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ABSTRACT

Objectives: Mesenchymal stem cell (MSC)-based therapies are expected to restore the fertility of infertile patients.
In addition to MSC-derived paracrine effects to improve reproductive function, the differentiation of MSCs into germ cell
(GQ)-like cells is still a promising method to repair the injured reproductive system. The aim of this study was to examine
the effect and potential mechanism of BMP4 in inducing umbilical cord MSC (UcMSC) transdifferentiation into GC-like cells.

Material and methods: UcMSCs were isolated, cultured and identified by flow cytometry and multilineage differen-
tiation assays. After induction with 12.5 ng/mL BMP4 for 21 days, UcMSCs were collected for further examination. Im-
munofluorescence was used to detect the expression of Prdm1 and Prdm14; RT-PCR and RNA sequencing were used to
detect differential gene expression (DEGs).

Results: The morphology of UcMSCs became large and flat after treatment with BMP4; the expression of GC-related
genes (OCT4, Prdm1, Ifitm3 and Stella) was significantly downregulated, and further immunofluorescence results also
confirmed the significant downregulation of Prdm 1 in UcMSCs with BMP4 induction, while the expression of Prdm14 was
significantly upregulated. The results of RNA sequencing and further analysis revealed no explicit correlation between
BMP4 induction and the differentiation of UcMSCs into GC-like cells based on the 662 screened DEGs in UcMSCs with
or without BMP4 induction.

Conclusions: The differentiation of MSCs into GC-like cells is rather complex, and BMP4 alone is insufficient to induce

UcMSCs to differentiate into GC-like cells, regardless of protein level or gene expression level.

Key words: germ cell; mesenchymal stem cell; bone morphogenetic protein 4; fertility

Ginekologia Polska 2023; 94, 1: 64-72

INTRODUCTION

Infertility is one of the diseases that currently plagues
humans, and stem cell-based therapies, especially mes-
enchymal stem cells (MSCs), are expected to restore
thefertility of infertile patients. Umbilical cord MSCs (UcMSCs)
are widely used in regenerative medicine due to their
high pluripotency [1], rich source [2], low immunogenicity
and superiorimmunomodulation capacity [3]. As expected,
the therapeutic effects of UcMSC-derived paracrine effects
on improving reproductive function and restoring fertility
have been confirmed [4]. Several studies have demonstrated
that UcMSC transplantation can not only repair premature
ovarian failure (POF) caused by chemotherapy by activating
the NGF/TrkA pathway but also restore ovarian function
by improving the renewal of germline stem cells or acti-
vating follicles [5]; simultaneously, UcMSC transplantation
can effectively reduce the apoptosis of germ cells in tes-
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ticular injury caused by hypoglycaemia [6-8]. In addition
to MSC-derived paracrine effects on the improvement of
reproductive function, the transdifferentiation of MSCs into
germ cell (GC)-like cells is still a promising way to repair
the injured reproductive system.

Currently, it is well known that ectodermal cells start to
secrete bone morphogenetic protein 4 (BMP4) and BMP83
at embryonic stage 5.5, and Prdm1* cells are considered
the precursor cells of primordial germ cells (PGCs). Subse-
quently, when the secretion of BPM4 and BMP8b reaches
the highest level at embryonic stage 6.0, some Prdm1* cells
start to differentiate into PGCs. Then, when PGCs migrate to
the genital ridge, PGCs continue to differentiate into GCs [9].
Therefore, based on the above understanding, regents such
as BMP4 [10], retinosulfonic acid (RA) [11], all-trans retinoic
acid (ATRA) [12], testosterone [13], and follicle stimulating
hormone [14] are usually used alone or in combination to
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induce the transdifferentiation of MSCs into GC-like cells,
which are further identified by cell morphology and the ex-
pression of GC-related genes or proteins. As a result, several
studies have reported that BMP4 alone and combined with
other inducing reagents can indeed promote the gene ex-
pression of GC-related genes, such as OCT4, SSEA-1, PRDM1,
STELLA, SOX2, C-KIT, PLZF, STRAS8, and SCP3, in MSCs in vitro
[15, 16], and the expression profile of GC-related genes
in differentiated MSCs depends not only on the types of
MSCs but also on the inducing reagent. Interestingly, all
published reports demonstrated that BMP4 and other in-
ducing reagents can upregulate only the expression levels
of GC-related genes that were originally expressed in MSCs
but have little effect on GC-related genes that were not
originally expressed in MSCs.

Objective

Because MSCs originate from the mesoderm but GCs
originate from the ectoderm, we reasonably postulate that
the transdifferentiation of MSCs into GC-like cells must be
a very complex process, which suggests a sophisticated
gene regulation network. Therefore, whether BMP4 alone,
which is taken as the core component in inducing the trans-
differentiation of MSCs into GC-like cells, can directly drive
this transdifferentiation process or is just an enhancer in the
transdifferentiation process is still unknown. Consequently,
the aim of this study was to examine the promoting effect
of BMP4 on the induction of UcMSC transdifferentiation
into GC-like cells and preliminarily explore the underlying
molecular mechanism, which provides support for the ex-
tensive application of UcMSCs in clinical trials.

MATERIAL AND METHODS
Isolation and culture of UcMSCs

Programs for sampling human umbilical cord and UcM-
SCs application were approved by the Ethics Committee of
Xinxiang Medical University, all the volunteer donors agreed
to use their umbilical cord in this study. Firstly, umbilical
cords were obtained from donors at the Third Affiliated
Hospital of Xinxiang Medical University; Then, the umbilical
cords were stored in ice sterile phosphate-buffered saline
(PBS) and delivered to the laboratory; the UcMSCs isolation
was finished within eight hours. Subsequently, after remov-
ing the arteries and veins in umbilical cord, the Wharton’s
jelly was transferred to a sterile vial in UltraCULTURE™ me-
dium (LONZA, USA) and diced into pieces; The explants were
transferred to cell culture dish with growth medium (Ultra-
CULTURE™ + 2% Serum replacement (Ultroser GTM, LONZA,
USA) + 1% penicillin and streptomycin mixture). Finally, the
cells were cultured undisturbedly until the migration of
UcMSCs from the explants at 37°C, 5% CO,, the fresh me-
dium was changed every other day. When the cells reached

80-90% confluence (Passage 0, P0), the cells were digested
with trypsin (Gibco, USA) and were seeded into new flasks
with density of 1.25 x 10* cells/cm? The harvested UcMSCs
with different passage were conventionally cryopreserved
using standard methods in cell freezing medium containing
10% DMSO for the following experiments.

Flow cytometry

P3 UcMSCs were used for analysis of cell surface mark-
ers, the cell suspensions (1 x 10° cells) were dispersed
with 0.125%-trypsin-EDTA and resuspended in PBS sup-
plemented with 0.5% FBS. Then, the cells were aliquoted
into several parts and examined by Human MSC Analy-
sis Kit (562245, BD, USA). Briefly, the cells were respec-
tively incubated with monoclonal antibodies (includ-
ing CD34/CD45/CD11b/CD19/HLA-DR-PE, CD73-APC,
CD90-FITC, and CD105-PerCP-Cy5.5) at 4°C in the dark
for 20 min, and negative control samples were incubated
with associated isotype antibodies. After washing with PBS
twice, the cell pellets were re-suspended and analyzed using
a Partec CyFlow Cube (German) and the data were processed
using FloMax software.

Multipotential differentiation assay

Adipogenic and osteogenic differentiation of P3 UcM-
SCs were performed, and the detailed protocols were de-
scribed in our previous published study [17]. Conventionally,
the effect of adipogenic differentiation was evaluated by Oil
red O staining, and the effect of osteogenic differentiation
was examined by Alizarin red staining. The images were
observed and photographed under an inverted microscope
(Leica, Germany).

In vitro induction of UcMSCs by BMP4

The suspended P3 UcMSCs were seeded in a 12-well
plate and 75 cm? flask at a density of 2 x 103 cells/cm?,
respectively. When the cells reached to 50% confluence,
the UcMSCs in experimental group were treated with induc-
tion medium (normal growth medium + 12.5 ng/mL BMP4),
and the UcMSCs in the control group were always cultured
in normal growth medium. The fresh medium was replaced
every three days until the end of the induction period
(21 days). Then, the cells seeded in flasks were used to isolate
total RNA for the subsequent RT-PCR and RNA-sequence;
the cellsin plate were used to perform immunofluorescence.

RT-PCR
The UcMSCs (2 x 106 cells) treated with or without
BMP4 were collected for the total RNA isolation using Tri-
zol reagent, and cDNA was harvested from 1ug of total RNA
using Primescript RT Master Kit according to the manu-
facturer’s instructions (Takara, Japan). The PCR products
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Table 1. Primers for qRT-PCR gene

Gene Sequence (5'-3’) Tm[°C] Cycle Size [bp]

OCT4
Sense primer GAGGATCACCCTGGGATATACA 54.2 30 550
Antisense primer GAAAGGGACCGAGGAGTACAGT 57.2 30

Ifitm3
Sense primer CCAGGAAAAGGAAACTGTTGAG 53.5 30 361
Antisense primer TCCCTAGACTTCACGGAGTAGG 56.1 30

Stella
Sense primer AATCTCCTCCGAGACGTTGATA 54.5 30 304
Antisense primer GGGACATTTGAATGGTCTTGAT 52.7 30

PRDM1
Sense primer AAGATCAAGTACGAATGCAACG 52.8 30 356
Antisense primer TGCAAGTCTGACATTTGAAAGG 53.0 30

GAPDH
Sense primer ACCACAGTCCATGCCATCAC 55.9 30 205
Antisense primer TCCACCACCCTGTTGCTGTA 56.5 30

were amplified using 2 x Tag MasterMix (Cwbiotech, China)
and visualized by 1.2% (w/v) agarose gels with conventional
EB staining. The results were normalized against the gray
value of the GAPDH band and are represented as targeted
mMRNA expression relative to that of GAPDH. Primers used
are listed in Table 1.

Immunofluorescence

The cells seeded in plate were conventionally fixed (4%
paraformaldehyde, 15 min) and permeabilized (0.05% Tri-
ton X-100, 10 min); nonspecific binding was blocked with
1% BSA (30 min). subsequently, the primary antibodies of
anti-Prdm1 (PA5-20310, rabbit ployclonal antibody, 1:200;
invitrogen) and anti-Prdm14 (PA1-114, rabbit ployclonal anti-
body, 1:200; invitrogen) were separately added, and the cells
were incubated at 4 °C for 12 h. Thereafter, FITC-conjugated
anti-rabbit secondary antibody (1:500; invitrogen) were
added and incubated with the cells at 37 °Cfor one hour. Cell
nuclei was marked with DAPI (Sigma, USA). Finally, the cells
were observed and imaged under a fluorescence inverted
microscope (Leica, Germany), and the same exposure time
was used in all the images for the further quantification of
fluorescence value by ImageJ software.

RNA sequencing and analysis
UcMSCs (2 x 108) with BMP4 induction (n = 3) and with-
out BMP4 induction (n = 3) were collected and delivered
to Lc-bio-Technologies (Hangzhou, China) on dry ice. After
total RNA isolation and quality confirmation, transcriptome
sequencing was performed by Lc-bio-Technologies on the
lllumina HiSeq4000 platform using the lllumina paired-end

RNA-seq approach, and a total of million paired-end reads
of 2 x 150 bp (PE150) length were generated. Prior to as-
sembly, the low-quality reads were removed. Subsequently,
the high-quality reads between UcMSCs with and without
BMP4 induction were aligned to the human reference ge-
nome (http://genome.ucsc.edu/) using the TopHat pack-
age, and then the reads were mapped to the reference
genome. Thirdly, the mapped reads were assembled using
StringTie, which was used to further quantify the expression
level of mRNAs (genes) by calculating the FPKM. Finally,
the differentially expressed genes (DEGs) between UcMSCs
with and without BMP4 induction were analysed by the
R package-Ballgown with default criteria (fold change > 2 and
statistical significance of p < 0.05), and these DEGs were fur-
theranalyzed by Gene Ontology (GO) and KEGG database for
pathway enrichment. In addition, six typical MSC markers,
14 pluripotent genes, 19 germ cell associated marked genes
and 29 DNA methylation genes were selected and compared
between UcMSCs with and without BMP4 induction.

Statistical analysis
The data were presented as the mean £ SD (representa-
tive of at least three independent experiments), and Stu-
dent’s t-test was performed to determine statistical signifi-
cance. P < 0.05 indicated statistical differences.

RESULTS
UcMSCs isolation and identification
As shown in Figure 1A, the spindle-shaped cells started
to migrate out from Wharton'’s jelly fragments after culturing
for 5-12 days, and the subcultured UcMSCs exhibited typical
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Figure 1. The morphology and identification of UcMSCs; A. Representative morphology of primary UcMSCs and passage 3 (P3) UcMSCs;
B. Adipogenic and osteogenic differentiation of P3 UcMSCs were performed and the results were respectively examined by positive Oil red O
and Alizarin red staining; C. P3 UcMSCs were stained with the corresponding fluorescein-labelled antibodies, and then analyzed by FACS.
The results showed that UcMSCs positively expressed typcial MSC markers including CD73, CD90 and CD105, and negatively expressed CD34,

CDA45,CD11b, CD19 and HLA-DR

characteristics of MSCs (spindle-shaped and fibroblast-like
morphology). The subsequent flow cytometry analysis dem-
onstrated that UcMSCs positively expressed typical MSC
markers (>90%), such as CD73,CD90 and CD105, while nega-
tively expressing CD34/CD45/CD11b/CD19/HLA-DR (Fig. 1B).
Finally, as shown in Figure 1C, Furthermore, adipogenic
and osteogenic differentiation assays (Fig. 1C) also confirmed
the multilineage differentiation potential of UcMSCs.

Effect of BMP4 on differentiation of UcMSCs
into GC-like cells
As shown in Fig 2A, the morphology of UcMSCs with
BMP4 induction showed no significant changes in the
first three days; starting at day five, the UcMSCs with
BMP4 induction exhibited expanded morphology until

the end of the induction period, and the volume of UcM-
SCs increased when compared with the UcMSCs without
BMP4 induction. However, UcMSCs without BMP4 induc-
tion maintained the typical morphology of MSCs during
the induction period. Subsequently, compared to undif-
ferentiated UcMSCs, RT-PCR results demonstrated that
the gene expression of GC-related genes (Oct4, Prdm]1,
Ifitm3 and Stella) in UcMSCs after BMP4 induction was
significantly downregulated (p < 0.01, Fig. 2B and Q).
In accordance with the RT-PCR results, the following im-
munofluorescence results also confirmed that the ex-
pression of Prdm1 in UcMSCs with BMP4 induction was
significantly downregulated (p < 0.05, Fig. 3A and B), while
the expression of Prdm14 was significantly upregulated
(p < 0.05, Fig. 3C and D).
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Figure 2. The changes in morphology and gene expression of UcMSCs induced by BMP4; A. Representative morphology of UcMSCs induced

by BMP4 at different time points; B. RT-PCR was used to detect the gene expression of GC-related genes (OCT4, Prdm1, Ifitm3, and Stella);

C. Quantitative analysis of germ cell-related genes in UcMSCs. The final results were normalized against the gray value of the GAPDH band and are
represented as targeted mRNA expression relative to that of GAPDH. ** p < 0.01; *** p < 0.001
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Figure 3. Changes in the typical GC-related proteins in UcMSCs induced by BMP4; A, C. Conventional immunofluorescence was performed to
detect the expression of Prdm1 and Prdm14 in UcMSCs induced by BMP4; B, D. Expression of Prdm1 and Prdm14 in UcMSCs induced by BMP4 was
quantified by ImageJ software. **p < 0.01, ***p < 0.001
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Figure 4. The DEGs between UcMSCs with and without BMP4 induction and the enriched pathways based on these DEGs; A. Volcano map of all
genes expressed between UcMSCs with and without BMP4 induction; B. Statistics of DEGs between UcMSCs with and without BMP4 induction.
The blue bars indicate downregulated genes, and the pink bars indicate upregulated genes; C. GO term enrichment analysis on DEGs between

UcMSCs with and without BMP4 induction; D. KEGG pathway enrichment analysis on DEGs between UcMSCs with and without BMP4 induction

A total of 662 DEGs between UcMSCs with
and without BMP4 induction and the pathways
enriched with these genes were identified

RNA-sequences were performed to analyze the DEGs
and their derived pathway enrichment in UcMSCs after
being induced with BMP4. As shown in Figure 4A and B,
of the 662 screened DEGs, 153 were upregulated, and the
other 509 were downregulated in UcMSCs after induction
with BMP4. Subsequently, the screened DEGs were analyzed
by GO annotation database, and the results of GO enrich-
ment statistics are shown in Figure 4C (top 20 functional
classifications), which indicated that most of the DEGs were
focused on the functional classifications of extracellular ex-
osomes, mitochondria, focal adhesion and others. Next, the
top 20 KEGG pathways enriched with the screened DEGs are
shown in Figure 4D, which reveals that most of the DEGs

were enriched in the ribosome, phagosome, tight junction,
fatty acid metabolism and other pathways. Disappointedly,
the above DEGs-enriched functional classifications and path-
ways exhibit no explicit correlation between BMP4 induction
and the differentiation of UcMSCs into GC-like cells. In ad-
dition, further analysis is consistent with the above results,
and demonstrated that BMP4-induced UcMSCshad no chang-
es in the expression of typical MSC markers (p > 0.05) and
had slight decreases in pluripotent, GC-associated and DNA
methylated genes but no statistical differences (p > 0.05).

DISCUSSION
MSCs, harvested from bone marrow, umbilical cord,
adipose tissue, amniotic membrane and shedding endo-
metrium in menstrual blood have been extensively studied
and applied in basic and clinical research due to their rich
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resources, superior proliferative capacity and multiple dif-
ferentiation potential [2, 4-6]. Currently, the application of
MSCs, especially UcMSCs, to improve infertility has been
extensively studied, and the therapeutic effect has been
confirmed in model animals and the clinic [18, 19]. Ding L
et al. [18], showed that UcMSCs combined with collagen
scaffolds can restore the ovarian function of long-term
infertile patients with POF by activating FOXO3a and
FOXO1. Furthermore, UcMSC transplantation could improve
chemotherapy-induced ovarian failure, and the NGF/TrkA
signaling pathway was involved in the amelioration of POF
[5]. Although MSC-derived paracrine effects are suggest-
ed to play the main role in promoting the regeneration
of the injured reproductive system, the transdifferentiation
of MSCs into GC-like cells is still a promising way to improve
reproductive function.

Published reports have demonstrated that the cell pro-
liferation, survival and differentiation of PGCs highly de-
pend on the doses of BMP4 secreted by ectoderm cells [20].
As a member of the TGF-3 superfamily, BMP4 can promote
the expression of PGC-specific genes such as Stella, fragilis,
and Mvh [16], and BMP4 can induce embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) to differ-
entiate into PGC-like cells [21]. Furthermore, Shirazi et al.,,
[22]and N. Li et al,, [15] demonstrated that SSEA-1* MSCs are
capable of differentiating into GC-like cells after induction
with BMP4 or RA. Additionally, MSCs derived from different
sexes or tissues exhibit various differentiation abilities and
unique expression profiles of GC-related genes; for example,
male-derived BM-MSCs tend to differentiate into male germ
cells rather than female germ cells [23], and 12.5 ng/mL of
BMP4 is sufficient to induce canine adipose-derived MSC dif-
ferentiation into PGC-like cells [10], while for human amniotic
membrane derived MSCs and UcMSCs, 25 ng/mL BMP4 is
required to induce differentiation into PGC-like cells [15].
Subsequent treatment with inducing factors, such as RA,
can further promote the differentiation of PGC-like cells into
GC-like cells [11].

Therefore, the effect of BMP4 on inducing UcMSC dif-
ferentiation into GC-like cells was systemically examined in
this study. Consistent with a published report, the morphol-
ogy of UcMSCs became large and flat after treatment with
BMP4. However, the gene expression of GC-related genes
(OCT4, Prdm1, Ifitm3 and Stella) was significantly downregu-
lated, and the furtherimmunofluorescence results also con-
firmed the significant down regulation of Prdm1in UcMSCs
with BMP4 induction, while the expression of Prdm14 was

significantly upregulated. Prdm1, also known as B lympho-
cyte-induced maturation protein-1, is widely expressed dur-
ing development, including PGCs migration [24]. Existing
studies have shown that Prdm1* cells are the precursor
cells of PGCs during the development of GCs, the loss of
Prdm1 inhibits the migration and proliferation of PGCs in
the genital ridge, and the loss of endogenous Prdm 1 in PGCs
cannot be compensated by exogenous supplementation
with Prdm1 [24]. Simultaneously, Prdm1 can synergistically
act with Prdm14 to induce epigenetic reprogramming in
PGCs and early GCs, indicating their synergistic effect in the
development of the germ cell lineage [25]. Consequently,
our results were inconsistent with the published reports
[15], and preliminarily demonstrated that BMP4 alone is
insufficient to directly induce the differentiation of UcMSCs
into GC-like cells, and the decrease in OCT4 gene expression
may be caused by cell ageing.

Next, RNA sequencing was performed to identify
the transcriptome differences of BMP4-induced UcMSCs.
Consistent with our previous findings, the results of GO
annotation and KEGG enrichment analysis based on the
662 screened DEGs in BMP4-induced UcMSCs exhibited
no explicit correlation between BMP4 induction and the
differentiation of UcMSCs into GC-like cells, and the analysis
also showed that the value of FPKM in typical MSC markers
and the expression of pluripotent, GC-associated and DNA
methylated genes all had no significant change in UcMSCs
with or without BMP4 induction (Fig. 5). The above results
indicated that BMP4-induced UcMSCs are unable to differ-
entiate into GC-like cells. Additionally, some of the screened
DEGs were enriched in pathways of fatty acid metabolism,
which can activate the p53 signaling, and in turn cause cell
cycle arrest, thereby inhibiting the proliferation of PGCs and
leading to apoptosis of PGCs [26].

CONCLUSIONS

In summary, this study indicated that the transdifferen-
tiation of MSCs into GC-like cells is rather complex, which
suggests a sophisticated gene regulation network operating
in a spatial and temporal manner, and BMP4 alone is insuf-
ficient to induce UcMSCs to differentiate into GC-like cells,
regardless of the protein level or gene expression level. There-
fore, more attention should be paid to the further selection
and optimization of appropriate induction media with spe-
cific inducing reagents, which will provide support for the
extensive application of UcMSCs in restoring reproductive
function.
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