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Abstract
Objective: Primordial germ cell (PGCs) lines are a source of a highly specialized type of cells, characteristically oocytes, 
during female germline development in vivo. The oocyte growth begins in the transition from the primary follicle. It is 
associated with dynamic changes in gene expression, but the gene-regulating signals and transcription factors that 
control oocyte growth remain unknown. We aim to investigate the differentiation potential of mouse bone marrow 
mesenchymal stem cells (mMSCs) into female germ-like cells by testing several signals and transcription factors. 
Materials and Methods: In this experimental study, mMSCs were extracted from mice femur bone using the flushing 
technique. The cluster-differentiation (CD) of superficial mesenchymal markers was determined with flow cytometric 
analysis. We applied a set of transcription factors including retinoic acid (RA), titanium nanotubes (TNTs), and fibrin 
such as TNT-coated fibrin (F+TNT) formation and (RA+F+TNT) induction, and investigated the changes in gene, MVH/
DDX4, expression and functional screening using an in vitro mouse oocyte development condition. Germ cell markers 
expression, (MVH / DDX4), was analyzed with Immunocytochemistry staining, quantitative transcription-polymerase 
chain reaction (RT-qPCR) analysis, and Western blots. 
Results: The expression of CD was confirmed by flow cytometry. The phase determination of the TNTs and F+TNT were 
confirmed using x-ray diffraction (XRD) and scanning electron microscope (SEM), respectively. Remarkably, applying these 
transcription factors quickly induced pluripotent stem cells into oocyte-like cells that were sufficient to generate female germ-
like cells, growth, and maturation from mMSCs differentiation. These transcription factors formed oocyte-like cells specification 
of stem cells, epigenetic reprogramming, or meiosis and indicate that oocyte meiosis initiation and oocyte growth are not 
separable from the previous epigenetic reprogramming in stem cells in vitro.
Conclusion: Results suggested several transcription factors may apply for arranging oocyte-like cell growth and 
supplies an alternative source of in vitro maturation (IVM).
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Introduction 
All infertile couples generate at least one meiotically 

incomplete oocyte, approximately 7 to 16% (1, 2). Oocyte 
maturation failure, a bad egg syndrome, is occasionally 
absolute means no mature oocytes are generated. The key 
clinical features associated with this syndrome include: 
i. Primary infertility, ii. Repetitive generation of mostly 
immature oocytes, iii. Inability of in vitro maturation 
(IVM) to stimulate maturation, and iv. Breakdown of 
fertilization despite intracytoplasmic sperm injection 
(ICSI) (3). 

In oocyte differentiation, oocyte growth and meiosis 
are two key processes. Meiosis initiation is believed to 
be regulated mainly by retinol’s production, storage, and 
metabolism and its metabolite retinoic acid (RA). RA 
signaling is performed by its target genes, such as Stra8, 
which is essential for the initiation and progression of 
meiosis. Intrinsic factors such as MVH provide diploid 
germ cells ready for meiosis initiation when extracellular 
signals are received (4).  

Because of their characteristic properties, ability to 

self-renewal, cloning, and differentiation into many 
different cell types as pluripotency, stem cells have been 
recommended in biomedical applications. Recently, much 
progress has been obtained in understanding stem cell 
biology and our ability to manipulate their proliferation 
and differentiation to get functional cells (5). Hübner et 
al. (6) show that mouse embryonic stem cells can develop 
into oogonia that enter meiosis; Bahmanpour et al. (7) 
improved the rate of in vitro oocyte differentiation by 
using bone morphogenetic protein 4 (BMP4) and RA 
along with ovarian somatic cell co-culture. Similarly, 
nanomaterials have recently been synthesized, which 
increases the coefficiency  of stem cell differentiation and 
their biomedicine applications, respectively (8, 9). 

Growth and differentiation factors can adhere to nano-
supplied surfaces and they can be effectively delivered 
into the culture medium. Therefore, functional scaffolds 
made of TNT can be used to grow, biocompatibility, 
differentiate stem cells, and regenerate damaged tissues 
(10). However, the small scale of nanomaterials alters their 
physicochemical properties, making their interactions 
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toxic to stem cells. Therefore, the determination of 
nanomaterial bio-interactions is essential to increase the 
success of medical treatments and enhance the safety of 
biomedical devices (11).

Fibrin, made from fibrinogen and thrombin, has been 
introduced as a suitable biological polymer in which 
tissue engineering applications and growth factors are 
delivered in cell cultures (12). Significant advantages of 
fibrin hydrogels include flexibility, low cytotoxicity, and 
high effectiveness on nanomaterials with homogeneous 
distribution (13). This characteristic  leads to improved cell 
growth, viability, and differentiation in response to growth 
factors (14). According to the mentioned characteristics of 
fibrin, chemical, structural and mechanical, a 3D scaffold 
is suitable for later tissue engineering applications (15, 
16). 

Here, we applied a set of transcriptional factors, RA 
and RA+F+TNT formation, comprising the underlying 
gene regulatory expression and validated these findings 
with functional screening. Furthermore, we endeavored 
to reconstitute pluripotent stem cell differentiation and 
thereby we generated oocyte-like cells competent for 
oocyte meiosis initiation, oocyte growth, and subsequent 
fertilization in vitro.

Material and Methods
Nanoparticles synthesis 

The TiO2 nanoparticles were synthesized by the 
hydrothermal method described by Khoshnood et al. (17), 
then particles from 10 to 15 nm, which present micropores 
and mesopores on their surface, were obtained. 

Isolation and culture 
In this experimental study, the flushing technique was 

performed to isolate mouse bone marrow mesenchymal 
stem cells (mMSCs) from mice femur bone. The cell 
suspensions were transferred into 15 mL centrifugation 
tubes and were resuspended in DMEM medium (F12: 
REF:32500-035 Gibco, USA) supplemented with 
10% FBS (Sigma-Aldrich, USA), 1% penicillin, and 
streptomycin (BI-1203 BIO IDEA Company, USA) 
mixture, and 1% Gluta MAX (Gibco, USA), and 
seeded in 25 cm2 culture medium flask for maintaining 
at 37ºC humidified incubator with 5% CO2. At 80-90% 
confluency, cells were harvested with 0.05% Trypsin-
EDTA solution (Gibco, USA) and replated in treatment 
groups (RA and RA+F+TNT formation). All protocols 
followed for the utilization of animals were approved by 
the Ethics Committee of Islamic Azad University, Science 
and Research Branch, Tehran, Iran, approval ID: IR.IAU.
SRB.REC.1400.276. 

Induction of stem cells into female germ-like cells

The cells obtained from the 3rd passage were used for 
signals and transcription factors to generate female germ-
like cells. Then they were seeded at a density of 2×104 

per well in 24-well plates and treated with 10-5 M RA 
and 50 µg/ml TNT-coated fibrin (fibrinogen+thrombin 
1:1) in the medium as mentioned above for 14 days. The 
Cells were observed for morphological changes during 14 
days of induction, after which immunocytochemistry and 
quantitative transcription-polymerase chain reaction (RT-
qPCR) were performed. 

Morphology characterization of F+TNT formation 
The phase characterization of TiO2 nanoparticles 

was determined by X-ray diffraction pattern (XRD) 
(Model PW1730, PHILIPS, Cu LFF lamp λ=1.540598 
A, phase size=0.05°, phase time=1 second, voltage 40 
kV, current 30 mA, And 40 mV). The 30λ TNT was 
then added by incubation at 50 μg/ml (18-20) of TNT-
PBS-solution (21) on fibrin to measure their excess 
biological function and differential behavior. Figures 
analyzed with scanning electron microscope (SEM) 
and image j software (v. 1.52). 

Flow cytometry analysis
For flow cytometric analysis of cluster-differentiation 

(CD) mesenchymal superficial markers, after four 
passages, 2×104 cells were removed for a panel of 
mMSCs antibodies. The Cells were dispersed with 
0.25%- trypsin-EDTA (Gibco, USA) and resuspended 
in PBS supplemented with 0.5% FBS. The cells were 
aliquoted into several parts and incubated at 4ºC for 
20 minutes in the dark with monoclonal antibodies 
(AB92574, AB114052, AB28364, and  AB10558) 
against the hematopoietic cell markers CD31-PE and 
CD45-FITC (AB6785 and AB6717), and MSC markers 
CD90-PE, and CD105-FITC (AB6785 and AB6717). 
Negative control samples were incubated with mouse 
IgG1- FITC/PE (11-4724) isotype antibodies to help 
differentiate nonspecific background signals from 
specific antibody signals. The samples were analyzed on 
a Partec cytometer (German), and the resulting data were 
processed using FloMax software (22).

Immunocytochemistry
For Immunocytochemistry analysis of the specific 

germ cell marker, MVH, the cells were washed with 
PBS after 14 days of induction and were fixed in 4% 
paraformaldehyde for 20 minutes at 25°C. The cell 
membrane was permeabilized with 0.1% Triton X-100 
solution in PBS for 20 minutes. Nonspecific binding-
site blocking was performed with 5% goat serum for 
45 minutes without washing, then incubation with anti-
MVH (Mouse monoclonal anti-human, 1:100; Abcam, 
USA) antibody overnight at 4°C.  Subsequently, 
the cells were washed with PBS and incubated with 
FITC-conjugated Goat Anti-Rabbit (1:100; Abcam, 
USA) or Goat Anti-Mouse (1:100; Abcam, USA) for 
1 hour at 25°C. Finally, the Nuclei were counter-
stained with DAPI (Sigma, UK) for 5 minutes, and 
an Immunofluorescence image was taken using a 
fluorescent microscope (22). 
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Quantitative transcription-polymerase chain reaction  
Using Tri-Pure reagent (Invitrogen, San Diego, 

CA, USA) whole RNA isolate per the manufacturer’s 
instructions. The DNA contamination in the RNA sample 
was deleted by RNase-free DNase I (Thermo Scientific, 
USA) for 30 minutes at 37ºC. The RNA concentration 
and purity were specified using the spectrophotometric 
(WPA spectrophotometer, Biochrom, UK) method. Using 
a Transcriptor First Strand cDNA Synthesis kit (Roche), 
the RNA was reversely transcribed by random Hexamer 
and 1000 ng of DNA-free RNA. TaqMan probe (Life 
Technologies, India) was applied to survey the expression 
of MVH, which normalized against 18 seconds expression 
as a housekeeping gene β-actin. The PCR reaction 
components were mixed to procure a final volume of 20 
μL. The following components were applied: 0.5 μL (25 
ng) cDNA, 1 μL TaqMan assay reagent, 10 μL TaqMan 
universal master mix, and 8.5 μL distilled water. The PCR 
cycling was as follows: 10 minutes at 95ºC, polymerase 
activation, 40 cycles at 95ºC for 15 seconds, and 60ºC 
for 1 minute using a Rotor-Gene Q instrument (Qiagen, 
Germany). The relative expression of the gene, using the 
∆∆Ct method, was analyzed by normalizing the Ct values 
of the target against 18 seconds (22). Sequences of the 
MVH primers used for RT-qPCR are:
F: 5´GTGGAAGTGGTCGAGGTGGT3´
R: 5´CTGGTGGAGGAGGGGGTA3´
and primers sequences of housekeeping gene, β-actin are:
F: 5´TCAGAGCAAGAGAGGCATCC3´
R: 5´GGTCATCTTCTCACGGTTGG3´

Western blots  
Fifty µg of proteins extracted by RIPA lysis buffer 

was used for sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred 
to nitrocellulose membranes. The membrane was 
stained with rabbit polyclonal antibody against MVH 
(AB13840, Abcam, UK, 1: 100 dilutions), and goat 
anti-mouse secondary antibodies (ab6789, Lucerna-
Chem, Switzerland). The antibody-antigen interaction 
in the membranes was observed using an enhanced-
chemiluminescent detection kit (Santa Cruz Biotechnology 
Inc, Santa Cruz, CA, USA) (23). 

Statistical analysis 
All data were presented as mean ± SD (standard 

deviation) and were analyzed using SPSS (v 23, IBM, 
USA). One-way ANOVA and Tukey tests followed by 
Bonferroni posttest were used to compare the groups. The 
significant differences (P<0.05) were calculated among 
various treatment groups.  

Results 
Flow cytometry 

We evaluated several stem cell-associated CD markers 

using flow cytometry to determine the CD markers 
of cultured cells in passage 3. The results illustrate the 
differential characteristics of stem cells and rule out the 
hematopoietic origin of isolated cells. The Cells were 
mostly positive for mMSCs markers, CD90 and CD105, 
and at least reacted with hematopoietic markers, CD31 
and CD45: 95% of the cells express CD90, 72.6% of the 
cells express CD105, 0.23% of the cells express CD31, 
and 1.42% of the cells express CD45 (Fig.1). Negative 
control samples were incubated with IgG1-FITC/PE 
isotype antibodies in mice. The data represented three 
independent experiments as mean ± SD.    

Fig.1: Flow cytometry results of CD expression in isolated mMSCs 
at third passage. The cells were mostly positive for the superficial 
mesenchymal markers: CD90=95.5%, CD105=72.6% and minimally 
expressed CD31=0.230% and CD45=1.42% (hematopoietic markers). The 
data were representative of three independent experiments, as mean ± 
SD. Negative control samples were incubated with mouse IgG1-FITC/PE 
isotype antibodies to help differentiate nonspecific background signals 
from specific antibody signals.

Structural determination of TNTs and F+TNT 
formation

The XRD data for the sample synthesized at 120°C is 
consistent with the standard Anatase (USnano-America) 
pattern. Usually, diffraction peaks at 30°C indicate the 
presence of crystal defects or long-term non-sequence 
in TiO2 nanoparticles. However, such a peak was not 
observed in our diffraction pattern which suggests the 
pure anatase phase of TiO2 is formed by a quadrilateral 
anatase structure at 120°C. The absence of diffraction 
peaks at 27°C and 31°C indicates that this sample was 
free of rutile and TiO2 brookite structures. The XRD pattern 
showed anatase phase TiO2 nanoparticles only by diffraction 
at angles of 25, 37, 48, 54, 55, 63, 69, and 75°C (peak A, 
Fig.2A). The above results confirmed that the optimal 
calcination temperature for preparing pure anatase of TiO2 
nanocrystals by polymer gel was 120°C. The morphology of 
F+TNT formation was confirmed using SEM. It was observed 
that the surface area of TNT was increased compared with 
self-aggregation-TNT (Fig.2B). 
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Fig.2: Structural determination of TNTs and F+TNT formation. A. X-ray 
diffraction patterns of TNT anatase phase in different angles (peak A). B. 
The SEM of F+TNT formation after 24 hours of incubation (scale bar of a: 
20 µm, b: 200 nm). Orange arrows revealed the F+TNT transcription factor 
formation with (b) 90 to 115 nm approximate diameter. TNT; Titanium 
nanotube, F; Fibrin, and SEM; Scanning electron microscope.

Immunocytochemistry staining for specific oocyte-like 
cell marker, MVH, differentiation

The germ cell-related gene, MVH, was detected in 
all isolated cells using immunocytochemical analysis 
after 14 days. This experiment confirms that all mouse 
bone marrow cells have a differentiation potential 
into germ- and oocyte-like cells with signals and 
transcription factors. Under immuno-fluorescence 
microscopy, green fluorescent protein (GFP) 
expression was highly observed in mMSCs-derived 
female germ-like cells, treated with RA+F+TNT or 
RA compared to control cells. (Fig.3A, B). 

RT-qPCR analysis of specific oocyte-like cell marker, MVH 

RT-qPCR results show that all the cells expressed 
oocyte-like cell genes after 14 days of transcription 
factor inductions. However, the quality and quantity 
of expression differed among two germ cell marker 
groups, MVH. In this experiment, F+TNT transcription 
factors showed more significant potential to be 
differentiated into oocyte-like cells. A significantly 
higher relative gene expression level of F+TNT was 
observed compared with RA and control (P<0.05). The 
results of this analysis show that co-administration 
of transcription factors has a higher potential for 
differentiation of mMSCs into female germ-like cells 
than individual transcription factor (Fig.4). 

                                                                         
Fig.3: Expression of germ cell markers (MVH and GFP) in mMSCs-
derived female germ-like cells. A. Immunocytochemistry staining of 
mMSCs for specific female germ cells marker, MVH, after 14 days of 
differentiation induction. The Nuclei were counter-stained with DAPI and 
GFP intensity was quantified (scale bar: 100 µm). B. Quantitative analysis 
of Immunocytochemistry images. *; P<0.0194, **; P<0.0010, ****; 
P<0.0001, mMSCS; Mouse bone marrow mesenchymal stem cells, RA; 
Retinoic acid, F; Fibrin, Cont; Control, and TNT; Titanium nanotube.

Fig.4: The RT-qPCR analysis of specific oocyte-like cell marker, MVH.  RT-qPCR 
analysis of isolated mMSCs after signals and transcription factor induction 
under the influence of 10-5  M RA, 50 µg/ml TNT -coated fibrin formation for 14 
days. The mMSCs treated by the RA+F+TNT compared with the RA and control 
cells showed significant potential to be differentiated into female germline 
cells due to the significantly higher relative gene expression level of MVH gene. 
**; P<0.0011, ***; P<0.0003, RT-qPCR; Quantitative transcription-polymerase 
chain reaction, mMSCs; Mouse bone marrow mesenchymal stem cells, RA; 
Retinoic acid, F; Fibrin, and TNT; Titanium nanotube. 
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Western blots of oocyte marker
Western blot analysis measured the expression of female 

germ cell-associated proteins (MVH) during oocyte-like 
cells formation from mMSCs after being cultured for 14 
days. Furthermore, the level of MVH protein was higher 
in mMSCs treated with RA or RA+F+TNT compared to 
the level of MVH protein in the control cells (Fig.5).

Fig.5: Western blot analysis of MVH expression in mice bone marrow-derived 
mMSCs. A. MVH protein levels were evaluated as specific differentiation 
markers to compare GAPDH reference protein using western blot analysis. B. 
Protein lysates from mMSCs were blotted and stained by MVH antibody, The 
level of MVH protein expression was higher in mMSCs treated with RA or 
RA+F+TNT compared to the level of MVH protein expression in the control 
cells. **; P<0.0034, ****; P<0.0001, indicated significant differences in the 
MVH expression between RA+F+TNT, RA, and the control, mMSCs; Mouse 
bone marrow mesenchymal stem cells, RA; Retinoic acid, F; Fibrin, and TNT; 
Titanium nanotube.

The mMSCs characterizations and signal epigenetic 
reprogramming for induced oocytes

The mMSCs from mice bone marrow were successfully 
cultured up to 4 passages, and the proliferation rate 
was confluency after 4-5 days following each passage. 
All cells had spindle-like morphology and, in some 
cases, possessed some long and short processes. During 
differentiation induction, the cells were treated with RA, 
RA+F+TNT formation for 14 days and observed every 
day to determine any differential morphological changes 

under a phase-contrast microscope. In addition, size 
measurement and counting of oocytes were quantified 
using Image J software (v.1.52) (Fig.6).

Fig.6: The isolated mMSCs and induced germ cells. A. Isolated mMSCs, 
passage 2, 24 hours after incubation (scale bar: 100 µm). B. Spindle-
shaped fibroblast-like of mMSCs, passage 3, in the 3rd passage (scale bar: 
100 µm). C. The mMSCs-derived oocyte-like cell size change and growth 
were observed after transcription factor inductions. The cell morphology 
was changed after F+TNT+RA treating. The first observation was the 
appearance of spindle-shaped mMSCs, which became large, circular, and 
long. The germ cells show a meiotic marker (MVH/DDX4). a. Oocyte-like 
cells generated from in vitro culturing (scale bar: 200 µm), b. Primary 
oocyte with its nucleus arrested at prophase I of meiosis I, germinal 
vesical (GV), blue arrows (scale bar: 100 µm), c. Primary oocyte-like cells 
undergoing meiosis I-nucleus and nucleolus have disappeared, germinal 
vesicle breakdown (GVBD), metaphase I (M I), yellow arrow, (scale bar: 50 
µm), and d. Secondary oocyte-like cells with the polar body (PB) resulting 
from meiosis I. Metaphase II (M II), red arrow (scale bar: 25 µm). 

Discussion
This study defines a set of transcription factors, which 

are promoted the differentiation of oocyte-like cells from 
mMSCs in vitro, which is expressed germ-like cell marker 
MVH/DDX4 at both mRNA and protein levels. This study 
will be a powerful protocol to elevate our understanding 
of the mechanisms underlying reprogramming in oocyte-
like cell growth and of their potential application in IVM 
technologies. 

A B

C
a

c

b

d

A

B



Cell J, Vol 24, No 8, August 2022463

Ebrahimi et al.

Oocyte differentiation and development depend on 
continuous signaling interactions with somatic follicle 
cells in vivo (24). Signaling molecules; maturation-
promoting factor (MPF), transcription, and translation of 
critical regulatory enzymes are the processes by which an 
oocyte acquires meiotic competence in vivo. The complex 
interaction between these factors and the determination of 
arrest versus progression is related to the delicate balance 
between the production and targeted degradation of 
signaling molecules, MPF (25-31). Finally, dysfunction 
on the molecular level, errors in MPF, and aberrations 
in chromosomal/spindle formation lead to meiotically 
oocyte maturation arrest. In the case of reports, changes 
in gonadotropin stimulation protocol, using IVM, and 
ICSI does not improve the treatment outcome for bad egg 
syndrome (3). 

RA has been proven to act as a meiosis-inducing factor 
of meiosis in mouse gonads. RA induces Stra8, an RA-
responsive gene in female primordial germ cell (PGCs), 
leading to meiosis in fetal female germ cells. Recently, 
reports have shown that RA can induce meiosis in PGCs 
before gonadal sex differentiation (32-37). 

This study introduced several transcription factors, 
RA, RA+F+TNT, that can induce mMSCs into oocyte-
like cells in vitro. Growth and differentiation factors can 
adhere to nanomaterial and fibrin, which enhance their 
effective delivery in culture medium and increase the 
developmental levels The differentiated oocyte-like cells 
indicated that transcription factors are a prerequisite to 
activating the gene-excitatory expression driving oocyte 
growth in vitro. As such, our results complement recent 
studies which suggest that the principal role of epigenetic 
reprogramming is to activate the meiotic program. In 
addition, our observation showed that oocyte-like cell 
induction during oocyte growth is dependent on the 
epigenetic reprogramming in female germ-like cells. 
This finding provides new insight into the importance 
of epigenetic control and transcription factors in oocyte 
maturation. Furthermore, understanding possible roles 
of transcription factors in oocyte-like cell induction is 
necessary for new research. The culture conditions are 
a unique material that is invaluable for applications in 
assisted reproductive technology, such as IVM and ICSI.

Oocyte-like generation is challenging in vitro, and 
this involves both cytoplasmic and nuclear processes. 
This study showed the increased MVH expression at 
both mRNA and protein levels, as a result of using 
several transcription factors, RA, TNT, and fibrin, which 
indicates the effectiveness of these transcription factors in 
the production of female germ-like cells.

The mMSCs can be reprogrammed to an oocyte-like cell 
by transcription factors, RA, RA+F+TNT formation; little 
is known about factors that induce this reprogramming 
in vivo and in vitro. Furthermore, by understanding the 
mechanism of oocyte-like cell maturation in vitro, it is 
possible that IVM protocols could be promoted to obtain 
the signaling and transcription factors necessary for 

oocyte maturation competence and performance in vitro. 

Conclusion 
Here, we demonstrate the induction of pluripotent stem 

cells from mouse bone mMSCs by introducing germ 
factors, MVH, under stem cell culture conditions and 
morphology determination of F+TNT induction. mMSCs 
exhibit the morphology and growth properties of germ-
like cells and express germ cell marker genes following 
treatment with the above-mentioned transcription factors. 
These data demonstrate that oocyte-like cells can be 
directly generated from mMSCs by adding only a few 
defined factors. 
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