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Abstract

Purpose As a member of the C19MC family, miR-526b-5p is mainly expressed in the placental tissue and is a well-known
tumor suppressor microRNA. However, its effect on the function of trophoblasts and its role in the development of recurrent
spontaneous abortion (RSA) remains unclear.

Methods Transcriptome sequencing, quantitative real-time polymerase chain reaction (RT-qPCR), Western blot, 5-ethynyl-2'-
deoxyuridine (Edu) proliferation analysis, cell counting kit-8 (CCK8) assay, Transwell assays, and wound healing were used
to detect the proliferation, migration, and invasion capacity of trophoblasts. Target genes of miR-526b-5p were obtained by
the dual luciferase reporter system. The promoter-reporter system and ChIP-qPCR were used to prove that c-Myc positively
regulated the expression of Foxpl

Results The miR-526b-5p levels were significantly higher in patients with RSA than in controls. High expression of miR-
526b-5p inhibited the proliferation, migration, and invasion of trophoblast cell line. By contrast, low expression of miR-
526b-5p promoted the proliferation and migration of trophoblast cell line. Target genes of miR-526b-5p were c-Myc and
Foxpl. c-Myc positively regulated the expression of Foxpl by binding to the Foxpl promoter location -146/-135. Finally,
miR-526b-5p impeded the proliferation, migration, and invasion of trophoblasts by negatively regulating c-Myc by rescue
experiments.

Conclusion Thus, miR-526b-5p affected the proliferation, migration, and invasion of trophoblasts by targeting c-Myc and
Foxpl. Low expression of c-Myc further deactivated the positive transcriptional regulation of c-Myc on Foxpl, which may
be the mechanism of RSA. This study provides potential therapeutic targets and clues for the diagnosis and treatment of RSA.
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Introduction

Recurrent spontaneous abortion (RSA) refers to three or
more spontaneous abortions before 28 weeks of gestation.
54 Yubin Ding This phenomenon is one of the common pregnancy compli-
cations in obstetrics and gynecology, with an incidence of
3%-5% in reproductive-age couples. RSA seriously impacts
the physical and mental health of women of reproductive
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placenta formation, and immune protection [4]. The pro-
liferation, migration, and invasion of trophoblasts play an
essential role in vascular remodeling, oxygen concentration
regulation, and endometrial decidualization [5, 6]. Abnormal
angiogenesis caused by defects in the proliferation, migra-
tion, and invasion of trophoblast cells is one of the most
important reasons for RSA. The microRNA (miRNA) is an
important factor affecting cell proliferation, migration, and
invasion.

miRNAs are noncoding RNAs involved in regulating
posttranscriptional gene silencing. These molecules usually
inhibit translation or promote mRNA degradation by bind-
ing to the 3' untranslated regions (UTR) or coding sequence
(CDS) of target genes [7-9]. During placental development,
miRNAs are involved in physiological processes, such as
trophoblast proliferation, migration, adhesion, apoptosis,
and angiogenesis. The dysregulated expression of miRNAs
can cause pregnancy-related complications, such as preec-
lampsia, inflammation, and RSA [10-12].

The chromosome 19 miRNA cluster (C19MC) is the larg-
est in humans, spanning 100 kb, with 46 highly homologous
miRNA genes, and mainly expressed in the placenta tissues
[13, 14]. miR-526b-5p is one of the miRNAs encoded by
C19MC. Current studies have confirmed that miR-526b-5p
is dysregulated in various tumors, plays a tumor suppressor
role, and participates in the regulation of tumor cell prolif-
eration, metastasis, apoptosis, and embryonic development
[15-17]. The biological behavior of trophoblasts with infil-
trating ability has many similarities with tumor cells. How-
ever, the effect of miR-526b-5p on the trophoblast cells and
its role in the occurrence of RSA is unclear.

Materials and methods
Clinical sample collection

Clinical samples were obtained from the Obstetrics Depart-
ment of the First Affiliated Hospital of Chongqing Medi-
cal University. The control group had voluntary artificial
termination of pregnancy. By contrast, the RSA group had
three or more unexplained abortions (excluding villous chro-
mosome abnormalities and other maternal-related diseases).
The gestational age of the voluntary artificial termination of
pregnancy and RSA was between 8 and 12 weeks.

Cell culture and treatment

HTR-8/SVneo was a gift from Professor Charles H. Graham
of the Queen’s University in Canada, and JEG3 was provided
by Professor Yan-Ling Wang from the Institute of Zoology,
Chinese Academy of Sciences in China. HTR-8/SVneo cells
were cultured in the cell culture medium supplemented with
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10% fetal bovine serum (FBS, Gibco, USA), 90% RPMI
1640 medium (Gibco, USA), and double antibiotics (100
U/mL penicillin and 100 pg/mL streptomycin; Beyotime,
China). The JEG3 cells were cultured in the cell culture
medium supplemented with 10% FBS, 90% MEM medium
(Gibco, USA), and double antibiotics. The human embry-
onic kidney (HEK) 293T cell line (catalog number: SCSP-
502) was obtained from ATCC (Manassas, VA, USA) and
cultured in the cell culture medium supplemented with 10%
FBS, 90% DMEM (Gibco, USA), and antibiotics. All cells
were cultured at 37 °C in 5% CO,.

Transfection

HEK-293T was inoculated in 60 mm dishes. When the cell
density reached ~80%, the medium was replaced with a
fresh medium. At the ratio of 4:2:1, 8 pg of the plasmid
(CD513B-1 [4.57 pgl, psPAX2 [2.28 pg], and pVSVG [1.15
pgl) were added into 250 puL of opti-mem. Then, 12 pL of
Lipo8000™ was added, and the mixture was added dropwise
to the HEK-293T cells. After 8 h, the HEK-293T cells were
replaced with fresh medium. After 36 h, the supernatant of
HEK-293T cells was collected, filtered through a 0.45 pm
filter, and stored at 4 °C for later use.

HTR-8/SVneo cells were seeded in 60 mm dishes. When
the cell density reached ~80%, the viral supernatant and
HTR-8/SVneo cell culture medium 1:1 were mixed. Then,
polybrene was added to a final concentration of 8 pg/mL.
After 12 h, the HTR-8/SVneo cells were replaced with fresh
medium. After another 12 h, puromycin was added at a final
concentration of 6 pg/mL. After 12 h of drug screening, the
medium was replaced with fresh medium, and the concentra-
tion of puromycin was changed to 1 pg/mL and maintained.

qRT-PCR

RNAiso reagent (TaKaRa, Japan) was used to extract the
total cellular RNA, and PrimeScript™ RT kit (TaKaRa,
Japan) was used to obtain the cDNA. SYBR Premix Ex Taq
II real-time PCR kit (TaKaRa, JAPAN) was used to detect
the mRNA expression of the gene. GAPDH was set as the
internal control. For the miRNAs, Mir-X™ miRNA first-
strand synthesis (TaKaRa, JAPAN) was used for reverse
transcription, and TB Green™ qRT-PCR (TaKaRa, JAPAN)
was used to amplify the cDNA. U6 was set as the internal
control. The relative differential mRNA expression of each
gene or miRNA was calculated by 2722, The primers for
gRT-PCR are shown in Table S1.

Western blot

The protein was extracted by BCA (Transgen, China). West-
ern blot was performed according to normal operations [18].
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The primary antibodies used for Western blot were c-Myc
(E5Q6W, 1:1000 dilution, CST, USA), Foxpl (A12685,
1:500 dilution, ABclonal, China), and Actin (1:2000 dilu-
tion, BOSTER, China).

Dual-luciferase reporter assay

The online website (http://www.mirbase.org) was used to
find the mature sequence of miR-526b-5p. The online site
(http://asia.ensembl.org/Homo_sapiens/Tools/Blast?db=)
was used to find the precursor sequence of miR-526b-5p. A
455-bp fragment containing the seed region of miR-526b-5p
was cloned into the pCD513B-1 backbone vector (Promega,
USA) by restriction sites EcoRI and BamHI (NEB, USA).
Finally, the miR-526b-5p precursor expression vector (miR-
526b-5p) was obtained.

NCBI (https://www.ncbi.nlm.nih.gov) was searched to
find the 3'-UTR sequence of c-Myc and Foxpl. With human
cDNA as a template, a 322-bp fragment of c-Myc and a
365-bp fragment of Foxpl 3'-UTR were amplified as wild-
type fragments. Mutant fragments were obtained by over-
lap extension PCR. These fragments were cloned into the
psiCHECK?2 backbone vector (Promega, USA) by restriction
sites Notl and Xhol. Wild and mutant 3’-UTR expression
vectors of c-Myc and Foxpl were obtained.

HEK-293T cells were seeded in 24-well plates and trans-
fected when the cell density reached 70%. The miR-526b-5p
overexpression vector and a gene 3’-UTR expression vector
were cotransfected into HEK-293T cells with a ratio of 10:1.
After 36 h of cell transfection, the fluorescence activities of
firefly and Renilla were measured according to the instruc-
tions of the double luciferase reporting system kit. The final
result was expressed as dividing Renilla by firefly.

CCK-8 proliferation assay

After transfection, HTR-8/SVneo cells were seeded into
96-well plates with a density of 2.0 x 10° cells/well. The
test group was cultured with 90 pL of CCK8 solution (NCM
Biotech, China) and 10 pL of DMEM, and the control group
was cultured with 100 pL of DMEM. The cells were incu-
bated for 2 h. Finally, absorbance at 450 nm was measured
using a microplate reader to assess cell viability. The cell
proliferation ability was detected continuously for 72 h with
a cycle of 12 h. After 72 h, the cell proliferation curve was
plotted by Excel. Each parallel sample had 5 wells, and this
experiment was repeated three times.

5-Ethynyl-2’-deoxyuridine (EdU) proliferation assay
HTR-8/SVneo cells were seeded into 96-well plates. Accord-

ing to the manufacturer’s (Beyotime, China) instructions,
50 pM EdU medium and Apollo staining solution were

prepared. The cells were incubated with EAU medium for
2 h. After the cells were washed, fixed, and permeabilized,
they were stained with Apollo staining solution for 30 min.
DAPI staining solution was added for nuclei staining. A
fluorescence microscope was used to observe the cells, and
Imagel software was used to quantify the results.

Wound healing assay

Cells were plated in 6-well plates and cultured to 100% con-
fluency. The triangular ruler was wiped with an alcoholic
cotton ball and irradiated with UV light. The cells in each
well were scratched using a sterile pipette tip and marked
with a marker. The marked position was photographed
with an inverted microscope. After the scraped cells were
replaced with the culture medium, photographs were taken
at the Oth, 12th, 24th, and 36th hours. ImageJ software was
used to open the picture. Six horizontal lines were drawn
randomly, and the average distance between cells was
calculated.

Transwell assay

Transwell plates were coated with 60 pL of Matrigel (1:6
dilution of Matrigel with cold basal medium) overnight at
37 °C. Cell culture medium containing 10% FBS was added
to the lower chamber. The cells were resuspended at 1 X
103 cells/well density, seeded into the upper chamber, and
incubated at 37 °C and 5% CO, for 24 h. Afterward, cells
were fixed in 4% paraformaldehyde for 10 min and stained in
0.5% crystal violet for 10 min. Under the light microscope,
five fields of view were randomly selected, and the average
number of invading cells in each chamber was calculated.
The transwell system has 0.8 pm chambers.

RNA-sequencing analysis

The miR-526b-5p overexpressing HTRS8 cell line was used
as the experimental group. The pCD513B-1 backbone vector
cell line was transfected as the control group and sent to the
sequencing company (Novogene, Beijing) for transcriptome
sequencing. Thus, the mRNA with polyA structure in the
total RNA was enriched by Oligo(dT) magnetic beads. The
RNA was broken into fragments of ~300 bp in length by
ion interruption. RNA was used as a template with 6-base
random primers and reversals. The first strand of cDNA was
synthesized by recording enzyme, and the second strand of
cDNA was synthesized using the first strand of cDNA as a
template. After the library was constructed, the library frag-
ments was enriched by PCR amplification. Then, the library
was selected according to the fragment size. The library
size was 450 bp. Then, the library was inspected by Agi-
lent 2100 Bioanalyzer. After RNA extraction, purification,
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and library construction of the samples, the next-generation
sequencing (NGS) technology was adopted based on the
Illumina sequencing platform. Paired-end (PE) sequencing
was performed using these libraries. HT'Seq was used to
compare the read count value of each gene with the original
expression level of the gene. FPKM adopted the standard on
express (normalization), and DESeq was used for differences
in gene expression analysis. Differentially expressed gene
conditions were screened as follows: the expression differ-
ences multiples [log2FoldChangel>1 and significant P-value
is < 0.05. TopGO was used for GO enrichment analysis. In
the analysis, gene list and gene number of each term were
calculated using the differentially annotated genes in the GO
term. Then, P-value was calculated by the hypergeometric
distribution method (P-value<0.05 was the criterion for sig-
nificant enrichment).

Promoter reporter assay

NCBI (https://www.ncbi.nlm.nih.gov) was used to find the
CDS region of c-Myc. The c-Myc overexpression vector was
obtained with the pCD513B-1 backbone vector. Through
the UCSC website (http://genome.ucsc.edu), the sequence
information of the Foxpl promoter was obtained (~1922
bp before the transcription start site and 171 bp after the
transcription start site). Foxp1 promoter reporter vector was
constructed with pGL4.10 as the skeleton vector. The mutant
Foxpl promoter reporter vector was constructed by over-
lapping extension PCR. pGL4.73 was used as the internal
reference fluorescence report carrier. The promoter-reporter
vector, c-Myc overexpression vector, and pGL4.73 were
cotransfected into 293T cells. Cells were collected at 36 h
after transfection for promoter activity assay. The luciferase
activity was determined according to the instructions of the
TransDetect Double Luciferase Report Kit (Transgen, Bei-
jing). The ratio of firefly luciferase to Renilla luciferase is
the final result.

Chromatin immunoprecipitation (ChIP) assay

According to the manufacturer’s instructions of the Pierce®
Agarose ChIP kit (Thermo, USA), the binding activity of
c-Myc and Foxpl was detected. Thus, long-strand DNA
was decomposed into DNA fragments through the unwind-
ing and ultrasound of DNA and protein complexes. DNA
fragments were incubated overnight with specific antibody
c-Myc (E5SQ6W, CST, USA) and control IgG. The next day,
antibody-binding magnetic beads were added. Proteinase
K was used to elute and digest the immunoprecipitated
product. The purified DNA product was used for subse-
quent PCR detection (Table S2). Mouse IgG was used as
the negative control, and total chromatin was used as the
input (positive control).
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Bioinformatics analysis

The online website (http://www.mirbase.org) was used to
find the mature sequence of miR-526b-5p. The online site
(http://asia.ensembl.org/Homo_sapiens/Tools/Blast?db=)
was used to find the precursor sequence of miR-526b-5p.
The online website TargetScan Human 7.2 was used to find
the downstream target genes of miR-526b-5p. The NCBI
database (https://www.ncbi.nlm.nih.gov) and the UCSC
database (http://genome.ucsc.edu) were used to query the
DNA sequences. The online website (http://jaspar.genereg.
net, http://alggen.lIsi.upc.es/cgi-bin/promo_v3/promo/promo
init.cgi?dirDB=TF_8.3) was used to analyze the Foxp1 pro-
moter region transcriptional regulatory elements. Primer
Premier 5.0 was used to design the PCR primers.

Statistical analysis

GraphPad Prism 7.0 software was used for data statistics and
analysis. Image] software was used for cell count and grey
scale. Data were presented as the mean + standard deviation.
Student’s #-test or ANOVA was used in this experiment. P
< 0.05 (¥), P < 0.01 (**), and P < 0.001 (***) were set as
statistically significant. All experiments in this study were
repeated at least three times.

Results

miR-526b-5p, c-Myc, and Foxp1 were abnormally
expressed in the placental villi of patients with RSA

The relative expression of miR-526b-5p was detected by
RT-gPCR. The presentation of miR-526b-5p was higher in
patients with RSA than those with normal placental villi
tissue (P=0.0294) (Fig. 1). The mRNA expression of c-Myc
and Foxpl was also examined. The presentation of c-Myc
and Foxpl was significantly lower in the patients with RSA
than in the regular group (P=0.0043; P=0.0001) (Fig. 1).
The results suggested that the abnormal expression of miR-
526b-5p, c-Myc, and Foxpl in RSA may affect the function
of trophoblast cells and be related to the formation of RSA.

Overexpression of miR-526b-5p inhibited
the proliferation, invasion, and migration
of the trophoblasts

To clarify the function of miR-526b-5p in the develop-
ment of RSA, the miR-526b-5p overexpression vector was
constructed. The vector was transfected into the HTR-8/
SVneo trophoblast cells by lentiviral packaging (Fig. 2A).
The overexpression effect of miR-526b-5p was as expected
(Fig. 2B). The cell proliferation curve drawn by CCKS8 assay
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Fig. 1 miR-526b-5p, c-Myc, and Foxpl were abnormally expressed
in the placental villi of patients with recurrent spontaneous abor-
tion (RSA). The expression of miR-526b-5p, c-Myc, and Foxpl in
normal pregnancy villi and patients with RSA was detected by RT-
qPCR (normal group-voluntary artificial termination of pregnancy;
patients with RSA-three or more unexplained abortions [exclud-

showed that miR-526b-5p inhibited the proliferation ability
of the trophoblast cells (Fig. 2C). miR-526b-5p decreased
the number of Edu staining-positive cells (Fig. 2D, E). The
migration ability of the trophoblast cells was detected by a
wound healing test. The migration ability of the cells after
overexpression of miR-526b-5p was lower than the control
group (Fig. 2F, G). miR-526b-5p inhibited the invasion of
trophoblast cells as shown by the Transwell cell invasion
assay (Fig. 2H, I). The results suggested that miR-526b-5p
inhibited the proliferation, migration, and invasion of the
trophoblasts.

Knockdown of miR-526b-5p promoted
the proliferation and migration of trophoblasts

To fully understand the role of miR-526b-5p in the tropho-
blast, the expression of miR-526b-5p was knocked down
in the JEG3 cells (Figs. 3A, and B). The proliferation abil-
ity, migration, and invasion ability were detected by CCK8
assay (Fig. 3C), Edu staining (Figs. 3D, and E), and wound
healing (Figs. 3F, and G). Given the large cell size of JEG3,
the cell chamber was difficult to penetrate. Thus, the inva-
sion ability of JEG3 after miR-526b-5p knockdown was not
detected. The results suggested that the knockdown of miR-
526b-5p promoted the proliferation and migration ability of
the trophoblasts.

Transcriptome analysis of overexpressed
miR-526b-5p in trophoblasts

To verify the function of miR-526b-5p on the trophoblast
cells and explore the intrinsic molecular mechanism, tran-
scriptome sequencing was performed on the HTRS cells
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ing villous chromosome abnormalities and other maternal-related
diseases]). The results are presented as mean =+ standard deviation
(SD; n = 18 in the control group; n = 21 in the RSA group). Statis-
tical significance was analyzed by Student’s r-test. *P < 0.05, **P
< 0.01, and ***P < 0.001

overexpressing miR-526b-5p. The miR-526b-5p overex-
pressing HTRS cell line was used as the experimental group.
The pCD513B-1 empty vector cell line was transfected as
the control group. A total of 172 genes were upregulated,
and 361 genes were downregulated (Fig. 4A). The differen-
tially expressed genes were enriched in the cell proliferation
function as shown by GO analysis (Fig. 4B). RT-qPCR was
used to verify the genes related to cell proliferation, migra-
tion, and invasion (Fig. 4C), which were consistent with the
transcriptome sequencing results.

miR-526b-5p targeted the 3’-UTR of c-Myc
and Foxp1

To obtain the targets of miR-526b-5p, Venn analysis was
first performed using the downstream target genes of miR-
526b-5p predicted by TargetScan and the downregulated
genes in the transcriptome sequencing results (Fig. S1A).
The expression of 43 target genes was verified by RT-qPCR.
Among these genes, 6 genes (i.e., BMPER, NEDD4L,
Foxpl, c-Myc, SASHI1, and EMP1) were expressed as
expected (Fig. S1B). Therefore, 6 targets of miR-526b-5p
were initially determined.

miR-526b-5p, miR-NC, sh-miR-526b-5p, and sh-NC were
transfected into the trophoblasts. The results from RT-qPCR
(Fig. 5A) and Western blot analysis (Fig. 5B, C) showed that
miR-526b-5p negatively regulated the expression of c-Myc
and Foxpl. The structure and stability of the binding sites
of miR-526b-5p and c-Myc 3'-UTR were predicted by the
online software RNAhybrid. The minimum free energy of
binding sites was —20.8 kcal/mol (Fig. 5D). The relative
luciferase activity of trophoblasts with c-Myc-WT 3’-UTR
was significantly reduced by using the dual-luciferase
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Oh 36h
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Fig.2 Overexpression of miR-526b-5p inhibited trophoblast prolif-
eration, invasion, and migration. A Schematic diagram of the growth
state of HTR-8/SVneo trophoblast cells transfected with miR-526b-5p
or miR-NC (scale bar = 50 pm). B The expression of miR-525-5p
was detected by RT-qPCR. C The proliferation ability of HTR-8/
SVneo cells was detected by cell counting kit-8 (CCKS) assay. D The
proliferation ability of HTR-8/SVneo cells was detected by 5-ethynyl-
2'-deoxyuridine (Edu) staining. EdU-positive cells are shown in red,
and cell nuclei are shown in blue (DAPI, 4',6-diamidino-2-phenylin-
dole; scale bar = 20 pm). E ImagelJ software was used to count the
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number of EdU-positive cells. F, G The migration ability of HTR-8/
SVneo cells was detected by wound healing assay (scale bar = 50
pm). Quantitative analysis of the detection results of wound healing
assay by Image] software. H, I The invasive ability of HTR-8/SVneo
cells was detected by Transwell assay (scale bar = 50 pm). Quanti-
tative analysis of the detection results of Transwell assay by Image]
software. The results are presented as mean + SD (n = 6). *P < 0.05,
**P < 0.01, and ***P < 0.001 (miR-526b-5p, miR-526b-5p precur-
sor expression vector; miR-NC, pCDH513B-1 empty vector)
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Fig.3 Knockdown of miR-526b-5p promoted the proliferation and
migration of trophoblasts. A Schematic diagram of the growth state
of JEG3 trophoblast cells transfected with sh-miR-526b-5p or sh-NC
(scale bar = 50 pm). B The expression of miR-525-5p was detected
by RT-gPCR. C The proliferation ability of JEG3 cells was detected
by CCKS assay. D The proliferation ability of JEG3 cells was detected
by Edu staining. EdU-positive cells are shown in red, and cell nuclei
are shown in blue (scale bar = 20 pm). E Image] software was used
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to count the number of EdU-positive cells. F The migration ability of
JEGS3 cells was detected by wound healing assay (scale bar = 50 pm).
G Quantitative analysis of the detection results of wound healing assay
by Image] software. The results are presented as mean + SD (n = 6).
*P < 0.05, **P < 0.01, and ***P < 0.001 (sh-miR-526b-5p, miR-
526b-5p interference vector; sh-NC, pSHI empty vector)
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Fig.4 Transcriptome analysis of overexpressed miR-526b-5p in
trophoblasts. A Volcano diagram of differentially expressed genes.
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(P-value). The two vertical dashed lines are the 2-fold differen-
tial expression threshold. The dotted line indicates the threshold of
P-value=0.05. The red dots are the upregulated genes, the blue dots
are the downregulated genes, and the grey dots indicate nonsignifi-
cant differentially expressed genes. B Bar chart of GO enrichment
analysis. The abscissa is the term of Go level2, and the ordinate is

reporter system (Fig. SE). The TargetScan results showed
two binding sites for miR-526b-5p and Foxpl. RNAhybrid
predicted the structure and stability of these two binding
sites, and their minimum free energies were —17.1 kcal/mol
and —20.1 kcal/mol, respectively (Fig. 5F, H). Finally, the
dual luciferase reporter system showed that the binding of
miR-526b-5p to Foxp1-WT2 decreased the relative fluores-
cence activity of the trophoblasts (Fig. 5G, I). The results
showed that miR-526b-5p was negatively correlated with the
expression of c-Myc and Foxpl and had a targeted binding
effect on c-Myc and Foxpl.
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the enriched —logl0 (P-value) of each term. GO classification was
carried out according to molecular function (MF), biological process
(BP), and cell component (CC), and the top 10 GO terms with the
minimum P-value, namely, the most significant enrichment, were
selected for display in each GO classification. C The expression of
CDK2, EGFR, P53, and MMP1 was verified by quantitative RT-
qPCR. The results are presented as the mean + SD (n = 6). *P <
0.05, **P < 0.01, and ***P < 0.001 (miR-526b-5p, miR-526b-5p
precursor expression vector; miR-NC, pCDH513B-1 empty vector)

Transcription factor c-Myc positively regulated
the expression of Foxp1

The above data indicated that c-Myc and Foxpl were tar-
gets of miR-526b-5p. To explore the relationship between
c-Myc and Foxpl, three c-Myc transcription binding sites
(the first site was repeated with the third site) were found in
the promoter region of Foxpl through the online software
JASPAR (Fig. 6A, B). Then, the correlation between c-Myc
and Foxp1 expression was examined. c-Myc could positively
regulate the expression of the Foxpl protein (Fig. 6C, D).
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Fig.5 miR-526b-5p targeted the 3'-UTR of c-Myc and Foxpl. A
miR-526b-5p negatively regulated the mRNA expression of c-Myc
and Foxpl. Relative mRNA expression of miR-526b-5p, c-Myc, and
Foxpl in HTR-8/SVneo and JEG3 cells measured by RT-qPCR. The
results are presented as the mean + SD (n = 5). *P < 0.05, **P <
0.01, and ***P < 0.001. B, C miR-526b-5p negatively regulated the
protein expression of c-Myc and Foxpl. Protein expression of miR-
526b-5p, c-Myc, and Foxpl in HTR-8/SVneo and JEG3 cells meas-
ured by Western blot analysis. D Prediction and stability analysis of
the target site of miR-526b-5p. Stability analysis of miR-526b-5p
and c-Myc binding sites by RNAhybrid. Mfe means the minimum
free energy. E c-Myc-WT, c-Myc-Mut with NC (psiCHECK?2 empty
vector), miR-526b-5p, and miR-NC were separately transfected into
HEK293T cells, and the relative luciferase activity was measured. F
Prediction and stability analysis of the target site of miR-526b-5p.

Stability analysis of miR-526b-5p and Foxpl-WT1 binding sites
by RNAhybrid. G Foxpl-WTI, Foxpl-Mut with NC (psiCHECK2
empty vector), miR-526b-5p, and miR-NC were separately trans-
fected into HEK293T cells, and the relative luciferase activity was
measured. H Prediction and stability analysis of the target site of
miR-526b-5p. Stability analysis of miR-526b-5p and Foxpl-WT2
binding sites by RNAhybrid. I Foxpl-WT2, Foxpl-Mut with NC
(psiCHECK?2 empty vector), miR-526b-5p, and miR-NC were sepa-
rately transfected into HEK293T cells, and the relative luciferase
activity was measured. The results are presented as the mean + SD
(n=06). *P < 0.05, **P < 0.01, and ***P < 0.001. NS means no sig-
nificance (miR-526b-5p, miR-526b-5p precursor expression vector;
miR-NC, pCDH513B-1 empty vector; sh-miR-526b-5p, miR-526b-5p
interference vector; sh-NC, pSHI empty vector; NC, psiCHECK2
empty vector)
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Fig.6 Transcription factor c-Myc positively regulated the expres-
sion of Foxpl. A, B Binding sequences in Foxpl promoter and
c-Myc motif from JASPAR. C, D c-Myc positively regulated the pro-
tein expression of Foxpl. Protein expression of c-Myc and Foxpl in
HTR-8/SVneo measured by Western blot. Quantitative analysis of
the detection results of Western blot by Image] software. E ChIP-
qPCR assay of c-Myc binding to Foxpl promoter fragment in HTR-8/
SVneo. (Negative control, Mouse IgG; an input, total chromatin). F,
G The site -146/-135 was mutated from CAGCAGGTGGAT to CAG

For the three predicted binding sites, ChIP-qPCR was per-
formed on the trophoblasts to determine the specific base
sites where c-Myc bound to the Foxp1 promoter. The ChIP-
gPCR results (Fig. 6E) showed that the Foxpl promoter
region -146/-135 site (the second location, Fig. 6A) was the
transcriptional regulatory site of c-Myc. The dual luciferase
reporting system further identified the regulatory role of
c-Myc on the Foxpl transcription. Then, the c-Myc tran-
scription binding site -146/-135 was mutated. Upregulation
of c-Myc did not significantly alter the activity of the Foxpl
promoter after mutation (Fig. 6F). Upregulation of c-Myc
enhanced the activity of the Foxpl promoter (Fig. 6G).
These results indicated that c-Myc positively regulated the
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ACTTGATAT. Luciferase reporter assays in c-Myc overexpression by
c-Myc-OE plasmids (+). The results showed that the expression of
c-Myc had no significant effect on the activity of the mutant Foxpl
promoter. Luciferase reporter assays in c-Myc overexpression by
¢-Myc-OE plasmids (+). The result indicated that the expression of
c-Myc increased Foxpl promoter activity. The results are presented
as the mean + SD (n = 6). *P < 0.05, **P < 0.01, and ***P < 0.001.
NS means no significance

expression of Foxpl by binding to the Foxp1l promoter loca-
tion -146/-135.

High expression of c-Myc rescued the effect
of miR-526b-5p on trophoblast cells

Rescue experiments were performed to clarify whether miR-
526b-5p impeded the proliferation, migration, and invasion
of HTR-8/SVneo cells via negatively regulating c-Myc.
The c-Myc overexpression vector was transfected into miR-
526b-5p overexpressing trophoblast cells. Overexpression of
c-Myc significantly reduced the proliferation (Fig. 7A-C),
migration (Fig. 7D, E), and invasion (Fig. 7F, G) ability of
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Fig.7 High expression of c-Myc rescued the effect of miR-526b-5p
on the trophoblast cells. A The proliferation ability of HTR-8/SVneo
cells was detected by Edu staining. EdU-positive cells are shown in
red, and cell nuclei are shown in blue (scale bar = 20 pm). B Image]
software was used to count the number of EdU-positive cells. C The
proliferation ability of JEG3 cells was detected by CCK8 assay. D
The migration ability of JEG3 cells was detected by wound healing
assay (scale bar = 50 pm). E Quantitative analysis of the detection

relative migration

Number of invasive cells

results of wound healing assay by ImagelJ software. F, G The invasive
ability of HTR-8/SVneo cells was detected by Transwell assay (scale
bar = 50 pm). Quantitative analysis of the detection results of Tran-
swell assay by ImageJ software. The results are presented as the mean
+ SD (n = 6). *P < 0.05, **P < 0.01, and ***P < 0.00 (miR-NC,
pCDH513B-1 empty vector; miR-526b-5p, miR-526b-5p precursor
expression vector; miR-526b-5p+c-Myc-OE, miR-526b-5p precursor
expression vector and c-Myc overexpression vector)
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Fig.8 Scheme indicating nega-
tive effects of miR-526b-5p/c-
Myc/Foxpl axis on prolifera-
tion, invasion, and migration of
trophoblast cells
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HTR-8/SVneo cells, which decreased due to the upregula-
tion of miR-526b-5p.

Discussion

RSA is a complex pregnancy complication that seriously
threatens the health of women health worldwide. Due to
the lack of clear and effective diagnostic biomarkers, diag-
nosing RSA is difficult. Thus, the miRNA may serve as a
novel noninvasive biomarker for predicting RSA. Qin et al.
[19] collected plasma samples from 27 patients with RSA
and 28 healthy pregnant women and found that miRNA-
320b, miRNA-146b-5p, and miRNA-221-3p were upregu-
lated, and miRNA-101-3P was downregulated in RSA.
Yang et al. [20] found that compared with normal pregnant
women, the expression of miRNA-27a-3p, miRNA-29a-3p,
miRNA-1005p, and miRNA 23a-3p in the early villi and
decidual tissues of patients with RSA was significantly
increased. By contrast, the expression of miRNA-127-3p and
miRNA-486-5p was significantly decreased. In this study,
miR-526b-5p was abnormally highly expressed in RSA.
miR-526b-5p can be used as a candidate molecular marker
for diagnosing RSA, which can indicate early the possible
pregnancy outcome of clinicians and patients.

Nearly 50% of RSA etiologies have yet to be identified.
miRNAs can participate in the occurrence and develop-
ment of RSA by affecting the cellular characteristics of
trophoblast cells, angiogenesis, placenta formation, and the
immune tolerance microenvironment at the maternal—fetal
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interface. miRNA-184 upregulates the expression of Fas
by targeting WIGI, thereby inhibiting the proliferation of
HTRS cells and promoting the apoptosis of HTRS cells.
These phenomena lead to RSA [21]. miRNA-27a-3p was
involved in the occurrence of RSA by negatively regulating
the expression of USP25, thereby inhibiting the trophoblast
epithelial-mesenchymal transition (EMT), invasion, and
migration [22]. In this study, miR-526b-5p was abnormally
highly expressed in RSA, indicating that miR-526b-5p may
play a role in the pathogenesis of RSA.

As a tumor suppressor miRNA [15], miR-526b-3p can
inhibit the proliferation of glioma cells [23], nonsmall-cell
lung cancer [24], and rectal cancer cells [25] by targeting
genes, such as MAPRE1, WEEI, OSBPLS, and CCNDI1.
At present, the downstream target genes of miR-526b-5p are
HGF [26], LYPLA1 [27], HK2 [28], GRK5[29], ADAM15
[16], SERP1 [30], RABIA [31], and PHLDA1 [32]. miR-
526b-3p mainly inhibits cell proliferation and invasion in
cervical, liver, melanoma, nonsmall-cell lung cancer, and
other tumor cells. However, the function of miR-526b-5p
in the placenta and trophoblasts has not been studied. The
biological behavior of trophoblasts with infiltrating ability
has many similarities with tumor cells. In this study, overex-
pression of miR-526b-5p inhibited trophoblast proliferation,
invasion, and migration by targeting c-Myc and Foxpl.

As a protooncogene, the primary function of c-Myc is
to promote the proliferation of tumors and stem cells. For
example, c-Myc is abnormally high in patients with Fan-
coni anemia, thereby promoting the proliferation of hemat-
opoietic stem cells, increasing DNA damage, and leading



Journal of Assisted Reproduction and Genetics (2023) 40:1559-1572

1571

to bone marrow failure [33]. C-Myc promotes cell prolif-
eration primarily by influencing cycle-related genes, such
as cyclinD1, cyclinD2, and cyclinB1, and cyclin-dependent
protein 4 (CDK4) [34, 35]. In the functional research of
trophoblast, c-Myc binds to the promoter of BMAL1 and
induces BMALI transcription, further activating matrix
metalloproteinase 2/9 (MMP2/9) and facilitating migration
and invasion of HTR-8/SVneo cells [36]. A previous study
[37] has also shown that c-Myc positively regulated the
expression of Prdx2 by targeting the Prdx2 promoter region.
After downregulating c-Myc, the expression of Prdx2 was
downregulated, and the expression of phosphorylated p53
(p-p53) and p38-MAPK/p21 was upregulated. Finally, cell
proliferation was inhibited, apoptosis increased, and c-Myc
in RM was significantly lower than that in the control group.
These results were consistent with the current results, which
showed that the expression of c-Myc in RSA decreased and
inhibited the proliferation of trophoblast cells (Fig. 8).

As one of the transcription factors of the FOX protein
family, Foxpl is involved in many biological processes, such
as embryonic development, cell cycle regulation, glucose
and lipid metabolism, immune regulation, and biological
aging. The abnormal expression of Foxpl can inhibit or pro-
mote the development of different tumors. Increased Foxpl
expression inactivates the Jak/Stat signaling pathway [38],
promotes cell proliferation, and inhibits hippocampal neu-
ronal apoptosis. These processes inhibit hippocampal neu-
ronal damage and epilepsy progression. Foxpl promotes the
proliferation and migration of osteosarcoma cells by regulat-
ing the p53-P21/RB signal cascade [39]. In the functional
research of trophoblast, a previous study has demonstrated
that Foxp1 activated the mTOR signaling pathway by inhib-
iting the GNG7 expression and upregulated VEGF, thereby
promoting trophoblast cell proliferation, invasion, and angio-
genesis [40]. In the current study, the overexpression of miR-
526b-5p downregulated the expression of c-Myc and Foxp1,
which inhibited the proliferation, invasion, and migration of
HTR-8/SVneo.

In summary, the results supported that miR-526b-5p
inhibited the expression of c-Myc and Foxpl by targeting
the 3'-UTR of c-Myc and Foxpl. In addition, c-Myc posi-
tively regulated the expression of Foxpl by binding to the
Foxpl promoter location -146/-135 and the low expression
of c-Myc inhibited Foxpl, which reduced the prolifera-
tion, migration, and invasion abilities of trophoblast cells.
miR-526b-5p plays a crucial role in placental development
by altering the proliferation, migration, and invasion of
trophoblasts, ultimately leading to RSA. This study pro-
vides a theoretical basis and potential clues for diagnosing
and treating RSA. miR-526b-5p has been used as one of
the markers for the successful establishment of trophoblast
stem cells in multiple studies [41]. Therefore, exploring
the effect of miR-526b-5p on the stemness maintenance

and differentiation of trophoblast stem cells is the focus
of our subsequent work. Nevertheless, the reason for the
high expression of miR-526b-5p in trophoblast stem cells
is still unclear. Therefore, exploring the upstream regula-
tory mechanism of miR-526b-5p is also interesting.
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