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Abstract 

Background  Recurrent spontaneous abortion (RSA) is defined as two or more consecutive spontaneous abortions 
before 20 weeks with the same spouse [1]. However, approximately 50% of RSA cases of unknown cause are classified 
as unexplained recurrent spontaneous abortion (URSA). Potential factors include decreased trophoblast cell migra-
tion and invasion, leading to impaired placental implantation and maintenance of the normal maternal-fetal interface. 
However, the mechanism of this pathogenesis remains unknown. In this study, we investigated the potential role 
and mechanism of KLF4 in regulating URSA by influencing the invasion and migration ability of trophoblast cells.

Methods  We firstly identified 817 differentially expressed genes by performing a difference analysis of the dataset 
GSE121950 [2] related to recurrent abortion, and intersected the top 10 genes obtained respectively by the three 
algorithms: DMNC, MNC, and EPC using Venn Diagram.To detect the expression levels of core genes, villi samples 
were obtained from normal pregnant women and patients with URSA. RT-qPCR analysis revealed a significant differ-
ence in KLF4 mRNA expression and KLF4 was then analyzed. Trophoblast cell lines HTR8 and JEG3 were used to inves-
tigate the effect of KLF4 on trophoblastic function. Wound healing and transwell assays was performed to detect 
the invasion and migration of trophoblast cells. The expression of epithelial-mesenchymal transition(EMT) molecules 
were detected by RT-qPCR and western blot. Promoter detection and epigenetic modification were detected 
by chromatin immunoprecipitation (ChIP) assay. Molecular nuclear localization was detected by immunofluores-
cence and subcellular fractionation. Miscarried mice model was used to study the effects of KLF4 on URSA induced 
by reduced trophoblast invasion and migration.

Results  KLF4 is highly expressed in the villi of patients with URSA. KLF4 inhibits the expression level of H3R2ME2a 
in trophoblast cells by regulating the transcriptional level and nuclear translocation of PRMT6, thereby inhibiting 
the possible regulatory mechanism of trophoblastic invasion and providing a potential treatment strategy for URSA 
in vivo.
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Conclusions  The KLF4/PRMT6/H3R2ME2a axis regulates mechanisms associated with unexplained recurrent sponta-
neous abortion by regulating trophoblast function.

Highlights 

1.	 KLF4 is highly expressed in the villi of patients with URSA.
2.	 KLF4 inhibits trophoblast function by inhibiting PRMT6 expression.
3.	 KLF4 inhibits trophoblast function by  inhibiting the  transcription and  nucleation of  PRMT6, thereby inhibiting 

the expression of H3R2ME2a.

Keywords  KLF4, Unexplained recurrent spontaneous abortion, PRMT6, H3R2ME2a, Trophoblast invasion

Introduction
Recurrent spontaneous abortion (RSA), defined as two 
or more consecutive spontaneous abortions before 
20 weeks, affects 2–5% of reproductive women glob-
ally [3]. The causes include anatomical structure and 
chromosomal abnormalities, genetic factors, endocrine 
abnormalities, and immune dysfunction [4]. However, 
approximately 50% of RSA cases of unknown cause are 
classified as unexplained recurrent spontaneous abor-
tion (URSA). This not only affects the physical and men-
tal health of the majority of pregnant women but also 
imposes a substantial burden and mental pressure on 
their families and society. Embryo development primar-
ily depends on the placenta tissue formed after blastocyst 
implantation to provide nutrition. Placental formation 
begins when trophoblast cells enter the uterus at the 
maternal-fetal interface between the uterine mucosa and 
ectoderm, allowing direct contact between trophoblasts 
and maternal blood for nutrient and metabolite exchange. 
Incomplete placental formation and abnormal maternal-
fetal interface in early pregnancy are considered poten-
tial causes of URSA [3]. In early pregnancy, trophoblast 
cells showed high invasion and migration ability like 
malignant tumor cells; however, they were abnormally 
reduced under pathological conditions, suggesting that 
appropriate invasion and migration ability of trophoblast 
is essential for early embryo implantation and placental 
development and for establishing proper maternal-fetal 
relationship [4]. Epithelial-mesenchymal transformation 
(EMT) is characterized by the loss of adhesive epithelial 
phenotype and acquisition of active mesenchymal phe-
notype, significantly promoting migration and invasion 
of extravillous trophoblast cells [5]. Impaired invasion 
and migration of trophoblast cells due to EMT obstruc-
tion may increase URSA [6]; however, the underlying 
molecular mechanism remains unclear.

KLF4 is a member of the evolutionarily conserved 
family of zinc finger transcription factors, also known 

as epithelial zinc finger protein (EZF) and gut-enriched 
Krüppel-like factor (GKLF). KLF4 may act as an onco-
gene in different tumor tissues, and its biological behav-
ior is regulated by different molecular mechanisms 
[7]. For example, KLF4 can inhibit the invasion of thy-
roid tumors by inhibiting the expression of MMP2 and 
MMP9 [8]. De-ubiquitination of KLF4 can inhibit its 
self-degradation and increase the incidence of lung ade-
nocarcinoma [9]. Based on these results and the tumor 
similarity of placental trophoblast cells, KLF4 may be 
linked to trophoblastic function and play an important 
role at the maternal-fetal interface. However, the poten-
tial role of KLF4 in URSA and its specific mechanism of 
action remain unclear.

Histones are basic proteins that bind to DNA. As core 
components, they form nucleosome structures with 
147  bp DNA fragments wrapped around them, forming 
octamers containing four core histones (H3, H4, H2A, 
and H2B). Each protein, primarily a globohistone, has 
a characteristic side chain or tail that is densely packed 
with alkaline lysine and arginine residues and is capable 
of covalent post-translational modifications (PTM) at dif-
ferent amino acid sites, including acetylation, methyla-
tion, phosphorylation, ubiquitination, and SUMO. These 
modifications control the chromatin state by altering 
the charge density between histones and DNA, affect-
ing chromatin organization and potentially transcription 
processes [10]. These PTMs can also serve as recognition 
blocks for specific binding proteins that, when bound, 
may signal changes in chromatin structure or function 
and play important roles in various biological processes, 
including gene epigenetic regulation, DNA repair, mito-
sis, and meiosis. Histone modification has been shown to 
affect the genesis and development of tumors by affecting 
the expression of oncogenes or tumor suppressor genes 
as well as changes in the metabolic pathway of tumor 
cells [11], thereby affecting the biological process of the 
malignant degree of tumor cells [12].
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Furthermore, histone modification may be an impor-
tant target in regulating placental growth and devel-
opment and its invasion of the maternal uterus. 
MAP3K4-mediated histone acetylation regulates the 
epithelial-mesenchymal transition process in mouse 
trophoblast stem cells [13]. Moreover, the level of acety-
lated histone (H3) is decreased during the differentiation 
of cytotrophoblasts in vitro [14]. During human tropho-
blast syncytialization, H3K9ME3 of ERG3, cFOS, and 
cJUN transcription factors increased, while H3K27AC 
and H3K9AC decreased, accompanied by increased his-
tone deacetylase activity. Histone modification is also 
involved in the molecular biological process of ectropho-
blast cells in a pathological state. During preeclampsia, 
the fourth lysine trimethylation (H3K4me3) and ninth 
lysine acetylation (H3K9AC) levels of histone H3 in villus 
trophoblast cells of the placenta decreased, and the inva-
sion and migration of trophoblast cells were affected by 
the PPARγ activity [15]. It has also been confirmed that 
histone lactate levels are increased in preeclampsia, pos-
sibly due to trophoblast cell hypoxia, thereby promot-
ing fibrosis-related gene expression and providing new 
insights into the mechanism of histone modification in 
placental dysfunction during preeclampsia [16]. Chang-
ing histone modification of trophoblast cells has become 
an important target in regulating the EMT, invasion, and 
migration abilities of trophoblast cells. The regulation of 
URSA by histone modification of exovillous trophoblast 
cells and its mechanism remains unknown. Therefore, a 
comprehensive investigation of the molecular mecha-
nism of histone modification in extravillous trophoblast 
cells might provide a strong theoretical basis for the diag-
nosis and treatment of URSA.

Trophoblasts exhibit high EMT, invasion, and migra-
tion abilities during early pregnancy. Therefore, we 
hypothesized that histone modifications may play an 
important role in regulating trophoblast characteristics. 
The transcriptome of villus tissue of URSA patients was 

analyzed in the database, and the differentially expressed 
gene KLF4 was screened out. We discovered that KLF4 
can regulate the asymmetric methylation modification 
of arginine residues at the H3R2 site of histone by medi-
ating the protein arginine methyltransferase (PRMT6), 
thereby causing dysregulation of H3R2ME2a level, lead-
ing to URSA.

Results
KLF4 expression is upregulated in the villus tissue of URSA 
patients and the placenta of miscarried mice
By performing a difference analysis of the dataset 
GSE121950 [17] related to recurrent abortion, 817 differ-
entially expressed genes were identified in the villi tissues 
of the URSA group compared to the normal pregnancy 
(NP) group, of which 460 were upregulated, and 357 
were downregulated. The threshold values of ∣log2FC∣> 
1 and p < 0.05 were shown on the volcano map (Fig. 1A), 
while the top 100 genes are illustrated on the heat map 
(Fig.  1B). Next, GO and KEGG enrichment analyses 
were performed on differentially expressed genes (Figs. 
S1A-D). GO analysis revealed that the NP and the URSA 
groups differed primarily in interferon release, ERK1/2 
signal activation, cell progression, and metabolic pro-
cesses. KEGG analysis showed that different genes were 
primarily enriched in the HIF-1a signaling, EGFR, and 
other signaling pathways.

To screen for core genes, the STRING website was 
used for protein interaction analysis and visualization 
of the interaction network (Fig.  S1E). To further screen 
the core submodules, topologica l algorithm analysis was 
performed using three algorithms: DMNC, MNC, and 
EPC (Fig.  1C–E). The intersection of the top 10 genes 
obtained by the three algorithms was determined using 
Venn Diagram (Fig. F), and the last seven core genes were 
screened out: ALDH1A1, KLF4, KRT5, ATF2, MEF2A, 
SOX9, and UBE2I.

Fig. 1  KLF4 expression is up-regulated in the villus tissue of URSA patients and placenta of miscarried mice. A Volcano plots showed significantly 
different expression genes of villus in normal pregnant women (n = 3) and URSA pregnant women (n = 3) in dataset GSE121950.The screening 
condition was set as ∣log2FC∣> 1 and P value < 0.05. B The heat map shows the top 100 genes with the most significant differences. C–E Three 
algorithms, DMNC, MNC and EPC, were used to analyze the topology algorithm of the different genes. F The top ten genes obtained by the three 
algorithms are intersected by the Venn diagram, and 7 core genes are obtained. G The mRNA expression of 7 core genes in villus tissues of normal 
pregnant women (n = 20) and URSA pregnant women (n = 12) were detected by qPCR. H The expression of KLF4 protein in chorionic villus 
of normal pregnancy patients (n = 7) and URSA patients (n = 7) was determined by western blot. The protein imprinting strength was quantified 
using ImageJ software. I The expressions of KLF4 protein in villi of normal pregnancy patients (n = 3) and URSA patients (n = 3) were determined 
by immunofluorescence. The fluorescence staining intensity was quantified by ImageJ software. J Representative immunofluorescence images: 
double immune-staining of CK7 (red) and KLF4 (green); double immune-staining of HLA-G (red) and KLF4 (green) K The embryo absorption rate 
of normal pregnancy (NP) and aborted pregnancy (AP) mice at day 13.5 of gestation was calculated, which was defined as the number of resorbed 
embryos / (number of resorbed embryos + number of fetuses surviving) × 100%. L–N In NP group (n = 4) and AP group (n = 4), the expression 
of KLF4 was determined by qPCR, western blot and immunohistochemistry of placental tissue sections. ImageJ software was used to quantitatively 
analyze the imprinting strength and the relative absorbance of immunohistochemistry

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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To detect the expression levels of core genes, villi sam-
ples were obtained from normal pregnant women and 
patients with URSA. RT-qPCR analysis revealed a sig-
nificant difference in KLF4 mRNA expression (Fig. 1G). 
KLF4 was then analyzed. Western blot analysis showed 
that the protein content of KLF4 was significantly 
increased in the villus tissues of URSA patients (Fig. 1H). 
To verify these results, the expression of KLF4 in villi 
tissue sections of NP and URSA patients was compared 
using immunofluorescence staining (Fig.  1I). Stronger 
expression of KLF4 was observed in tissue of the URSA 
group, with the positive cells mainly being cytotropho-
blasts and EVTs. To verify the above result, we respec-
tively used immunofluorescence staining with antibodies 
of CK7 as a marker of cytotrophoblasts, and HLA-G, as a 
marker of EVTs on human villous tissue (Fig. 1J). Immu-
nofluorescence shows resemblant results. These results 
showed that KLF4 expression was increased in the villi 
of URSA patients compared to healthy controls, confirm-
ing the differential expression. Moreover, mouse models 
of NP and abortion-prone pregnancy (AP) were con-
structed. The results showed that the embryo absorption 
rate in the AP group increased significantly (Fig. 1K). The 
expression of KLF4 in mouse placenta was determined 
using qPCR, western blot, and IHC (Fig.  1L-N). The 
results revealed that the placenta of the AP mice exhib-
ited increased expression of KLF4 compared to the NP 
mice. These results indicate that KLF4 was significantly 
upregulated in the villus tissue of URSA patients and 
placental tissue of aborted mice; therefore, KLF4 may be 
involved in the pathological process of URSA.

KLF4 inhibits trophoblast migration, invasion, 
and epithelial‑mesenchymal transformation(EMT)
To explore the potential role of KLF4 in the pathogenesis 
of URSA, the STRING website was used to conduct inter-
action analysis of KLF4 and the signature proteins of pro-
liferation, invasion, migration, apoptosis, and EMT, and 
found that KLF4 was significantly associated with EMT 
and proteins related to invasion and migration (Fig. S2A). 
Next, the effects of KLF4 on trophoblast cell invasion, 
migration, and EMT behavior were investigated. First, 
we used the HTR8 and JEG3 cell lines to construct 
KLF4 stable knockdown and overexpressed cell lines, 
respectively, and detected the expression of invasion 
and migration marker gene MMP9 by measuring mRNA 
and protein levels (Fig. 2A-D). The results revealed that 
MMP9 expression increased in KLF4 knockdown troph-
oblast cell lines while it decreased in KLF4 overexpressed 
cells. To further analyze the migration and invasion abili-
ties of HTR8 and JEG-3 cells, wound healing and tran-
swell assays were performed. The results indicated that 
KLF4 overexpression reduced trophoblast migration 

and invasion, whereas KLF4 knockdown improved these 
abilities (Fig.  2E-H).We detected the expression levels 
of EMT-related proteins E-cadherin, N-cadherin and 
vimentin in trophoblast cell lines, and observed that the 
expression of E-cadherin increased in the overexpressed 
group, while the expression of N-cadherin and vimentin 
decreased (Figs. 2I-L). The knockdown group showed the 
opposite result, suggesting that KLF4 inhibits EMT of the 
trophoblast.

KLF4 inhibits PRMT6 transcription and nuclear 
translocation
We respectively performed karyoplasmic separation 
experiments on HTR8 and JEG3 cell lines to deter-
mine the underlying mechanism of KLF4 in trophoblast 
cells. The results revealed that KLF4 was localized in 
the nucleus (Fig.  3A, B). Immunofluorescence revealed 
a significant association between KLF4 expression and 
nuclear localization (Fig.  3C, D), which confirmed this 
conclusion. We speculate that KLF4 may function as a 
transcription factor in trophoblast cells. Moreover, dif-
ferentially expressed genes were analyzed in HTR8 cells 
of the control and KLF4 knockdown groups using RNA-
seq.  According to the threshold value of ∣log2FC∣> 0.75 
and P < 0.05, 915 significant differentially expressed genes 
were evaluated, among which 213 genes were upregu-
lated, and 702 genes were downregulated (Fig.  3E). The 
significant differential genes were displayed using a heat 
map (Fig.  3F). Among these, transcriptional differences 
in the protein arginine methyltransferase (PRMT) family 
attracted our interest. Arginine methyltransferase-medi-
ated arginine methylation is a common post-translational 
modification (PTM) in many proteins, involved in gene 
expression, mRNA processing and translation, transcrip-
tion and post-transcriptional regulation, intracellular 
signaling, and in the development and progression of 
many diseases, especially tumors [18]. The PRMT family 
includes PRMT1-9, of which PRMT6 showed the most 
significant changes in mRNA levels in KLF4 knockdown 
trophoblast cell lines (Fig. 3F, G). PRMT6 can affect cell 
growth, migration, invasion, apoptosis, and other bio-
logical behaviors in various cancers, making it a potential 
antitumor therapeutic target [19].

Based on the biological behavior similarity between 
trophoblast cells and various tumor cells, PRMT6 
may play a similar role. Therefore, PRMT6 expression 
was further analyzed. Western blot revealed that the 
PRMT6 gene was down-regulated in the KLF4 over-
expressing group and upregulated in the KLF4 knock-
down group in both trophoblast cell lines (Fig.  3H, I). 
Next, we constructed stable knockdown and overex-
pressed PRMT6 cell lines using HTR8 and JEG3 cell 
lines and measured the expression levels of invasion 
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Fig. 2  KLF4 inhibits trophoblast migration, invasion, and epithelial-mesenchymal transformation(EMT) A–E HTR8 and JEG3 cell lines with stable 
knocked down or overexpression of KLF4 were constructed, and the levels of invasion and migration marker MMP9 were determined by qPCR 
and western blot, and the imprinting strength of the protein was quantitatively analyzed by ImageJ software. E, F Wound healing scratches were 
imaged immediately, 24 h and 48 h after initial scratch time to quantify relative migration, quantifying relative migration using ImageJ software. 
G, H HTR8 cells and JEG3 cells were suspended in serum-free medium and then inoculated into an insertion chamber pre-coated with diluted 
matrix gel and incubated for 48 h for invasion determination. Cells at the lower surface of the membrane were counted and analyzed under a light 
microscope in three random fields of view. The staining intensity was quantified using the ImageJ software. I, L The expression levels of E-cadherin, 
N-cadherin and vimentin markers of epithelial mesenchymal transformation in trophoblast cells with knockdown or overexpression of KLF4 were 
measured by qPCR and western blot, and the imprinting strength of proteins was quantitatively analyzed by ImageJ software
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and migration marker gene MMP9 at mRNA and pro-
tein levels (Fig. 3J–M). The results revealed that MMP9 
expression decreased in PRMT6 knockdown trophoblast 
cell lines, while it increased in PRMT6 overexpressed 
cells. The results of wound healing and transwell assays 
performed on PRMT6 knockdown and overexpressed 
HTR8 and JEG-3 cells revealed that PRMT6 promoted 
trophoblast migration and invasion. We measured the 
expression levels of EMT-related proteins E-cadherin, 
N-cadherin, and vimentin in trophoblast cell lines and 
observed that the expression of E-cadherin decreased in 

the overexpression group, whereas that of N-cadherin 
and vimentin increased. The knockdown group showed 
the opposite result, suggesting that PRMT6 promoted 
EMT of the trophoblast (Fig.  3R–U). However, the 
mechanism through which KLF4 regulates PRMT6 tran-
scription and function remains unclear. Chromatin co-
immunoprecipitation (ChIP) assay revealed that KLF4 
was significantly enriched in the PRMT6 transcriptional 
promoter sequence (Fig.  3V). The specific binding sites 
for − 1806 - − 1795 were predicted using the IBS2.0 and 
JASPAR database (https://​jaspar.​gener​eg.​net/) (Fig. 3W). 

Fig. 2  continued

https://jaspar.genereg.net/
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Moreover, karyoplasmic separation was conducted on 
HTR8 cells, and the expression of PRMT6 in different cell 
components was detected using western blot. The results 
revealed that KLF4 knockdown promoted the entry of 
PRMT6 into the nucleus, while KLF4 overexpression 
inhibited it (Fig. 3X). Immunofluorescence staining con-
firmed this conclusion (Fig.  3Y). These results indicate 
that KLF4 can regulate PRMT6 expression by binding to 
the PRMT6 promoter sequence and inhibit its entry into 
the nucleus to perform a function. PRMT6 can promote 
trophoblast cell invasion, migration, EMT, and other 
biological behaviors.qPCR and western blot were used 
to determine PRMT6 expression in the placental villi of 
normal pregnant women and URSA patients. The mRNA 
and protein levels of PRMT6 were decreased in the villi 
tissues of URSA patients (Fig.  3Z-AB). To verify these 
results, triple immunofluorescence staining was used to 
compare PRMT6 expression in the villous tissue sections 
of URSA patients and normal pregnant women, as well 
as co-stained KLF4. The results revealed that PRMT6 
expression was lower in URSA patients than in the nor-
mal control group, confirming the differential expression 
(Fig. 3AC). Using multiple immunofluorescence staining 
and quantitative analysis of fluorescence intensity, we 
discovered that the expression of PRMT6 and KLF4 was 

negatively correlated in villi tissues (Fig. 3AD). Moreover, 
PRMT6 expression at the placental interface in NP and 
AP mice was determined using qPCR, western blot, and 
IHC.

The expression of PRMT6 at the placental interface was 
lower in AP mice than in NP mice (Fig. 3AE–AG). These 
findings indicate that PRMT6 was significantly downreg-
ulated in URSA female villi tissue and placenta tissue of 
aborted mice. Moreover, PRMT6 may be involved in the 
KLF4-mediated pathological process of URSA, although 
the specific mechanism has not been elucidated.

PRMT6 inhibited the level of asymmetric methylation 
of arginine at the histone H3R2 site
PRMT6 can asymmetrically methylate arginine residues 
at the histone H3R2 site in a variety of cell lines, thereby 
mediating the invasion, migration, and other biological 
behaviors of tumor cells [20]. We first detected the asym-
metric methylation level of arginine at the histone H3R2 
site (H3R2ME2a) in PRMT6 overexpressed and knock-
down trophoblast cell lines. H3R2ME2a levels decreased 
in PRMT6 knockdown trophoblast cells and increased in 
cells overexpressing PRMT6 (Fig.  4A, B). These results 
confirm that PRMT6 can regulate H3R2ME2a levels. 
We created a mutant trophoblast cell line at the H3R2 

(See figure on next page.)
Fig. 3  KLF4 inhibited PRMT6 transcription and nuclear translocation. A, B Western blot was performed to compare the levels of KLF4 in the nucleus 
and cytoplasm. Histone H3 was used as a nuclear marker and GAPDH was used as a cytoplasmic marker. C, D HTR8 and JEG3 cells were inoculated 
on cell slides for immunofluorescence staining, with KLF4 in red and DAPI in blue, to evaluate the subcellular localization of KLF4. The images 
were taken with a Zeiss confocal microscope at 40x. E Total RNA was isolated from control and KLF4 knockdown HTR8 cells, and RNA-seq analysis 
was performed. The threshold ∣log2FC∣>0.75 and P value < 0.05 were used to display the differentially significant genes on volcano map. F Heat 
maps showing genes with significant differences. G The expression of PRMT family 1–9 in HTR8 cells with KLF4 knockdown was analyzed by qPCR. 
H, I The protein expression level of PRMT6 in trophoblast cell lines with knockdown and overexpression of KLF4 was determined by western blot. 
J–M HTR8 and JEG3 cell lines with stable knocked down or overexpression of PRMT6 were constructed, and the levels of invasion and migration 
marker MMP9 were determined by qPCR and western blot. The protein imprinting strength was quantitatively analyzed by ImageJ software. N, 
O Wound healing scratches were imaged immediately, 24 h and 48 h after initial scratch time to quantify relative migration, quantifying relative 
migration using ImageJ software. P, Q HTR8 cells and JEG3 cells were suspended in serum-free medium and then inoculated into an insertion 
chamber pre-coated with diluted matrix gel and incubated for 48 h for invasion determination. Cells at the lower surface of the membrane 
were counted and analyzed under a light microscope in three random fields of view. The staining intensity was quantified using the ImageJ 
software. R–U The expression levels of E-cadherin, N-cadherin and vimentin markers of epithelial mesenchymal transformation in trophoblast cells 
with PRMT6 knockdown or overexpression were determined by qPCR and western blot. The imprinting strength of proteins was quantitatively 
analyzed by ImageJ software. V The KLF4 occupancy of PRMT6 promoter in HTR8 cells of control group and PRMT6 overexpression group 
was analyzed by ChIP-qPCR. W Predicting KLF4 in PRMT6 promoter specific binding sites for − 1806~-1795 by IBS2.0 and JASPAR database (https://​
jaspar.​gener​eg.​net/)​(Table S4). X Karyoplasmic separation experiments were performed on HTR8 cell lines with KLF4 knockdown and KLF4 
overexpression respectively. Histone H3 was used as a nuclear marker and GAPDH was used as a cytoplasmic marker by protein immunoimprinting 
to detect the expression of PRMT6 in each cell component. Y HTR8 cell lines were inoculated on cell slides for immunofluorescence staining, 
with PRMT6 in red and DAPI in blue, to evaluate the subcellular localization of PRMT6. The images were taken with a Zeiss confocal microscope 
at 40x. Z The mRNA expression of PRMT6 in villus tissues of normal pregnant women (n = 20) and URSA pregnant women (n = 12) were 
detected by qPCR.(AB)The expression of PRMT6 protein in chorionic villus of normal pregnancy patients (n = 7) and URSA patients (n = 7) 
was determined by western blot. The protein imprinting strength was quantified using ImageJ software.(AC) The expressions of PRMT6(pink) 
protein and KLF4(green) protein in villi of normal pregnancy patients (n = 3) and URSA patients (n = 3) were determined by immunofluorescence. 
The fluorescence staining intensity was quantified by ImageJ software.(AD)The correlation between PRMT6 and KLF4 protein expression levels 
was calculated by correlation analysis of immunofluorescence staining intensity in tissue sections.(AE-AG)In NP group (n = 4) and AP group (n = 4), 
the expression of PRMT6 was determined by qPCR, western blot and immunohistochemistry of placental tissue sections. ImageJ software was used 
to quantitatively analyze the imprinting strength and the relative absorbance of immunohistochemistry

https://jaspar.genereg.net/)(Table
https://jaspar.genereg.net/)(Table
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site to study the function of methylated modification of 
arginine by mutating arginine into alanine so that it can 
not be methylated, and western blot was used to detect 
changes in H3R2ME2a levels in the mutant (Fig.  4C–
D), and the expression level of invasion and migration 
marker MMP9 (Fig. 4E–H) at the mRNA and protein lev-
els. The results showed that MMP9 expression decreased 
in the H3R2 mutant trophoblast cell line. Wound healing 

and transwell assays of the H3R2 mutant trophoblast 
cell line revealed that migration and invasion abilities 
were reduced (Fig. 4I, J). The expression of EMT-related 
proteins E-cadherin, N-cadherin, and vimentin was ana-
lyzed in trophoblast cells of H3R2 mutant by measuring 
mRNA and protein levels and observed that the expres-
sion of E-cadherin increased in the mutant cell line, 
while N-cadherin and vimentin expression decreased, 

Fig. 3  (See legend on previous page.)
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indicating that the EMT of the H3R2 mutant trophoblast 
cell line was inhibited (Fig. 4M–P).

To determine the level of H3R2ME2a in the placen-
tal villi, H3R2ME2a expression in villi samples from 

normal pregnant women and URSA patients was 
determined using western blot and discovered that 
H3R2ME2a protein levels decreased in the villi tis-
sue of URSA (Fig.  4Q). These results were confirmed 

Fig. 3  continued
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by immunohistochemical staining of villus tissue sec-
tions from URSA patients and normal pregnant women 
(Fig.  4R). Westernblot and IHC were used to detect 

H3R2ME2a levels in the placental tissue of NP and 
AP mice, and it was found that H3R2ME2a expression 
decreased in the placental tissue of AP mice compared 

Fig. 3  continued
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Fig. 3  continued

(See figure on next page.)
Fig. 4  PRMT6 inhibited the level of asymmetric methylation of arginine at histone H3R2 site. A, B The expression levels of H3R2ME2a in trophoblast 
cell lines with knockdown and overexpression of PRMT6 were determined respectively by western blot. C, D HTR8 and JEG3 cell lines mutated 
at H3R2 site were constructed, and the expression level of mutant H3R2ME2a was verified by western blot.The protein imprinting strength 
was quantitatively analyzed by ImageJ software. E–H The levels of invasion and migration marker MMP9 in mutant trophoblast cell line at H3R2 site 
were determined by qPCR and western blot. The protein imprinting strength was quantitatively analyzed by ImageJ software. I, J Wound healing 
scratches were imaged immediately, 24 h and 48 h after initial scratch time to quantify relative migration, quantifying relative migration using 
ImageJ software. K, L HTR8 cells and JEG3 cells were suspended in serum-free medium and then inoculated into an insertion chamber pre-coated 
with diluted matrix gel and incubated for 48 h for invasion determination. Cells at the lower surface of the membrane were counted and analyzed 
under a light microscope in three random fields of view. The staining intensity was quantified using the ImageJ software. M–P The expression 
levels of E-cadherin, N-cadherin and vimentin markers of epithelial mesenchymal transformation in mutant trophoblast cell line at H3R2 site were 
determined by qPCR and western blot. The imprinting strength of proteins was quantitatively analyzed by ImageJ software. Q The expression 
of H3R2ME2a protein in chorionic villus of normal pregnancy patients (n = 7) and URSA patients (n = 7) was determined by western blot. The protein 
imprinting strength was quantified using ImageJ software. R The expressions of H3R2ME2a protein in villi of normal pregnancy patients (n = 3) 
and URSA patients (n = 3) were determined by immunohistochemical. The staining intensity was quantified by ImageJ software. S-T In NP group 
(n = 4) and AP group (n = 4), the expression of H3R2ME2a was determined by western blot and immunohistochemistry of placental tissue sections. 
ImageJ software was used to quantitatively analyze the imprinting strength and the relative absorbance of immunohistochemistry
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Fig. 4  (See legend on previous page.)
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to that in NP mice (Fig.  4S, T). These data indicated 
that H3R2ME2a levels were significantly downregu-
lated in the URSA female villi and placental tissues of 
aborted mice. PRMT6 can mediate the pathological 
process of URSA through H3R2ME2a, although the 
specific mechanism has not been elucidated.

KLF4 regulates the level of H3R2ME2a by regulating 
PRMT6 and then regulates the biological behaviors 
of trophoblast cells, such as invasion, migration, and EMT
Our results demonstrated that KLF4 regulates PRMT6 
expression and PRMT6 regulates the asymmetric 
methylation of arginine at the histone H3R2 site; how-
ever, the relationship between KLF4, PRMT6, and 
H3R2ME2a remains unknown. We discovered that 

Fig. 4  continued
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PRMT6 overexpression in KLF4 overexpressing HTR8 
cells reversed the expression of H3R2ME2a (Fig.  5A). 
Contrarily, PRMT6 knockdown in KLF4 knockdown 
HTR8 cells decreased the expression of H3R2ME2a 
(Fig.  5B). These results indicate that KLF4 can regulate 
the expression of H3R2ME2a via PRMT6. ChIP analysis 
showed that KLF4 deletion significantly increased the 
enrichment of H3R2ME2a at MMP9, N-cadherin, and 
vimentin promoter sites and decreased the enrichment 
of E-cadherin promoter sites (Fig.  5C). These results 
indicated that the KLF4-PRMT6-H3R2ME2a axis regu-
lates the transcription of genes related to trophoblast cell 
invasion, migration, and EMT. At the mutant H3R2 site 
in KLF4 knockdown HTR8 cell line, the increased level 
of invasion-related gene MMP9 protein was inhibited, 
as well as the expression of EMT-related genes N-cad-
herin and vimentin protein, and the decreased  level of 
E-cadherin protein was inhibited (Fig. 5D). Wound heal-
ing and transwell assays of trophoblast cell lines with 
KLF4 knockdown and H3R2 mutation revealed that the 
increased migration and invasion abilities of trophoblast 
cell lines by KLF4 knockdown  were inhibited (Fig.  5E–
H). These results indicated that KLF4 regulates the inva-
sion, migration, and EMT of trophoblast cells through 
H3R2ME2a, and mutation at the H3R2 site can inhibit 
the changes in trophoblast cell invasion, migration, and 
EMT induced by KLF4. Moreover, in PRMT6 overex-
pressing HTR8 cell line with a mutated H3R2 site, the 
increase of invasion-related gene MMP9 protein level 
was inhibited, as well as EMT-related gene N-cadherin 
and vimentin protein expression, while the reduction 
of E-cadherin protein was inhibited (Fig.  5I). Wound 
healing and transwell assays of PRMT6 overexpress-
ing trophoblast cell lines with mutated H3R2 revealed 

that the increased  migration and invasion abilities in 
overexpressed PRMT6 trophoblast cell lines were inhib-
ited (Fig. 5J–M). These results indicated that PRMT6 reg-
ulates the invasion, migration, and EMT of trophoblast 
cells through H3R2ME2a, and mutation in the H3R2 
site can inhibit PRMT6-induced changes in the invasion, 
migration, and EMT of trophoblast cells.

In summary, KLF4 can inhibit the asymmetric meth-
ylation of arginine residues at the H3R2 site by inhibit-
ing PRMT6 transcription and nucleation. Moreover, the 
KLF4-PRMT6-H3R2Me2a axis can regulate the tran-
scription of genes related to trophoblast cell invasion, 
migration, and EMT. Regulation of trophoblast cell inva-
sion, migration, EMT, and other biological behaviors may 
change the biological behavior and function of villi tissue.

Inhibition of KLF4 can inhibit embryo absorption 
in miscarried mice
We first conducted in vivo studies using models of nor-
mal pregnancy and aborted mice to determine whether 
KLF4 affects pregnancy outcomes. KLF4 expression 
was increased at the placental interface of aborted mice 
compared to NP mice (Fig. 1K–N). We activated KLF4 
by intraperitoneal injection of KLF4 agonist APTO-253 
on days 6.5, 8.5, 10.5, and 12.5 in NP mice, and dis-
covered that the embryonic absorption rate increased 
compared to the control group (Fig.  6A). Protein 
immune imprinting revealed that the expression levels 
of PRMT6 and H3R2ME2a were decreased in mouse 
placenta (Fig.  6B). IHC confirmed that the expression 
levels of N-cadherin and vimentin were decreased, 
while the expression levels of E-cadherin were 
increased after the injection of APTO-253 (Fig.  6C). 
KLF4 was inhibited by intraperitoneal injection of 

(See figure on next page.)
Fig. 5  KLF4 regulates the level of H3R2ME2a by regulating PRMT6, and then regulates the biological behaviors of trophoblast cells such 
as invasion, migration and EMT A The protein level of H3R2ME2a in the control group, the over-expressing KLF4 group, the over-expressing 
PRMT6 group, and both overexpressing KLF4 and PRMT6 group detected by western blot. B The protein level of H3R2ME2a in the control group, 
the knockdown KLF4 group, the knockdown PRMT6 group, and both knockdown KLF4 and PRMT6 group detected by western blot. C The 
H3R2ME2a concentrations of MMP9, E-cadherin, N-cadherin and vimentin promoters in HTR8 with KLF4 knockdown were analyzed by ChIP-qPCR. 
D The protein level of H3R2ME2a and invasion and migration related proteins MMP9 and EMT-related proteins E-cadherin, N-cadherin and vimentin 
in control group, knockdown KLF4 group, H3R2 site mutant, and simultaneously knockdown KLF4 group and mutation H3R2 site HTR8 cell line 
by western blot. E, F Wound healing scratches were imaged immediately, 24 h and 48 h after initial scratch time to quantify relative migration, 
quantifying relative migration using ImageJ software. G, H HTR8 cells and JEG3 cells were suspended in serum-free medium and then inoculated 
into an insertion chamber pre-coated with diluted matrix gel and incubated for 48 h for invasion determination. Cells at the lower surface 
of the membrane were counted and analyzed under a light microscope in three random fields of view. The staining intensity was quantified using 
the ImageJ software. I The protein level of H3R2ME2a and invasion and migration related proteins MMP9 and EMT-related proteins E-cadherin, 
N-cadherin and vimentin in control group, over-expressing PRMT6 group, H3R2 site mutant, and simultaneously over-expressing PRMT6 group 
and mutation H3R2 site HTR8 cell line by western blot. J, K Wound healing scratches were imaged immediately, 24 h and 48 h after initial 
scratch time to quantify relative migration, quantifying relative migration using ImageJ software. L, M HTR8 cells and JEG3 cells were suspended 
in serum-free medium and then inoculated into an insertion chamber pre-coated with diluted matrix gel and incubated for 48 h for invasion 
determination. Cells at the lower surface of the membrane were counted and analyzed under a light microscope in three random fields of view. The 
staining intensity was quantified using the ImageJ software
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Fig. 5  (See legend on previous page.)
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Fig. 5  continued

(See figure on next page.)
Fig. 6  Inhibition of KLF4 can inhibit embryo absorption in miscarried mice. A Representative macroscopic views of the uterus in NP mice 
with and without APTO-253 injected treatment. B–C The expression of PRMT6 and H3R2ME2a protein in placental tissue sections was determined 
by western blot. The expression of E-cadherin, N-cadherin, vimentin was determined by immunohistochemical. D Representative macroscopic 
views of the uterus in NP and AP mice, with and without Kenpaullone injected treatment, with and without EPZ020411 gavaged treatment. E–F The 
expression of H3R2ME2a protein in placental tissue sections was determined by western blot. The expression of E-cadherin, N-cadherin, vimentin 
was determined by immunohistochemical. The protein imprinting strength and the staining intensity was quantified using ImageJ software.The 
protein imprinting strength and the staining intensity was quantified using ImageJ software



Page 18 of 25Tan et al. Journal of Translational Medicine          (2024) 22:922 

Fig. 6  (See legend on previous page.)
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KLF4 inhibitor kenpaullone on days 6.5, 8.5, 10.5, and 
12.5. The embryo absorption rate was assessed on day 
13.5 of gestation. The results revealed that the embryo 
absorption rate of mice in the AP group was higher 
than that of the mice in the NP group. The embryo 
absorption rate of mice treated with kenpaullone was 
decreased, while the embryo absorption rate was 
higher in mice injected with kenpaullone and PRMT6 
inhibitor EPZ020411 (Fig. 6D). Moreover, western blot 
revealed that H3R2ME2a expression decreased in the 
placental tissue of mice in the AP group, whereas ken-
paullone treatment increased this expression, which 
could be reversed by EPZ020411 administration. KLF4 
regulates H3R2ME2a expression via PRMT6 (Fig.  6E). 
This was confirmed by the IHC results, which showed 
that E-cadherin expression in the placenta of mice in 
the AP group was significantly higher than that of mice 
in the NP group, while the expression of N-cadherin 
and vimentin was significantly lower than that of mice 
in the NP group. Kenpaullone treatment reversed the 
upregulation of E-cadherin and downregulation of 
N-cadherin and vimentin in the placenta of mice in the 
AP group. However, this phenomenon was suppressed 
in mice simultaneously administered Kenpaullone 
and EPZ020411 via gavage (Fig.  6F). Our study con-
firmed that KLF4 inhibition mitigated fetal abortion in 
aborted mice by promoting the expression of PRMT6, 
H3R2ME2a, and EMT in trophoblast cells.

Discussion
Chromosomal structural abnormalities, anatomical 
abnormalities, infections, endocrine abnormalities, and 
immune dysfunction, as well as environmental factors, 
including smoking and alcohol use, influence the devel-
opment of RSA [21]. However, the pathogenesis of URSA 
remains unknown. KLF4 is a zinc-finger-type transcrip-
tion factor that negatively regulates EMT in various gas-
trointestinal cancers through crosstalk with the TGF-β, 
Notch, and Wnt signaling pathways [22]. Besides, KLF4 
can function as a stress response gene induced by vari-
ous harmful stimuli to support cell survival [23]. In this 
study, by analyzing the transcriptome of the villus tissue 
of URSA patients in the database and clinical samples, 
we discovered that abnormally elevated KLF4 expression 
may induce URSA. An abnormal increase in KLF4 was 
also observed in the placental tissue of mice with spon-
taneous abortion induced by intraperitoneal injection of 
LPS; intraperitoneal injection of a KLF4 inhibitor could 
effectively improve the abortion outcome. Intraperitoneal 
injection of KLF4 agonist increased embryo absorption 
in NP mice. Therefore, elevated KLF4 expression may be 
one of the most critical factors leading to URSA.

Placental trophoblast cells can regulate their biologi-
cal behavior through epigenetic reprogramming, thereby 
affecting the pregnancy outcome. In this study, the tran-
scriptome data of KLF4 knockdown cells were analyzed, 
and it was revealed that KLF4 negatively regulated the 
transcription level of PRMT6. What’s more, KLF4 can 
inhibit PRMT6 nuclear translocation. Although we 
haven’t investigated the exact mechanism, we think KLF4 
may affect the nuclear translocation of PRMT6 in the fol-
lowing ways. Fist, KLF4 may promote PRMT6 to interact 
with specific proteins: PRMT6 enzymes may be guided 
into the nucleus through interactions with other proteins. 
For example, in the study of host cell iron death induced 
by PtpA in Mycobacterium tuberculosis, PtpA interacts 
with host arginine methyltransferase PRMT6 through 
its amino acid domain at position 1–50 and promotes 
trimethylation of arginine at position 2 of H3 histone 
(H3R2ME2a). This suggests that PRMT6 may be guided 
into the nucleus through interactions with specific pro-
teins [24]. Second, KLF4 can regulate the expression of 
proteins related to cell localization: KLF4 can regulate 
the expression of proteins related to cell localization and 
thus regulate the subcellular localization of downstream 
target genes. One of the KLF family homologue erythroid 
Krüppel-like Factor (EKLF/KLF-1), can bind two nuclear 
localization signals importin α and importin β target 
EKLF to the nucleus which suggests that transport relies 
primarily on a novel zinc finger/importin protein interac-
tion [25]. In mouse embryonic stem (ES) cells, KLF2 and 
KLF4 function redundantly to drive high level expression 
of KPNA2, which can code Importin-α1, a localization 
signal belongs to a receptor family that recognizes classi-
cal nuclear [26]. These researches suggest that KLF4 may 
regulate the nuclear localization of downstream target 
genes by influencing the expression of cell localization 
proteins.Nxt but not least, PRMT6 needs to enter into 
nucleus to perform its function: KLF4 regulates the level 
of the level of asymmetric methylation of arginine at the 
histone H3R2 site by regulating PRMT6 and then regu-
lates the biological behaviors of trophoblast cells. Histone 
H3 is localized in the nucleus and PRMT6 may therefore 
need to enter the nucleus to exert its methyltransferase 
activity on histone H3, thereby altering the expression of 
H3R2ME2a. PRMT6 may be guided into the nucleus by 
participating in these modification processes. Tropho-
blast cell methylation may be significantly correlated 
with various biological behaviors, including invasion and 
migration. N6-methyladenosine (m6A), the most com-
mon and extensively studied type of RNA modification 
in eukaryotic mRNAs, is regulated by m6A methyltrans-
ferase and demethylase. In the regulation mechanism 
of m6A methylation, methyltransferase 14 (METTL14) 
can increase the expression of FOXO3a through m6A 



Page 20 of 25Tan et al. Journal of Translational Medicine          (2024) 22:922 

dependent mechanism, inducing autophagy and tropho-
blast apoptosis and inhibiting trophoblast proliferation 
and invasion [27]. Demethylase ALKBH5 can regulate 
the stability of CYR61 mRNA through m6A modifica-
tion to inhibit trophoblast invasion [28]. In human villi 
explants, ALKBH5 knockdown promoted trophoblast 
invasion in  vitro, while ALKBH5 overexpression inhib-
ited these effects [29, 30]. After ALKBH5 overexpression, 
E-cadherin expression was upregulated, and N-cad-
herin, vimentin, MMP2, and MMP9 expression was 
downregulated. In vivo studies have shown a significant 
increase in fetal abortion rates and a significant decrease 
in fetal and placental weight in mice with trophoblast 
ALKBH5-specific knockout [31]. Studies have revealed 
that the 36-position lysine trimethylation modifica-
tion (H3K36me3) on histone H3 can be recognized by 
METTL14, thus dynamically and specifically mediating 
the occurrence of m6A methylation during transcription, 
which raises the question of whether histone modifica-
tion may affect the biological behavior of trophoblasts 
[32]. Recent research has revealed that some histone 
methylation modifications in trophoblast cells can regu-
late their biological behavior, and abnormal levels of his-
tone methylation modifications may lead to pathological 
changes. For example, H3K9/27ME3 is associated with 
differential expression of matrix metalloproteinases in 
the placenta, which can regulate the dynamic process 
of placental implantation in the mother, and its abnor-
mal expression may lead to eclampsia [33]. However, the 
effects of histone methylation modification on the bio-
logical behavior and specific regulatory mechanisms of 
trophoblast cells remain poorly understood. H3R2ME2a 
is asymmetric methylation at histone H3R2 mediated by 
PRMT6, which can mediate inflammation and apoptosis 
in human umbilical vein endothelial cells [34]. The inva-
sion and migration of osteosarcoma cells U2OS can also 
be inhibited by blocking Thrombospondin-1 (TSP-1), 
a negative regulator of angiogenesis and cell migration 
[35]. Our results revealed that, by binding to the PRMT6 
promoter, KLF4 can inhibit its transcription and entry 
into the nucleus to reduce the methylation level of argi-
nine residues at the histone H3R2 site. A histone H3R2 
mutant trophoblast cell line was created to determine 
changes in cell biological behavior after reduced arginine 
methylation at the H3R2 site. The results revealed that 
invasion, migration, and EMT of the H3R2 mutant troph-
oblast cell line were inhibited. ChIP analysis demon-
strated that KLF4 knockdown increased the enrichment 
of H3R2ME2a in the MMP9, N-cadherin, and vimen-
tin promoter regions and decreased the enrichment of 
H3R2Me2a in the E-cadherin promoter region. These 
results indicate that KLF4 regulates the invasion, migra-
tion, and EMT behaviors of trophoblast cells through 

H3R2ME2a. In H3R2 mutant cell lines, KLF4 knockdown 
or PRMT6 overexpression could not fully compensate for 
trophoblast cell invasion, migration, and epithelial-mes-
enchymal capacity, confirming this conclusion. The levels 
of H3R2ME2a decreased in placental tissues of mice with 
an abortive tendency induced by intraperitoneal injection 
of LPS and recovered after treatment with KLF4 inhibi-
tor, which could be inhibited by gavage of PRMT6 inhibi-
tor. These results demonstrate a potential mechanism 
for adverse pregnancy outcomes caused by abnormally 
elevated KLF4 expression in placental tissues and may 
also consider the potential clinical significance of KLF4 
inhibitors in the treatment of patients with URSA.

This study has several limitations. First, KLF4 may have 
multiple regulatory mechanisms to control cell biological 
behavior, and whether pregnancy outcome can be ulti-
mately regulated through other mechanisms needs fur-
ther investigation. Second, PRMT6 may have multiple 
methylation sites that regulate the biological behavior of 
trophoblast cells. In this study, we focused only on the 
histone H3R2 site and ignored other possible methylation 
sites. Next, in our study, although HTR8 and JEG3 were 
utilized as cell models, there was a lack of primary troph-
oblast cells to investigate cellular functions and molecu-
lar mechanisms while the primary trophoblasts may be 
more consistent with human characteristics and present 
more reliable results, which needs to be improved in sub-
sequent studies. Finally, the results of this study in mice 
were obtained through injection of inhibitors and ago-
nists, which may have other non-specific targets of action 
and unknown effects on the pregnancy outcome. These 
limitations indicate that the findings of this study should 
be interpreted with caution.

Conclusions
This study provides new insights into the unique biologi-
cal behaviors regulated by KLF4 of trophoblast cells in 
early pregnancy. Our results indicate that KLF4 inhibits 
the expression level of H3R2ME2a in trophoblast cells by 
regulating the transcriptional level and nuclear transloca-
tion of PRMT6. Especially, the enrichment of H3R2ME2a 
at N-cadherin and vimentin and MMP9 promoter sites 
was downregulated by KLF4 while E-cadherin was upreg-
ulated. The KLF4-PRMT6-H3R2ME2a axis regulates 
trophoblast cell invasion, migration, and EMT, thereby 
plays important role in maintaining successful pregnancy 
(Fig. 7). These findings inform the possible pathogenesis 
of URSA as well as potential therapeutic options.

Materials and methods
Patients and tissue samples
This study included 15 patients who terminated their 
pregnancies for non-medical reasons (normal pregnancy, 
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NP group) and 12 patients with URSA two or more 
times (URSA group). The study enrolled patients treated 
in Renmin Hospital of Wuhan University from Octo-
ber,2021 to January,2023. Patients in the NP group had 
a history of more than one live birth, with no history of 
adverse pregnancy, including spontaneous abortion, 
eclampsia, and preterm birth. URSA patients with the 
following characteristics were excluded: [1] abnormal 
anatomical structure of the reproductive tract [2], chro-
mosomal abnormalities in parents or embryos [3], infec-
tious diseases, and [4] endocrine or metabolic diseases. 
These patients had an abortion between seven and nine 
weeks of gestation to terminate the unintended preg-
nancy. Baseline data from the recruited patients are listed 
in Table S1. After complete curettage of uterine cavities, 
samples were collected immediately and washed with 
Phosphate-buffered saline (PBS). The villous tissue was 
completely separated, partially fixed in 4% paraformal-
dehyde, embedded in paraffin wax, partially frozen, and 
stored in liquid nitrogen. All procedures were approved 
by the Ethics Committee of Renmin Hospital of Wuhan 
University (No. WDRY2021-K044). Patients with a nor-
mal pregnancy and URSA who underwent an induced 
abortion provided written informed consent. The 

procedures used in this study adhere to the tenets of the 
Declaration of Helsinki.

Animals and experimental protocol
The 8-week-old female C57BL/6 mice and 8-week-old 
male BALB/C mice were kept in a specific pathogen-
free (SPF) environment under standard environmental 
conditions (22–24  °C and 60–70% relative humidity). 
After adaptive feeding, female mice mated with male 
mice in a 2:1 ratio. The day the embolus was visible was 
recorded as day 0.5 of the embryo (E0.5). The mice were 
divided into five groups (three mice per group). Abor-
tion was induced by injecting lipopolysaccharide (LPS) 
solution (0.25  mg/kg; Sigma) intraperitoneally at E7.5. 
The control group was injected with normal saline. The 
control + KLF4 agonist APTO-253 group was intraperi-
toneally injected every other day for one week (MCE, 
Shanghai; 1 µg/g) with normal saline as described above. 
The control + KLF4 inhibitor kenpaullone and abor-
tion + kenpaullone groups were intraperitoneally injected 
for one week on alternate days (MCE, Shanghai; 1 µg/g) 
with LPS and normal saline, respectively, as described 
above. The abortion + kenpaullone + PRMT6 inhibi-
tor EPZ020411 group was intraperitoneally injected 
every other day for one week (MCE, Shanghai; 1  µg/g), 

Fig. 7  The KLF4/PRMT6/H3R2ME2a axis regulates mechanisms associated with unexplained recurrent spontaneous abortion by regulating 
trophoblast function
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continuous intragastric administration of EPZ020411 
(MCE, Shanghai; 10 mg/kg) for one week and LPS injec-
tions as described above. Mice were killed with isoflurane 
at E13.5, and the uteroplacental complex was collected 
for further analysis. The embryo absorption rate of each 
mouse was determined to evaluate the pregnancy out-
come, defined as the number of reabsorbed embryos/
(number of reabsorbed embryos + number of viable 
fetuses) × 100%. All protocols and experiments were 
approved by the Animal Care and Use Committee of 
Wuhan University (approval number: 20190710).

Cell culture, treatment, and transfection
Human trophoblast cell line HTR8/SVneo (HTR8) was 
cultured in RPMI 1640 medium (Gibco, USA), and JEG-3 
cells were cultured in Minimum Essential Medium Eagle 
(MEM) (HyClone, USA). HEK-293T cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, 
USA) with 10% fetal bovine serum (FBS) (Gibco, USA) 
and 1% antibiotic and incubated at 37 °C in the presence 
of 5% CO2.

KLF4 shRNA, control shRNA, KLF4 overexpression 
plasmid, and empty vector plasmid were purchased from 
Paivi Biosciences Inc. Expression plasmids for PRMT6, 
H3, and knockdown for PRMT6 were constructed using 
standard molecular biology techniques. Point mutations 
were created by site-directed mutagenesis.

HEK-293T cells were cultured to 70–80% confluence 
and then transfected with 2  µg target plasmids, 1  µg 
psPAX2, and 1  µg pMD2.G plasmids using the Neofect 
reagent(TF20121201, Neofect (Beijing) bioyech Co.ltd). 
After 48 h, the supernatant-containing lentivirus was col-
lected and filtered through a 0.22  μm filter. HTR8 and 
JEG3 cells were infected with lentivirus with 8  µg/mL 
polybrene. After 24 h, HTR8 and JEG3 cells were selected 
using 2.5 µg/mL puromycin.

Collection data set
From the GEO database (https://​www.​ncbi.​nlm.​nih.​gov/​
geo/) for recurrent miscarriage, GSE121950-related data 
[17] containing three reference samples and three sam-
ples of recurrent miscarriage were collected. The limma 
package was used to standardize and normalize the data.

Analysis of data

(1)	 Difference analysis.
(2)	 First, the limma package was used for differential 

expression analysis of the data. The screening con-
ditions were set as ∣log2FC∣> 1 and P < 0.05. The 
volcano map was drawn using ggVolcano. The top 
100 genes were displayed on heatmap using pheat-
map.

(3)	 Functional enrichment analysis.
(4)	 Enrichment analysis of the differentially expressed 

genes was performed. The clusterProfiler pack-
age was used for GO enrichment analysis, and the 
screening condition was P < 0.05. The top 10 GO 
biological processes were shown on a bubble map 
drawn using the ggplot2 package. KEGG enrich-
ment analysis was performed using clusterProfiler 
packages, and the screening condition was p < 0.05. 
The GOplot package was used for visualization.

(5)	 Protein-protein interaction network and submod-
ule analysis.

(6)	 The STRING website was used to screen the core 
genes for protein interaction analysis, with an 
interaction score threshold of 0.4 (medium cor-
relation). The interaction network was visualized 
using Cytoscape software (version 3.9.1). To fur-
ther screen core submodules, topological algorithm 
analysis, including DMNC, MNC, and EPC, was 
performed using Cytohubba software. The top 10 
genes obtained by the three algorithms were inter-
sected using the Venn diagram, and the last seven 
core genes were screened out.

RNA sequencing (RNA‑seq)
Total RNA was extracted from HTR8 cells using TRI-
zol reagent RNAiso Plus (Takara). Library construction, 
sequencing, and bioinformatic analysis were performed 
by Wuhan Yingzi Gene Technology Co. Ltd.

Wound‑healing assay
When the cells reached 80–90% confluence, the center 
of the plate was scratched using a 1 mL pipette, and the 
medium was replaced with one containing 1% FBS. The 
width of the scratch was recorded by photography at 0, 
24, and 48  h. PBS was used to remove floating debris 
before each measurement.

Transwell invasion assay
The upper chamber of the Transwell insert was precoated 
with Matrix Matrigel (BD Biosciences, CA, USA) (1:9) for 
4–12 h before the experiment. The Transwell insert was 
seeded with 5 × 104 cells in 200 µL serum-free medium, 
while 600 µL medium containing 10% FBS was filled in 
the lower chamber. HTR8 cells were added into the upper 
chamber with 8  μm pores, while JEG3 cells were added 
into the upper chamber with 12 μm pores and incubated 
at 37 °C for 48 h. The cells attached to the outside of the 
insert were fixed with 4% paraformaldehyde for 30  min 
and stained with crystal violet (Servicebio, China). Three 
random pictures were taken under the microscope to 
count the number of invaded cells.

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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Quantitative PCR analysis (RT‑qPCR)
RNA was extracted from cells using TRIzol reagent 
RNAiso Plus (Takara) for RT-qPCR. A NanoDrop 2000 
spectrophotometer was used to determine RNA purity 
and quantity. The purified RNA was digested with DNase 
and reverse-transcribed into cDNA using a Reverse 
Transcriptase Kit (ABclonal Technology, China). The 
cDNA was quantified by qPCR using SYBR Green pre-
mix (Yeasen). The primers are listed in Supplementary 
Table  S2. The mRNA level of the gene of interest was 
normalized to that of GAPDH.

Immunoblotting
Frozen tissue and cells were lysed using RIPA lysis buffer 
(Biosharp) containing 1 mM PMSF, protease inhibitor 
cocktail, and phosphatase inhibitor cocktail for 5  min 
on ice, sonicated for 1  min, and boiled with SDS-sam-
ple buffer. The supernatants were subjected to 8–15% 
SDS-PAGE and transferred to a 0.2  μm polyvinylidene 
fluoride (PVDF) membrane (Bio-Rad). The membrane 
was blocked with 5% skim milk and incubated over-
night with the indicated primary antibodies to detect 
GAPDH(1:1000,abclonal), KLF4(1:1000,proteintech, 
lot:00127709),PRMT6(1:1000,abclonal, lot:4000001
277),H3R2me2a(1:1000,abclonal, lot:2200240501),M
MP9(1:1000,wanleibio), vimentin(1:1000,wanleibio), 
E-cadherin(1:1000,wanleibio) and 
N-cadherin(1:1000,wanleibio) in Tris-buffered saline 
(TBS) supplemented with 0.1% Tween 20 at 4  °C. The 
membrane was then incubated with horseradish peroxi-
dase (HRP)-labeled IgG secondary antibodies, developed 
with ECL Chemiluminescence Detection Kit (Biosharp) 
on a ChemiDoc Imaging System (Bio-Rad, USA). The 
band intensity was quantified using ImageJ software.

Immunohistochemistry (IHC) and immunofluorescence
For immunohistochemistry (IHC), the tissue wax blocks 
were sectioned, dewaxed, and hydrated for antigen repair. 
After blocking for 30  min, the tissues were incubated 
with primary antibodies at 4 °C overnight, followed by in 
cubation with secondary antibodies at room temperature 
for 1 h the next day.Subsequently, diaminobenzidine was 
added for color development and re-stained with hema-
toxylin & eosin (H&E) staining, and the sections were 
then sealed.

For immunofluorescence, the cells were cultured in a 
12-well plate chamber with cell culture imaging dishes 
and incubated for 24 h. The dishes were transferred into 
new plates, and the cells on the slides were fixed using 
4% paraformaldehyde (Biosharp) and permeabilized 
using 0.2% Triton X-100 in PBS at room temperature 
for 15 min. The cells were incubated overnight with pri-
mary antibodies at 4 °C. The cells were then probed with 

Alexa Fluor-conjugated secondary antibody (Invitrogen), 
washed, and stained with 1 µg/mL 4,6-diamidino-2-phe-
nylindole (DAPI) for 10 min. The images were obtained 
using confocal microscopy (ZEISS). Immunohistochemi-
cal and immunofluorescence staining quantifications 
were assessed using ImageJ software.

Chromatin immunoprecipitation (ChIP)
In ChIP assay to detect the enrichment of KLF4 at 
PRMT6 promoter sites, antibodies FLAG (1:500, abcam 
) were pre-bound to Protein G Dynabeads (Invitrogen) 
for 9 h in 4  °C. The cells were cross-linked with 1% for-
maldehyde and quenched with 0.125 M glycine. The cells 
were collected, washed, and lysed using lysis buffer A (50 
mM Tris pH 8.0, 5 mM EDTA, 1% SDS, 1 mM PMSF, and 
1:100 protease inhibitor cocktail). DNA was sheared by 
sonication, and divided into two same parts. One of the 
parts was separated as input, the other was immunopre-
cipitated overnight with antibodies FLAG pre-bound to 
Protein G Dynabeads. Input was treated with 20 µg Pro-
teinase K at 55 °C for 2 h, reversed at 65 °C overnight and 
digested with RNase A. The beads were washed, and the 
eluted DNA/protein complexes were treated with 20 µg 
Proteinase K at 55 °C for 2 h. The cross-link was reversed 
at 65 °C overnight. The purified DNA was digested with 
RNase A and then quantified using qPCR together with 
input DNA, with specific primers listed in Supplemen-
tary Table S3. A cycle threshold (CT) value was obtained 
for each sample, and duplicate sample values were aver-
aged. The IP signals were normalized to input.

In ChIP assay to detect the enrichment of H3R2ME2a 
at MMP9, N-cadherin, and vimentin promoter sites, 
antibodies H3(1:500, proteintech) and H3R2ME2a 
(1:500,abclonal, lot:2200240501) were pre-bound to 
the same amount of Protein G Dynabeads (Invitrogen) 
for 9 h in 4  °C. The cells were cross-linked with 1% for-
maldehyde and quenched with 0.125  M glycine. The 
cells were collected, washed, and lysed using lysis buffer 
A (50 mM Tris pH 8.0, 5 mM EDTA, 1% SDS, 1 mM 
PMSF, and 1:100 protease inhibitor cocktail). DNA was 
sheared by sonication, and divided into two same parts. 
One of the parts was immunoprecipitated overnight 
with antibodies H3 pre-bound to Protein G Dynabeads, 
the other was immunoprecipitated overnight with anti-
bodies H3R2ME2a pre-bound to Protein G Dynabeads. 
The beads were washed, and the eluted DNA/protein 
complexes were treated with 20 µg Proteinase K at 55 °C 
for 2  h. The cross-link was reversed at 65  °C overnight. 
The purified DNA was digested with RNase A and then 
quantified using qPCR, with specific primers listed in 
Supplementary Table  S3. A cycle threshold (CT) value 
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was obtained for each sample, and duplicate sample val-
ues were averaged. The 2-ΔΔCT method was used to 
calculate relative expression of each target gene. Briefly, 
mean CT value of the target genes which detected in 
DNA eluted from Protein G Dynabeads pre-bound with 
antibodies H3R2ME2a in each sample was normalized 
to averaged mean CT value of the target genes which 
detected in DNA eluted from Protein G Dynabeads pre-
bound with antibodies H3(ΔCT). This was then normal-
ized to control samples (ΔΔCT), and the 2-ΔΔCT value 
was obtained [36, 37]. The specific primers listed in Sup-
plementary Table S3.

Subcellular fractionation
Cells were harvested and resuspended in buffer B (10 
mM HEPES pH8.0, 10 mM KCl, 1.5 mM MgCl2, 1 mM 
DTT, 1% Igepal CA-630, 1 mM PMSF, and proteinase 
inhibitor cocktail). After centrifugation at 16,363  g for 
10  min, the supernatant was collected as the cytoplas-
mic fraction. The pellet was resuspended in 80 µL RIPA 
lysis buffer (Biosharp) at 4 °C for 20 min. After sonication 
for 1  min, the supernatant was collected as the nuclear 
fraction.

Statistical analysis
All data were expressed as mean ± standard deviation 
(SD). Two groups were compared using t-tests, while 
one-way ANOVA was used to compare multiple groups. 
p < 0.05 indicated statistical significance.
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