 expression during CTB fusion
The expression pattern of STK40 was investigated in 
two distinct VCT fusion models and human villi from 
early pregnancy. PHT was isolated from human normal 

https://www.uniprot.org/
https://gramm.compbio.ku.edu/
https://gramm.compbio.ku.edu/
https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
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term placenta, with their purity confirmed by IF stain-
ing for CK7 and Vimentin, showing purity levels exceed-
ing 95% (Fig.  2A). VCT were collected after PHT were 
cultured in vitro for three hours, while spontaneously 
fused SCT were collected after 48  h. IF staining of 
E-cadherin (E-CAD) marked the membrane boundary 
of PHT fusion. Results revealed primary SCT nuclear 

aggregation, E-CAD disappearance, and down-regulation 
of STK40 following spontaneous fusion of PHT (Fig. 2B). 
WB detection of STK40, E-CAD, and CGβ in PHT dem-
onstrated its down-regulation after cell fusion (Fig. 2C). 
The expression pattern of STK40 in the BeWo cell fusion 
model induced by the cAMP stimulator, FSK, was consis-
tent with PHT fusion model, indicating down-regulation 

Fig. 1  STK40 interacts with P57. (A) GO cluster analysis of P57-interacting proteins (IPs) identified by protein mass spectrometry analysis. The x-axis de-
notes the GO term, with the number of IPs indicated on the bars. Enrichment levels are shown on the y-axis. GO terms are color-coded: red bars signify 
Biological Processes (BP), yellow bars represent Cellular Components (CC), and blue bars indicate Molecular Functions (MF). (B) KEGG signaling pathway 
analysis of P57 IPs identified by protein mass spectrometry. (C) Venn diagram showcasing the overlap of P57 IPs identified from human villus tissue and 
Nicolas et al.. (D) Visualization of rigid molecular simulation of docking between P57 and STK40. P57 is illustrated in blue, and STK40 is represented in 
green. (E) Co-IP validation of protein interaction between P57 and STK40 in human placental villus tissue and HEK-293T cells. IB, Immunoblotting; Input, 
protein lysis buffer; IP, immunoprecipitation; IgG, negative control
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during cell fusion (Fig.  2C). IF staining of villi at gesta-
tional age 6–8 weeks showed that STK40 was highly 
expressed in the CK7-positive VCT cell layer, and sig-
nificantly down-regulated in the CK7-negative outer SCT 
layer (Fig. 2D).

3. Overexpression of STK40 inhibited VCT fusion
Despite STK40 being observed down-regulated dur-
ing VCT fusion, whether it is critical for the process 
remains unknown. To explore this issue, STK40 was 
overexpressed in BeWo cell lines. The CCK8 analysis 
demonstrated a significant enhancement in the viability 
of stable STK40-overexpressing (STK40-OE) BeWo cells 
(Fig.  3A). Furthermore, the EdU experiment confirmed 
an increased proliferation ability of BeWo cells follow-
ing STK40 overexpression (Fig. 3B). In the BeWo fusion 
model induced by FSK, the fluorescence intensity of 
STK40 decreased with cell fusion, while stable overex-
pression of STK40 significantly inhibited the fusion pro-
cess (Fig. 3C). Subsequent WB results revealed that stable 

overexpression of STK40 not only inhibited the degrada-
tion of E-CAD but also suppressed the high secretion of 
CGβ during FSK-induced VCT fusion (Fig.  3D). There-
fore, overexpression of STK40 was found to inhibit VCT 
fusion.

4. Knockdown of STK40 promoted VCT fusion
Additionally, STK40 was knockdowned in the BeWo 
cell line, and the CCK8 experiment revealed a decrease 
in the viability of BeWo cells following the knockdown 
of STK40 (Fig. 4A). EdU experiments further confirmed 
that knockdown of STK40 downregulated the prolifera-
tive capacity of BeWo cells (Fig.  4B). IF staining results 
indicated that knockdown of STK40 promoted SCT for-
mation (Fig.  4C); meanwhile, the knockdown of STK40 
led to the promotion of the down-regulation of E-CAD 
expression and the secretion of CGβ during VCT fusion 
(Fig.  4D), suggesting that knockdown of STK40 facili-
tated VCT fusion.

Fig. 2  Expression pattern of STK40 during trophoblast fusion. (A) Cell immunofluorescence detection of PHT purity. CK7 labels trophoblast, Vimentin 
labels stromal cells, DAPI stains nuclear; Scale: 50 μm. (B) Cell immunofluorescence detection of STK40 expression pattern in the spontaneous fusion 
model of PHT. E-CAD labels cell membranes, DAPI stains nuclear; Scale: 50 μm. (C) Western blot analysis of STK40, E-CAD, and CGβ protein expression 
patterns in PHT and BeWo cells. 3 h, primary VCT; 48 h, primary SCT; DMSO, solvent control; FSK, cell fusion inducer. (D) Immunofluorescence staining 
of STK40 expression localization in human villi from 6–8 weeks of gestation age. CK7 labels cytotrophoblasts, DAPI stains nuclear. Scale: 50 μm. (E) Im-
munofluorescence staining of sequential sections showing STK40 and CGβ expression in human villi from 6–8 weeks of gestation age. CGβ labels the 
syncytiotrophoblast, DAPI stains nuclear. Scale: 50 μm
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Fig. 4  Knockdown of STK40 promoted VCT fusion. (A) The cell viability of BeWo cells for days 1, 2, 3, 4, and 5 in Vector and sh-STK40 groups detected by 
CCK8. (B) EdU assay assesses the number of EdU-positive cells in BeWo cells with Vector and sh-STK40 groups. (C) Cell immunofluorescence detection of 
BeWo cells fusion with or without FSK induction in Vector and sh-STK40 groups. E-CAD labels cell membranes. Scale: 50 μm. (D) Western blot analysis of 
STK40, E-CAD, and CGβ expression in BeWo cells with or without 48 h FSK induction in Vector and sh-STK40 groups. GAPDH was used as a loading control. 
Vector, empty vector; sh-STK40, knockdown of STK40. ** P < 0.01, *** P < 0.001

 

Fig. 3  Overexpression of STK40 inhibited VCT fusion. (A) The cell viability of BeWo cells for days 1, 2, 3, 4, and 5 in Vector and STK40-OE groups detected 
by CCK8. (B) EdU assay assesses the number of EdU-positive cells in BeWo cells with Vector and STK40-OE groups. (C) Cell immunofluorescence detection 
of BeWo cells fusion with or without FSK induction in Vector and STK40-OE groups. E-CAD labels cell membranes. Scale: 50 μm. (D) Western blot analysis 
of STK40, E-CAD, and CGβ expression in BeWo cells with or without 48 h FSK induction in Vector and STK40-OE groups. GAPDH was used as a loading 
control. Vector, empty vector; STK40-OE, STK40 overexpression. ** P < 0.01, *** P < 0.001
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5. STK40 may be involved in cell cycle regulation by 
binding to the CDK-binding and the Cyclin-binding 
domain of P57
To further determine the interaction site between STK40 
and P57, various truncated mutations of P57 were con-
structed according to the domain division of P57 (Fig. 5A 
and B). Regrettably, we encountered difficulties in suc-
cessfully constructing expressible truncated fragments, 
particularly within the 142-316 region of P57, owing to 
its remarkably high GC content, reaching 79% (Fig. 5C) 
Truncated fragment vectors of P57 and STK40 vec-
tor were separately co-transfected into HEK-293T cells. 
Co-IP analysis revealed that the STK40 interaction 
domain in P57 was localized to the region between amino 
acids 1 and 141 in the P57 polypeptide. This region cor-
responds to both the CDK-binding domain and the 
Cyclin-binding domain (Fig.  5D). Consequently, it was 
speculated that STK40 might engage in cell cycle regula-
tion by binding to P57. Flow cytometry was employed to 
evaluate the impact of STK40 on cell cycle progression. 
The results showed that overexpression of STK40 led to 

the arrest of BeWo cells in the S phase; while interfer-
ing with STK40 led to arrest of BeWo cells in the G0/G1 
phase (Fig. 5E and F).

6. Ubiquitin degradation of P57 by COP1 mediated by 
STK40
Overexpressing STK40 significantly reduced the levels of 
P57 protein in BeWo cells. Conversely, knocking down 
STK40 increased the expression of P57 in BeWo cells 
(Fig. 6A and B). Intriguingly, these alterations in P57 pro-
tein levels did not affect the mRNA levels of P57 (Fig. 6C 
and D). As per existing literature, COP1, a downstream 
target factor of STK40, acts as an E3 ubiquitin ligase, 
facilitating the ubiquitination degradation of STK40 
by binding to downstream factors. Thus, we speculated 
that STK40 might mediate the ubiquitin degradation of 
P57 by COP1. Co-IP performed in HEK-293T cells dem-
onstrated interactions between P57, STK40, and COP1 
(Fig. 6E). To investigate the effect of STK40 on P57 ubiq-
uitination, HA-UB, HA-STK40, P57, and COP1 plasmids 
were transfected into HEK-293T cells, either separately 

Fig. 5  Search for STK40 interaction site with by P57 truncation mutation strategy. (A) A schematic diagram of P57 domain, depicting the CDK-binding do-
main, Cyclin-binding domain, Proline-rich region (PAPA), proline-alanine repeats (QT), PCNA-binding region, and Skp2-dependent degradation domain. 
(B) Schematic diagram illustrating the construction of Myc-P57 truncation mutants. (C) Line chart displaying the GC content within the coding sequence 
of P57. (D) Co-IP validation of the interaction between STK40 and truncated mutants of P57 in HEK-293T cells. IB, Immunoblotting; Lystates: protein 
lysis buffer; IP: immunoprecipitation; IgG: negative control. (E) Flow cytometry analysis of cell cycle progression in BeWo cells with Vector and STK40-OE 
groups. (F) Flow cytometry analysis of cell cycle progression in BeWo cells with Vector and sh-STK40 groups. * P < 0.05, ** P < 0.01
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or together. Subsequently, cells were treated with the pro-
teasome inhibitor MG132 before harvesting for Co-IP. 
The results demonstrate that the introduction of COP1 
leads to an increase in the ubiquitination level of P57, 
and overexpression of STK40 further enhances the ubiq-
uitination of P57 (Fig.  6F). These findings suggest that 
STK40 promotes the ubiquitination and degradation of 
P57 through COP1.

7. Transcriptome analysis provides evidence that STK40 
ubiquitinates P57
RNA-seq analysis was performed on control BeWo cells, 
stably overexpressing STK40, and knockdown of STK40. 
DEGs between STK40 overexpression cells and control 
cells were identified (Supplementary Table S3), includ-
ing 336 up-regulated genes and 736 down-regulated 
genes (absolute fold change > 0.5, P < 0.05; Fig. 7A). More-
over, 703 up-DEGs and 367 down-DEGs were detected 
between the knockdown of STK40 group and the control 
group (absolute fold change > 0.5, P < 0.05; Fig.  7B). The 
overlap between up-regulated DEGs after STK40 over-
expression and down-regulated DEGs after knockdown 
of STK40, and the overlap of down-regulated DEGs after 
STK40 overexpression with up-regulated DEGs after 
knockdown of STK40, suggested potential downstream 
targets of STK40 (Fig. 7C and D). These targets included 
genes associated with P57 (e.g., RB1 and TERT), the E3 

ubiquitin-protein ligase complex (including KLHL24, 
RNF13, RNF43, FBXO30, FBXO32, and SPOPL), and 
SCT marker genes (e.g., GH2, CGA, CSH1, CSH2, PSG3, 
and PSG5). GO analysis of these potential downstream 
targets highlighted enrichment in BP related to endoplas-
mic reticulum stress response and ubiquitin-dependent 
endoplasmic reticulum-associated degradation (ERAD). 
Enriched CC pathway included endoplasmic reticulum 
containing protein complexes and melanosomes, while 
the MF pathways involved folding chaperone binding 
and isomerase activity (Fig. 7E). Further KEGG analysis 
showed that the common DEGs enriched in the endo-
plasmic reticulum, cytokine-cytokine receptor interac-
tion, and JAK-STAT signaling path (Fig.  7F). The above 
results also provide possible evidence for ubiquitination 
degradation of P57 by STK40.

8. Abnormally high expression of STK40 in PE placenta
Previous studies have confirmed that in the placenta of 
patients with PE, there is a disruption in the balance of 
trophoblast proliferation and differentiation, manifesting 
as decreased cell syncytialization, increased apoptosis, 
and necrosis of trophoblast layer cells [2]. The expression 
of STK40 in PE placenta was confirmed using RNA-seq 
data (GSE149812) from the Gene Expression Omnibus 
(GEO) database. Results indicated a significant up-reg-
ulation of STK40 expression in the placentas of women 

Fig. 6  STK40 promoted ubiquitination degradation of P57 through COP1. (A) Western blot analysis of STK40, E-CAD, CGβ, and P57 in BeWo cells with or 
without 72 h FSK induction in Vector and STK40-OE groups. GAPDH was used as a loading control. (B) Western blot analysis of STK40, E-CAD, CGβ, and P57 
in BeWo cells with or without 72 h FSK induction in Vector and sh-STK40 groups. GAPDH was used as a loading control. (C) RT-qPCR was utilized to mea-
sure the mRNA expression of STK40 and P57 in BeWo cells in Vector and STK40-OE groups. (D) RT-qPCR was utilized to measure the mRNA expression of 
STK40 and P57 in BeWo cells in Vector and sh-STK40 groups. (E) Co-IP was performed to validate the protein-protein interactions between P57, COP1, and 
HA-STK40 in HEK-293T cells. (F) Western blot analysis was conducted to detect the ubiquitination levels of P57. ns, no statistical significance; *** P < 0.001
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with PE (Fig.  8A). Further confirmation by IF staining 
and WB demonstrated abnormal up-regulation of STK40 
expression in PE placenta compared to normal full-term 
placenta (Fig. 8B and C).

Discussion
The prerequisite for VCT fusion into SCT involves the 
withdrawal of VCT from the mitotic cycle to the G0 
phase [5]. However, the cell cycle regulatory mechanisms 
that control trophoblast proliferation and initiate tro-
phoblast fusion have not been fully characterized. The 

Fig. 7  Transcriptome shows potential downstream targets of STK40. (A) Volcano maps illustrating DEGs in Vector and STK40-OE groups. Red points indi-
cate up-regulation DEGs, blue indicates down-regulation DEGs, and the gray point represents non-significant DEGs. (B) Volcano maps showcasing DEGs 
in Vector and sh-STK40 groups. (C) Venn diagram displaying the overlap between up-regulated DEGs after STK40 overexpression and down-regulated 
DEGs after knockdown of STK40. And the Venn diagram of the down-regulated DEGs after STK40 overexpression and the up-regulated DEGs after knock-
down of STK40. (D) GO analysis of the potential downstream targets of STK40. (E) KEGG pathway enrichment analysis of potential downstream targets 
of STK40
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imprinted gene P57 has been identified as a pivotal factor 
in mediating cell cycle exit and instigating cell fusion in 
trophoblast cells. P57 is notably expressed at high levels 
in intermediate VCT with fusion capability [11]. Nota-
bly, aberrantly high P57 expression can lead to tropho-
blast hyperproliferation, potentially causing hydatidiform 
mole [17–19]. Conversely, abnormally low P57 expres-
sion significantly decreases intermediate VCT, poten-
tially contributing to conditions like PE [13, 14, 20]. Thus, 
exploring the precise regulatory mechanisms governing 
P57 expression timing and levels is of paramount impor-
tance in resolving trophoblast fusion complications.

In this study, STK40 was identified as a new interacting 
protein of P57 through various methods. STK40, char-
acterized as a serine/threonine pseudokinase, lacks con-
served amino acid residues within its kinase structural 

domain required for ATP binding. STK40 exhibits 
diverse roles in different tissues or organs. For instance, 
knockout of STK40 in mice resulted in multiple organ 
failure and perinatal death. Subsequent investigations 
revealed that STK40 deficiency caused c-JUN protein 
accumulation, suppressed WNT signaling activity, and 
impeded mesodermal differentiation in mouse embryos 
[21]. High STK40 expression promoted myoblast dif-
ferentiation by maintaining the transcriptional activity 
of myocyte enhancer factor 2 (MEF2) [22]. Conversely, 
knockdown of STK40 resulted in increased protein lev-
els of C/EBP protein, promoting adipocyte differen-
tiation in mouse embryonic fibroblasts and MSCs [23]. 
However, the role of STK40 in trophoblast cells remains 
unreported. Here, we discovered that STK40 was down-
regulated during trophoblast fusion. Despite not affecting 

Fig. 8  Abnormally high expression of STK40 in PE placenta. (A) Expression levels of STK40 in normal placenta and PE placenta from the GSE149812 data-
set. (B) Immunofluorescence detection of STK40 in normal placenta and PE placenta. CK7 labels cytotrophoblasts, DAPI stains nuclear; Scale: 50 μm. (C) 
Western blot analysis of STK40 in normal placenta and PE placenta
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the transcriptional level of P57, knockdown of STK40 
resulted in elevated P57 protein levels in BeWo cells, 
stimulating trophoblast differentiation and potentially 
influencing cell cycle regulation. Hence, STK40 may play 
a role in cell differentiation through multiple pathways 
within trophoblast cells.

As a member of the pseudokinase family, STK40 lacks 
the protein kinase activity required for phosphorylating 
substrates but retains the capability to interact with sig-
naling proteins. It has been established that STK40 inter-
acts with the COP1 WD40 domain of the E3 ubiquitin 
ligase [24]. The COP1 WD40 domain is responsible for 
recognizing substrates and tagging them for ubiquitina-
tion [25]. Previous studies have demonstrated that COP1 
could ubiquitinate modify and degrade P53 and P27, 
which is a member of the KIP/CIP family with P57, and 
thus is involved in proliferation and cell cycle regulation 
in a variety of cells [26–29]. Here, we revealed that COP1 
ubiquitinated P57 and that overexpression of STK40 
enhanced the ubiquitination of P57 by COP1. Addition-
ally, our transcriptome sequencing analysis of STK40 
overexpression and knockdown of STK40 in BeWo cells 
revealed that the downstream target genes of STK40 
were enriched in the ubiquitin-dependent ERAD path-
way. This finding supports the possibility that STK40 
might recruit the ubiquitin ligase complex to downregu-
late P57. Previously, our research indicated that P57 can 
drive trophoblast fusion [11], but it is noteworthy that 
P57 is only present in intermediate VCT. P57 is up-reg-
ulated for expression during trophoblast fusion and is 
down-regulated for expression/non-expression in defini-
tive SCT. If P57 is consistently expressed in high amounts 
in SCT it promotes SCT apoptosis. Thus, STK40 mediat-
ing the degradation of P57 by COP1 in the present study 
provided a possible explanation for the homeostatic reg-
ulation of P57 protein during trophoblast fusion. Studies 
highlighted that PE placental VCT fusion is severely defi-
cient, which may result from the inability to drive VCT 
to exit the mitotic cell cycle to initiate fusion due to aber-
rant P57 expression [2, 13]. Our discovery of abnormally 
high STK40 expression in PE partially explains the abnor-
mal expression of P57 in PE placentas. Future investiga-
tions should consider employing primary trophoblast 
cells and trophoblast stem cell lines whenever possible to 
reinforce the conclusions drawn in this study.

Conclusions
This study demonstrated that STK40 is a key regula-
tor of human placental trophoblast fusion, revealing 
an important role for STK40 in regulating P57 protein 
homeostasis.
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