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p < 0.01. Data are shown as mean + SEM, n =7

Fig. 6 Representative photomicrographs of hematoxylin and eosin-stained sections of the different experimental groups. a Group | (control
group) showed the germinal epithelium (thin arrow), primordial follicles (arrowheads), unilaminar (UL), and multilaminar (ML) primary follicles.
Several atretic follicles (A) and a mature Graafian follicle (GF) were also observed. b Group Il (OA group) showed flat ovarian surface (germinal)
epithelial cells (thin arrow). No primordial follicles were observed. Secondary follicles (curved arrows) showed shrunken oocytes and wide
separation of the surrounding granulosa cells. ¢ Group IIl (OA + PMSG group) showed an area of prominent germinal epithelium stratification. No
primordial follicles were seen, and the follicles appear atretic (A). d Group IV (OA + BM-MSCs group) showed flat germinal epithelium (thin arrow),
numerous primordial (arrowheads), and unilaminar (UL) follicles. e Group V (OA + PMSG+ BM-MSCs group) showed cuboidal germinal epithelium
(thin arrow), numerous primordial (arrow heads), unilaminar (UL), and a mature Graafian follicle (GF). f Histogram representing the mean number
of ovarian follicle in all experimental groups. The significant differences against chemo-ablated group indicated by a “*" for p < 0.05 and a “**" for
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epithelial surface cells displayed FSHr expression indi-
cating the potential presence of limited amounts of
VSELS [32] These observations are consistent with re-
ports detailing the depletion of primordial follicles and
follicular atresia with extreme diminishing in ovarian
function and eventual failure, after chemotherapy in rats
[57]. The mechanism underpinning the primordial folli-
cles loss in response to chemotherapy is not well under-
stood. It might be attributed to an accelerated process of
natural ovarian aging due to a direct cytotoxic influence
on oocytes and a portion of primordial follicles, imped-
ing folliculogenesis [58]. An alternative explanation to
primordial follicle depletion after chemotherapy might

be attributed to damaged cortical blood vessels and neo-
vascularization. As the blood supply to the ovary is an
end-artery system, therefore, congestion of blood vessels
and marked thickening of the wall of blood vessels with
obliteration of their lumina will result in local ischemia,
destroying regions of the normal ovarian cortex with loss
of primordial follicles [7].

In agreement with previous observations, we report
the existence of two populations of potential stem cells
in the adult mouse ovary [23, 59]. They are VSELs dem-
onstrated by expression of nuclear OCT-4, SCA, and
Nanog, and progenitors termed OGSCs characterized by
cytoplasmic OCT-4. Control ovaries had reduced Oct-
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shown as mean + SEM, n =7

Fig. 7 Representative photomicrographs of PCNA immune-stained sections of the different experimental groups. a Group | (control group)
showed a negative nuclear reaction in the surface epithelial cells (thin arrow) and stromal (S) cells and a positive reaction in the primary oocytes
of primordial follicles (arrowheads) and the follicular cells (F). b Group Il (OA group) showed negative reaction in the surface epithelial cells (thin
arrow), follicular (F), and stromal (S) cells. ¢ Group IIl (OA + PMSG group) showing an intense reaction in the stratified surface epithelial cells (thin
arrows) with a negative reaction in the follicular (F) and stromal (S) cells. d Group IV (OA + BM-MSCs group) showed a negative reaction in the
surface epithelial cells (thin arrow) and stromal(S) cells and a positive reaction in the follicular (F) cells. @ Group V (OA + PMSG+ BM-MSCs group)
showed a positive reaction in the surface epithelial cells (thin arrow), primary oocytes of the primordial follicles (arrow heads), and follicular (F)
cells with a negative reaction in the stromal (S) cells. f Histogram representing the mean area percentage of PCNA immunoreaction in all
experimental groups. The significant differences against chemo-ablated group indicated by a “*" for p < 0.05 and a “**" for p < 0.01. Data are
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4A expression compared to total Oct-4, implying less
VSEL presence and not OGSCs. On the other hand,
chemo-ablated ovaries displayed less Oct-4 than Oct-4A
transcript while the Oct-4A to Oct-4 ratio was higher
than in controls, implying a predominance of VSELs.
This is consistent with previous studies which re-
vealed that chemotherapy destroyed, as expected, the
ovarian follicular reserve and the potential OGSCs
[23, 60]. VSELs may have survived due to their quies-
cence and silenced mitogenic growth response signal-
ing pathways [32].

MicroRNAs (miRNAs) are linked to steroidogenesis,
ovarian gonadal development, apoptosis, and mammalian

ovulation [61-63]. Specific miRNAs in follicular develop-
ment, mir-143, and miR-376a, are major negative and
positive regulators of the formation and maintenance of
the primordial follicle pool [64]. miR-143 is reported to in-
hibit the formation of mouse primordial follicles by down-
regulation of expression of cell cycle genes and
suppressing the proliferation of pregranulosa cells [44].
This is potentially attributable to its ability to mediate the
proliferative signaling pathway of FSH by FSHR targeting
and the resultant inhibition of estradiol production and
granulosa cell proliferation. Decreased expression of miR-
143 in the OA + PMSC group is in broad agreement with
earlier reports detailing the inhibition of miR-143 by FSH
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Fig. 8 Representative photomicrographs of FSHr immunoreaction sections of the different experimental groups. a Group | (control group)
showed a very mild positive nuclear reaction in a few of the surface epithelial cells. b Group Il (OA group) showed limited FSHr nuclear
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expression in select surface epithelial cells. ¢, d Group Il and group IV (OA + PMSG group and OA + BM-MSCs group) revealed a moderate FSHr
expression in stratified surface epithelial cells. @ Group V (OA + PMSG+ BM-MSCs group) resulted in a strong FSHr expression in the majority of
surface epithelial cells. f Histogram representing the mean area percentage of FSHr immunoreaction in all experimental groups. The significant

differences against the chemo-ablated group indicated by a “*" for p < 0.05 and a “**" for p < 0.01. Data are shown as mean + SEM, n =7

and TGF-f [44]. miR-376a stimulates ovarian proliferation
as a positive regulator for formation and maintenance of
the primordial follicle pool [64]. The expression of ovarian
miR-376a was downregulated in the OA group when
compared with the control group. The overexpression of
ovarian miR-376a in the OA + PMSG + MSCs group mir-
rors high proliferation rates of primordial follicles as well
as the reduction of oocyte apoptosis. Concomitant with
these results, Zhang et al. [44] reported that the miR-376a
controls primordial follicle assembly via controlling PCNA
expression, a gene formerly reported to control primordial
follicle assembly via controlling oocyte apoptosis in the
ovarian mouse.

We demonstrated increased serum FSH and estradiol
in group III (OA + PMSG group) in comparison to
chemo-ablated group, as the VSELs were stimulated by
PMSG treatment (indicated by increased Oct-4A,

Nanog, and FSHr) expression, underwent proliferation
(indicated by increased PCNA staining and Oct-4A ex-
pression), and further differentiation into germ cells (in-
dicated by increased expression of total Oct-4, MVH,
and DAZI) resulting in initiation of meiosis (indicated by
increased expression of Stra-8, which is specifically
expressed gene in mammalian germ cells. It is necessary
for the initiation of meiosis and is expressed by ovarian
germ cells just before the initiation of meiosis [10].
However, germ cells did not enter meiosis, with SCP3
neither expressed nor identified at the protein level in
any of the experimentations. These results are in agree-
ment with Bhartiya et al. [65] who recently reviewed the
possible role of stem cells, FSH, and ovarian biology
[65]. FSH increased proliferation of mouse OSE through
oncogenic pathways activation in surface epithelial cells
[65]. These oncogenic pathways include AKT, Birc5,
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Fig. 9 Representative photomicrograph of OCT4-A immunoreaction sections of different experimental groups. a Group | (control group)
displayed minimal nuclear immuno-expression of OCT4-A in the surface epithelial cells. b Group Il (chemo-ablated, OA group) showed mild
nuclear OCT4-A immuno-expression in the surface epithelial cells. ¢ Group Ill (OA + PMSG group) showed moderate nuclear OCT4A immuno-
expression in the surface epithelial cells. d Group IV (OA + BM-MSCs group) showed minimal OCT4-A immuno-expression. e Group V (OA +
PMSG+ BM-MSCs group) showed extensive immuno-expression of nuclear OCT4-A in the surface epithelial cells. f Histogram representing the
mean area percentage of OCT4-A immunoreaction in all experimental groups. The significant differences against the chemo-ablated group
indicated by a “*" for p < 0.05 and a "**" for p < 0.01. Data are shown as mean + SEM, n =7
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Cdk2, Cdk4, and Cdkn2a [66]. Similarly, ovarian stem
cells of sheep express FSH receptors and experience
clonal expansion and proliferation in response to FSH
through the novel FSHr transcript R3 [67]. Likewise,
Sriraman et al. [68] reported that FSH treatment in-
duced mouse ovarian stem cell proliferation and clusters
formation and further differentiation into germ cells.
These findings were confirmed histologically by promin-
ent stratification of the germinal epithelium; however,
no primordial follicles were observed, and the follicles
remained atretic in appearance. Further, increased FSHr
expression in group III (OA + PMSG group) compared
to group II with accompanied PCNA expression was ob-
served in the stratified surface epithelial cells and not

the stromal and follicular cells. Nevertheless, the germ
cells in chemo-ablated ovaries faced meiotic block,
which is not overcome by FSH alone, and hence they
proposed the requirement for additional factors. It is ex-
pected that in women with primary ovarian insufficiency
and high levels of FSH, stem cells may experience prolif-
eration and initial differentiation. Nevertheless, primor-
dial follicle assembly and haploid oocyte formation may
necessitate additional factors, that are not available in
the compromised somatic niche (as a result of
chemotherapy).

The apparent inability of VSELs to undergo differenti-
ation may be a consequence of the compromised
somatic niche as a result of treatment [4]. To attempt to
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overcome this, we provided an additional supplemental
transplantation of MSCs with the aim of aiding niche
restoration to support further differentiation of VSELs
into gametes. Several studies of transplanted stem cells
into a particular microenvironment have shown their
stimulation by the niche. Micro-environmental stimuli,
in turn, can trigger the paracrine secretion of growth
factors which energize the regeneration of the surround-
ing tissue and potentially drive differentiation of both
themselves and resident tissue-specific cell [69].

We have demonstrated higher FSHr mRNA and pro-
tein expression in group IV versus group II, suggesting
that MSC administration promoted an increase in the
cells number, as these, alongside VSELs, express FSHr
[68]. It remains unclear if the MSCs differentiated into
granulosa cells or the secreted trophic factors from
MSCs enabled a revitalization of the damaged endogen-
ous granulosa cells. However, no evidence was apparent
to suggest that MSCs differentiated into oocytes in re-
cipient rats as evidenced by the lack of the premeiotic
(Stra8) and the meiotic (SCP3) markers, in agreement
with the demonstration that MSCs did not create de
novo germ cells (eggs) within implanted (donor) tissues
[46]. Notwithstanding, the number of primordial and
growing follicles after MSC treatment was not equivalent
to the greater numbers present in the age-matched con-
trol group. Histological observation confirmed a flat ger-
minal epithelium with primordial and unilaminar
follicles in the cortex. FSHr expression was moderate
while PCNA expression was detected in only a few sur-
face epithelial and stromal cells with greater levels ob-
served in the follicular cells. These observations
demonstrated that MSC administration did not com-
pletely restore ovarian function to normal levels instead
having a role limited to rescue of follicles experiencing
early atresia or alternatively protecting quiescent primor-
dial follicles from the opposing effects of chemotherapy
in microenvironment of ovaries [70].

Folliculogenesis necessitates a cautiously orchestrated
crosstalk between germ cells and surrounding somatic
cells [71]. We found that combined injection of MSCs
and PMSG caused a significant increase in the number
of ovarian follicles and corpora lutea that was accom-
panied by restoration of E2 and FSH expression. This is
in broad agreement with previous studies which found
that the MSC-treated group upregulated proteins in-
volved in epigenetic regulation, transcription, protein
modification, and cell signaling [10, 72]. MSCs repaired
the damage of ovarian tissues through the growth of
granulosa cells that are stimulated by these pathways.

In addition to promoting repair of damaged ovarian
cells, a combined injection of MSCs and PMSG dramat-
ically reduced apoptosis of granulosa cells in the devel-
oping follicle. This reduction in apoptotic rate was
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accompanied by decreased BAX expression when com-
pared to the chemo-ablated group.

Previous reports have suggested that MSCs inhibit
apoptosis by the secretion of stanniocalcin-1 and other
paracrine factors [73]. Therefore, we hypothesize that
the combined theory applied above has reactivated host
oogenesis, which is otherwise impaired following chemo-
therapy. The supplementation of MSCs and PMSG
following on from chemo-ablation resulted in increased
mRNA of germ cell-specific markers (OCT4, Dazl,
MVH) suggesting increased differentiation of VSELs to
germ cells. Moreover, meiosis was sustained by the
expression of premeiotic (Stra8) besides meiotic (Scp3)
markers. Furthermore, increased expression of the
oocyte-specific marker (Nobox), which is expressed
plentifully in primordial plus primary follicular oocytes
[74], and the antiapoptotic factor in granulosa cells and
folliculogenesis marker (FSHr) were noted [4]. These
data suggest that combined injection of MSCs and
PMSG amplifies the ovarian stem cell differentiation
process as well as meiosis creating new oocytes, which
are subsequently collect by granulosa cells to collect as
primordial follicles, supporting the earlier proposal of
postnatal oogenesis [75]. Noticeably, primordial follicles
at birth are normally arrested in the diplotene stage of
prophase 1 of meiosis while Scp3 expression constrained
to former stages, i.e., zygotene and pachytene stages [7,
36]. Therefore, expression of Stra8 and Scp3 in the adult
ovaries reflected evidence in supporting postnatal
oogenesis.

Proliferating cell nuclear antigen (PCNA), an auxiliary
protein of DNA polymerase enzymes, is used as a stand-
ard marker in proliferative cells [76]. Here, after chemo-
therapy, the vast majority of surface epithelial cells
lacked PCNA expression. Following on from MSC and
PMSG therapy, expression of PCNA was restored to
surface epithelial cells when compared to the chemo-
ablated group and the group treated with PMSG alone.
Thus, MSCs possibly migrated from the bone marrow
toward the ovary, to become a source of germline stem
cells capable of regenerating the population of primor-
dial follicles. Besides, they improve the microenviron-
ment needed for oogenesis. This was certainly reflected
in a significant increase in the number of primordial fol-
licles. It has been shown that PCNA is also tangled in
DNA repair. Thus, DNA polymerase delta might be acti-
vated to repair possible damage to the genetic material
in the oocytes selected to grow [77]. Increased PCNA
expression in the oocyte nucleus could also reflect the
increased expression of growth factors in the oocyte, as
PCNA expression can be stimulated by various growth
factors even in quiescent cells.

Taken together, the results of this study suggest the
presence of potential VSELs in rat ovaries that they
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survive chemotherapy, are modulated by FSH and en-
hanced by a combination of FSH and MSC, and retain
the ability to undergo oocyte-specific differentiation.

Conclusion

MSC co-administration improved the local microenvir-
onment of the ovary and integrated with PMSG to
promote follicular development into mature oocytes ap-
parently by granulosa cell function. The accompanying
evidence of postnatal oogenesis provides relevance to
women who experience premature ovarian failure be-
cause of oncotherapy.

Abbreviations

PF: Primordial follicles; FSH: Follicle-stimulating hormone; PMSG: Pregnant
mare serum gonadotropin; BM-MSCs: Bone marrow-derived mesenchymal
stem cells; OF: Ovarian failure; PSCs: Pluripotent stem cells; GSCs: Germline
stem cells; OSE: Ovarian surface epithelium; VSELs: Very small embryonic-like
stem cells; OGSCs: Ovary germ stem cells; OCT-4: Octamer-binding
transforming factor 4; PCNA: Proliferating cell nuclear antigen;

SCP3: Synaptonemal complex protein 3; Mvh: Mouse VASA homolog;
Nobox: NOBOX oogenesis homeobox; DAZL: Deleted in azoospermia like;
Nanog: Nanog Homeobox; Sca-1: Stem cell antigen-1; FSHr: Follicle-
stimulating hormone receptor; Oct-4A: Octamer-binding transcription factor
4 isoform A; Stra8: Stimulated by retinoic acid 8; BAX: Bcl-2-associated X
protein; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

Acknowledgements
We would like to represent our acknowledgments for the research team of
the Central Lab at Faculty of Medicine, Benha University.

Limitations
For financial reasons, we cannot perform flow cytometry for VSELs.

Authors’ contributions

NE, RFS, ASH, HAA, NEH, BS and ADD designed and planned the study. NE,
RFS, NEH, OM, DS, AS, YS, HE and ADD performed the experiments. NE, ASH,
HAA, BS, RFS, OB, AH, ADD and collected the data, and AS, RFS, YS, AH, HE,
OB, ASH, HAA, ADD and NRF analyzed the data. ASF, NE, NEH, RFS and NRF
wrote the manuscript. All authors read and approved the final manuscript.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Availability of data and materials
All data generated and/or analyzed during this study are included in this
published article.

Declarations

Ethics approval and consent to participate

This study was carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health (NIH publication No. 85-23, revised 1996). All protocols
were approved by the institutional review board for animal experiments of
the Faculty of Medicine, Benha University, Egypt.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Histology and Cell Biology, Faculty of Medicine, Benha
University, Benha, Egypt. “Stem Cell Unit, Faculty of Medicine, Benha
University, Benha, Egypt. *Department of Clinical Laboratory Sciences,

Page 17 of 19

College of Applied Medical Sciences, University of Hafr Albatin, Al-Batin,
Saudi Arabia. “Obstetrics and Gynecology Medical College, Tabuk University,
Tabuk, Saudi Arabia. “Department of Medical Histology and Cell Biology,
Faculty of Medicine, Zagazig University, Zagazig, Egypt. *Department of
Clinical Pathology, Faculty of Veterinary Medicine, Benha University, Benha,
Egypt. "Department of Medical Physiology, Faculty of Medicine, Benha
University, Benha, Egypt. ®Department of Clinical Pharmacology, Faculty of
Medicine, Benha University, Benha, Egypt. 9Department of Medical
Biochemistry and Molecular Biology, Faculty of Medicine, Badr University,
Cairo, Egypt. "°Department of Obstetrics & Gynecology, Faculty of Medicine,
Benha University, Benha, Egypt. ''School of Interprofessional Health Studies,
Faculty of Health and Environmental Sciences, AUT University, Auckland,
New Zealand. '“Department of Genetics and Genetic Engineering, Faculty of
Agriculture, Benha University, Benha, Egypt. '*Department of pharmacology,
Faculty of Pharmacy, Future University, Cairo, Egypt. '*Guy Hilton Research
Laboratories, School of Pharmacy and Bioengineering, Faculty of Medicine
and Health Sciences, Keele University, Keele, UK. "*Department of Medical
Biochemistry and Molecular Biology, Faculty of Medicine, Benha University,
Benha, Qalyubia 13512, Egypt.

References

1. XiaT, FuY, Gao H, Zhao Z, Zhao L, Han B. Recovery of ovary function
impaired by chemotherapy using Chinese herbal medicine in a rat model.
Syst Biol Reprod Med. 2014;60:293-303 Taylor & Francis. Available from:
https://doi.org/10.3109/19396368.2014.920057.

2. Ebrahimi M, Asbagh FA. Pathogenesis and causes of premature ovarian
failure: an update. Int J Fertil Steril. Royan Institute. 2011,5:54.

3. Morarji K, McArdle O, Hui K, Gingras-Hill G, Ahmed S, Greenblatt EM, et al.
Ovarian function after chemotherapy in young breast cancer survivors. Curr
Oncol. Multimed Inc. 2017;24:e494.

4. Bhartiya D, Anand S, Parte S. VSELs may obviate cryobanking of gonadal
tissue in cancer patients for fertility preservation. J Ovarian Res. 2015,8:1-8
Springer.

5. Lee D-Y, Kim J-Y, Yu J, Kim SW. Prediction of successful ovarian protection
using gonadotropin-releasing hormone agonists during chemotherapy in
young estrogen receptor-negative breast cancer patients. Front Oncol. 2020;
10:863. https://doi.org/10.3389/fonc.2020.00863.

6. Zuckerman S. The number of oocytes in the mature ovary. Recent Progress
in Hormone Research. Academic Press Inc Elsevier Science 525 B ST, STE
1900, SAN DIEGO, CA 92101; 1951;,6:63-109.

7. Johnson J, Canning J, Kaneko T, Pru JK Tilly JL. Germline stem cells and
follicular renewal in the postnatal mammalian ovary. Nature. Nature
Publishing Group. 2004;428:145-50.

8. Bukovsky A, Caudle MR, Svetlikova M, Upadhyaya NB. Origin of germ cells
and formation of new primary follicles in adult human ovaries. Reprod Biol
Endocrinol. 2004;2:1-30 Springer.

9. Parte S, Bhartiya D, Telang J, Daithankar V, Salvi V, Zaveri K, et al. Detection,
characterization, and spontaneous differentiation in vitro of very small
embryonic-like putative stem cells in adult mammalian ovary. Stem cells
and development. Mary Ann Liebert, Inc. 140 Huguenot Street, 3rd Floor
New Rochelle, NY 10801 USA; 2011;20:1451-64.

10.  Oktem O, Oktay K. Current knowledge in the renewal capability of germ
cells in the adult ovary. Birth Defects Res C Embryo Today: Reviews. Wiley
Online Library. 2009;87(1):90-5. https://doi.org/10.1002/bdrc.20143.

11, Virant-Klun |, Skutella T, Hren M, Gruden K, Cvjeticanin B, Vogler A, et al.
Isolation of small SSEA-4-positive putative stem cells from the ovarian
surface epithelium of adult human ovaries by two different methods.
BioMed Res Int. Hindawi. 2013;2013:690415.

12. Woods DG, Tilly JL. Isolation, characterization and propagation of mitotically
active germ cells from adult mouse and human ovaries. Nat Protoc. Nature
Publishing Group. 2013;8(5):966-88. https://doi.org/10.1038/nprot.2013.047.

13. Virant-Klun |, Zech N, Rozman P, Vogler A, Cvjeti¢anin B, Klemenc P, et al.
Putative stem cells with an embryonic character isolated from the ovarian
surface epithelium of women with no naturally present follicles and
oocytes. Differentiation. Elsevier. 2008;76(8):843-56. https://doi.org/10.1111/
}.1432-0436.2008.00268 x.

14.  Virant-Klun |, Rozman P, Cvjeticanin B, Vrtacnik-Bokal E, Novakovic S, Rulicke
T, et al. Parthenogenetic embryo-like structures in the human ovarian


https://doi.org/10.3109/19396368.2014.920057
https://doi.org/10.3389/fonc.2020.00863
https://doi.org/10.1002/bdrc.20143
https://doi.org/10.1038/nprot.2013.047
https://doi.org/10.1111/j.1432-0436.2008.00268.x
https://doi.org/10.1111/j.1432-0436.2008.00268.x

Ebrahim et al. Stem Cell Research & Therapy _##########HHH#####H##H#H_

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

surface epithelium cell culture in postmenopausal women with no naturally
present follicles and oocytes. Stem cells and development. Mary Ann
Liebert, Inc. publishers 140 Huguenot Street, 3rd Floor New 2009;18:137-50.
Tilly JL, Niikura Y, Rueda BR. The current status of evidence for and against
postnatal oogenesis in mammals: a case of ovarian optimism versus
pessimism? Biol Reprod. Oxford University Press. 2009;80(1):2-12. https://doi.
0org/10.1095/biolreprod.108.069088.

Li L, Clevers H. Coexistence of quiescent and active adult stem cells in
mammals. Science. American Association for the Advancement of Science.
2010;327(5965):542-5. https.//doi.org/10.1126/science.1180794.

Parte S, Bhartiya D, Patel H, Daithankar V, Chauhan A, Zaveri K, et al.
Dynamics associated with spontaneous differentiation of ovarian stem cells
in vitro. J Ovarian Res. BioMed Central. 2014;7:1-16.

Bhartiya D, Kasiviswananthan S, Shaikh A. Cellular origin of testis-derived
pluripotent stem cells: a case for very small embryonic-like stem cells. Stem
Cells Dev. Mary Ann Liebert, Inc. 140 Huguenot Street, 3rd Floor New
Rochelle, NY 10801 USA. 2012;21:670-4.

Samardzija C, Quinn M, Findlay JK, Ahmed N. Attributes of Oct4 in stem cell
biology: perspectives on cancer stem cells of the ovary. J Ovarian Res.
Springer. 2012,5:1-12.

Niikura Y, Niikura T, Tilly JL. Aged mouse ovaries possess rare premeiotic germ
cells that can generate oocytes following transplantation into a young host
environment. Aging (Albany NY). Impact Journals, LLC. 2009;1:971.

Bhartiya D, Sriraman K, Gunjal P, Modak H. Gonadotropin treatment
augments postnatal oogenesis and primordial follicle assembly in adult
mouse ovaries? J Ovarian Res. BioMed Central. 2012,5:1-14.

Kovach TK, Dighe AS, Lobo PI, Cui Q. Interactions between MSCs and
immune cells: implications for bone healing. Journal of immunology
research. Hindawi. 2015,2015(248):1-17.

Samadi P, Saki S, Khoshinani HM, Sheykhhasan M. Therapeutic applications
of mesenchymal stem cells: a comprehensive review. Curr Stem Cell Res
Ther. 2020;10(2174).

Gabr H, Rateb MA, El Sissy MH, Ahmed Seddiek H, Ali Abdelhameed Gouda
S. The effect of bone marrow-derived mesenchymal stem cells on
chemotherapy induced ovarian failure in albino rats. Microsc Res Tech.
Wiley Online Library. 2016;79:938-47.

Bhartiya D, Unni S, Parte S, Anand S. Very small embryonic-like stem
cells: implications in reproductive biology. BioMed Res Int. Hindawi.
2013;2013:682326.

Fazeli Z, Abedindo A, Omrani MD, Ghaderian SMH. Mesenchymal stem cells
(MSCs) therapy for recovery of fertility: a systematic review. Stem Cell Rev
Rep. Springer. 2018;14:1-12.

El Asmar MF, Atta HM, Mahfouz S, Fouad HH, Roshdy NK, Rashed LA, et al.
Efficacy of mesenchymal stem cells in suppression of
hepatocarcinorigenesis in rats: possible role of Wnt signaling. J Exp Clin
Cancer Res. Springer. 2011;30:1-11.

Aziz MTA, Atta HM, Mahfouz S, Fouad HH, Roshdy NK, Ahmed HH, et al.
Therapeutic potential of bone marrow-derived mesenchymal stem cells on
experimental liver fibrosis. Clin Biochem. Elsevier. 2007;40(12):893-9. https://
doi.org/10.1016/j.clinbiochem.2007.04.017.

Sabry D, Olfat Noh MS. Comparative evaluation for potential differentiation
of endothelial progenitor cells and mesenchymal stem cells into
endothelial-like cells. Int J Stem Cells. Korean Society for Stem Cell Research.
2016,9:44.

Kay AG, Dale TP, Akram KM, Mohan P, Hampson K, Maffulli N, et al. BMP2
repression and optimized culture conditions promote human bone
marrow-derived mesenchymal stem cell isolation. Regen Med. Future
Medicine. 2015;10(2):109-25. https://doi.org/10.2217/rme.14.67.

Pédelacq J-D, Cabantous S, Tran T, Terwilliger TC, Waldo GS. Engineering
and characterization of a superfolder green fluorescent protein. Nat
Biotechnol Nature Publishing Group. 2006;24(1):79-88. https://doi.org/10.103
8/nbt1172.

Sriraman K, Bhartiya D, Anand S, Bhutda S. Mouse ovarian very small
embryonic-like stem cells resist chemotherapy and retain ability to initiate
oocyte-specific differentiation. Reprod Sci. Springer. 2015,;22(7):884-903.
https.//doi.org/10.1177/1933719115576727.

El-Attrouny MM, Iragi MM, Sabike II, Abdelatty AM, Moustafa MM, Badr OA.
Comparative evaluation of growth performance, carcass characteristics and
timed series gene expression profile of GH and IGF-1 in two Egyptian
indigenous chicken breeds versus Rhode Island Red. J Anim Breed Genet.
2020:12517 Wiley Online Library.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 18 of 19

Abdelatty AM, Badr OAM, Mohamed SA, Khattab MS, Dessouki SHM, Farid
OAA, et al. Long term conjugated linoleic acid supplementation modestly
improved growth performance but induced testicular tissue apoptosis and
reduced sperm quality in male rabbit. PLoS One. Public Library of Science
San Francisco, CA USA. 2020;15:0226070.

Anand S, Patel H, Bhartiya D. Chemoablated mouse seminiferous tubular
cells enriched for very small embryonic-like stem cells undergo
spontaneous spermatogenesis in vitro. Reprod Biol Endocrinol. 2015;13(1):
33. https.//doi.org/10.1186/512958-015-0031-2.

Bukovsky A, Caudle MR, Gupta SK, Svetlikova M, Selleck-White R, Ayala AM,
et al. Mammalian neo-oogenesis and expression of meiosis-specific protein
SCP3 in adult human and monkey ovaries. Cell Cycle. 2008,7(5):683-6.
https://doi.org/104161/cc.7.5.5453.

Gunjal P, Bhartiya D, Metkari S, Manjramkar D, Patel H. Very small embryonic-
like stem cells are the elusive mouse endometrial stem cells- a pilot study. J
Ovarian Res. 2015;8(1)9. https//doi.org/10.1186/513048-015-0138-2.

Stewart SL, Querec TD, Gruver BN, O'Hare B, Babb JS, Patriotis C.
Gonadotropin and steroid hormones stimulate proliferation of the rat
ovarian surface epithelium. J Cell Physiol. 2004;198(1):119-24. https://doi.
0rg/10.1002/jcp.10401.

He X, Sun J, Huang X. Expression of caspase-3, Bax and Bcl-2 in
hippocampus of rats with diabetes and subarachnoid hemorrhage. Exp Ther
Med. 2018;15:873-7. https//doi.org/10.3892/etm.2017.5438.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2— AACT method. Methods. Elsevier.
2001;25:402-8.

Bancroft JD, Layton C. Connective and other mesenchymal tissues with
their stains. Bancroft's Theory and Practice of Histological Techniques E-
Book, vol. 153. China: Elsevier Health Sciences; 2018.

Sanderson T, Wild G, Cull AM, Marston J, Zardin G. 19 Immunohistochemical
and immunofluorescent techniques. Bancroft's Theory and Practice of
Histological Techniques E-Book, vol. 337. China: Elsevier Health Sciences; 2018.
Boxall SA, Jones E. Markers for characterization of bone marrow
multipotential stromal cells. Stem Cells Int. Hindawi. 2012;2012:975871.
Zhang H, Jiang X, Zhang Y, Xu B, Hua J, Ma T, et al. microRNA 376a
regulates follicle assembly by targeting Pcna in fetal and neonatal mouse
ovaries. Reproduction (Cambridge, England). 2014;148:43-54 Available from:
https://doi.org/10.1530/REP-13-0508.

Tilly JL, Johnson J. Isolated populations of female germline stem cells
and cell preparations and compositions thereof. Google Patents. 2018;
13:1-10.

Johnson J, Bagley J, Skaznik-Wikiel M, Lee H-J, Adams GB, Niikura Y, et al.
Oocyte generation in adult mammalian ovaries by putative germ cells in
bone marrow and peripheral blood. Cell. Elsevier. 2005;122:303-15.

Wang N, Satirapod C, Ohguchi Y, Park E-S, Woods DC, Tilly JL. Genetic
studies in mice directly link oocytes produced during adulthood to ovarian
function and natural fertility. Sci Rep. Nature Publishing Group. 2017;7:1-16.
Martin JJ, Woods DC, Tilly JL. Implications and current limitations of
oogenesis from female germline or oogonial stem cells in adult mammalian
ovaries. Cells. Multidisciplinary Digital Publishing Institute. 2019;8:93.
MacDonald JA, Takai Y, Ishihara O, Seki H, Woods DC, Tilly JL. Extracellular
matrix signaling activates differentiation of adult ovary-derived oogonial
stem cells in a species-specific manner. Fertil Steril. Elsevier. 2019;111(4):794—
805. https://doi.org/10.1016/jfertnstert.2018.12.015.

Zhou L, Wang L, Kang JX, Xie W, Li X, Wu C, et al. Production of fat-1
transgenic rats using a post-natal female germline stem cell line. Mol
Human Reprod. Oxford University Press. 2014;20:271-81.

de Souza GB, Costa JIN, da Cunha EV, Passos JRS, Ribeiro RP, Saraiva MVA,
et al. Bovine ovarian stem cells differentiate into germ cells and oocyte-like
structures after culture in vitro. Reprod Domest Anim. Wiley Online Library.
2017;52(2):243-50. https://doi.org/10.1111/rda.12886.

Hou L, Wang J, Li X, Wang H, Liu G, Xu B, et al. Characteristics of female
germline stem cells from porcine ovaries at sexual maturity. Cell Transpl.
SAGE Publications Sage CA: Los Angeles, CA. 2018;27:1195-202.

Zhang H, Panula S, Petropoulos S, Edsgérd D, Busayavalasa K, Liu L, et al.
Adult human and mouse ovaries lack DDX4-expressing functional oogonial
stem cells. Nat Med. Nature Publishing Group. 2015;21:1116-8.

Silvestris E, Cafforio P, D'Oronzo S, Felici C, Silvestris F, Loverro G. In vitro
differentiation of human oocyte-like cells from oogonial stem cells: single-
cell isolation and molecular characterization. Hum Reprod. Oxford University
Press. 2018;33(3):464-73. https://doi.org/10.1093/humrep/dex377.


https://doi.org/10.1095/biolreprod.108.069088
https://doi.org/10.1095/biolreprod.108.069088
https://doi.org/10.1126/science.1180794
https://doi.org/10.1016/j.clinbiochem.2007.04.017
https://doi.org/10.1016/j.clinbiochem.2007.04.017
https://doi.org/10.2217/rme.14.67
https://doi.org/10.1038/nbt1172
https://doi.org/10.1038/nbt1172
https://doi.org/10.1177/1933719115576727
https://doi.org/10.1186/s12958-015-0031-2
https://doi.org/10.4161/cc.7.5.5453
https://doi.org/10.1186/s13048-015-0138-2
https://doi.org/10.1002/jcp.10401
https://doi.org/10.1002/jcp.10401
https://doi.org/10.3892/etm.2017.5438
https://doi.org/10.1530/REP-13-0508
https://doi.org/10.1016/j.fertnstert.2018.12.015
https://doi.org/10.1111/rda.12886
https://doi.org/10.1093/humrep/dex377

Ebrahim et al. Stem Cell Research & Therapy _##########HHH#####H##H#H_

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

Payne AH, Hales DB. Overview of steroidogenic enzymes in the pathway
from cholesterol to active steroid hormones. Endocrine Rev. Oxford
University Press. 2004;25(6):947-70. https://doi.org/10.1210/er.2003-0030.
Nourmoussavi M, Pansegrau G, Popesku J, Hammond GL, Kwon JS, Carey
MS. Ovarian ablation for premenopausal breast cancer: a review of
treatment considerations and the impact of premature menopause. Cancer
Treat Rev. Elsevier. 2017,55:26-35.

Holesh JE, Bass AN, Lord M. Physiology, ovulation. StatPearls [Internet].
StatPearls Publishing; 2020; ID: NBK441996.

Spears N, Lopes F, Stefansdottir A, Rossi V, De Felici M, Anderson RA, et al.
Ovarian damage from chemotherapy and current approaches to its
protection. Hum Reprod Update. Oxford University Press. 2019;25:673-93.
Bhartiya D, Parte S, Patel H, Sriraman K, Zaveri K, Hinduja I. Novel action of
FSH on stem cells in adult mammalian ovary induces postnatal oogenesis
and primordial follicle assembly. Stem Cells Int Hindawi. 2016; 2016:13.
Article ID 5096596. https://doi.org/10.1155/2016/5096596.

Bhartiya D, Kasiviswanathan S, Unni SK, Pethe P, Dhabalia JV, Patwardhan S,
et al. Newer insights into premeiotic development of germ cells in adult
human testis using Oct-4 as a stem cell marker. J Histochem Cytochem.
SAGE Publications Sage CA: Los Angeles, CA. 2010;58:1093-106.

Xu Q, Zhang Y, Chen Y, Tong Y-Y, Rong G-H, Huang Z-Y, et al. Identification
and differential expression of microRNAs in ovaries of laying and broody
geese (Anser cygnoides) by solexa sequencing. PLoS One. Public Library of
Science. 2014,9:e87920.

Grossman H, Shalgi R. A role of microRNAs in cell differentiation during gonad
development. In: Piprek RP, editor. Molecular mechanisms of cell differentiation
in gonad development [Internet]. Cham: Springer International Publishing;
2016. p. 309-36. https//doi.org/10.1007/978-3-319-31973-5_12.

Li M, Yan J, Zhi X, Wang Y, Hang J, Qiao J. Chapter 13 - gene expression
during oogenesis and oocyte development. In: PCK L, Adashi EY, editors.
The Ovary (Third Edition) [Internet]. 3rd ed. London: Academic press; 2019.
p. 205-16.

Maalouf SW, Liu WS, Pate JL. MicroRNA in ovarian function. Cell Tissue Res.
2016;363:7-18.

Bhartiya D, Singh J. FSH-FSHR3-stem cells in ovary surface epithelium: basis
for adult ovarian biology, failure, aging, and cancer. Reproduction. 2015;
149(1):R35-48. https://doi.org/10.1530/REP-14-0220.

Hilliard T, Modi D, Burdette J. Gonadotropins activate oncogenic pathways
to enhance proliferation in normal mouse ovarian surface epithelium. Int J
Mol Sci. 2013;14:4762-82.

Patel H, Bhartiya D, Parte S. Further characterization of adult sheep ovarian
stem cells and their involvement in neo-oogenesis and follicle assembly.

J Ovarian Res. 2018;11:3.

Sriraman V, Denis D, de Matos D, Yu H, Palmer S, Nataraja S. Investigation of
a thiazolidinone derivative as an allosteric modulator of follicle stimulating
hormone receptor: Evidence for its ability to support follicular development
and ovulation. Biochem Pharmacol. 2014;89(2):266-75. https://doi.org/10.101
6/j.bcp.2014.02.023.

Fu X, He Y, Xie C, Liu W. Bone marrow mesenchymal stem cell
transplantation improves ovarian function and structure in rats with
chemotherapy-induced ovarian damage. Cytotherapy. Taylor & Francis.
2008;10:353-63.

Wei X, Yang X, Han Z, Qu F, Shao L, Shi Y. Mesenchymal stem cells: a new
trend for cell therapy. Acta Pharmacol Sin. 2013;34(6):747-54. https.//doi.
0rg/10.1038/aps.2013.50.

Nayernia K, Lee JH, Drusenheimer N, Nolte J, Wulf G, Dressel R, et al.
Derivation of male germ cells from bone marrow stem cells. Lab Invest.
2006,86(7):654-63. https://doi.org/10.1038/labinvest.3700429.

Zhang Z, Shao S, Meistrich ML. The radiation-induced block in
spermatogonial differentiation is due to damage to the somatic
environment, not the germ cells. J Cell Physiol. 2007,211(1):149-58. https.//
doi.org/10.1002/jcp.20910.

Sheikh-Hamad D. Mammalian stanniocalcin-1 activates mitochondrial
antioxidant pathways: new paradigms for regulation of macrophages and
endothelium. Am J Physiol Renal Physiol. 2010;298(2):F248-54. https://doi.
0org/10.1152/ajprenal 00260.2009.

Drukafa J, Paczkowska E, Kucia M, Mtyriska E, Krajewski A, Machalinski B,
et al. Stem cells, including a population of very small embryonic-like
stem cells, are mobilized into peripheral blood in patients after skin
burn injury. Stem Cell Rev Rep. 2012;8(1):184-94. https://doi.org/10.1
007/512015-011-9272-4.

75.

76.

77.

Page 19 of 19

Halpin DMG, Jones A, Fink G, Charlton HM. Postnatal ovarian follicle
development in hypogonadal (hpg) and normal mice and associated
changes in the hypothalamic--pituitary ovarian axis. Reproduction. 1986;
77(1):287-96. https://doi.org/10.1530/jrf.0.0770287.

Tan OL, Fleming JS. Proliferating cell nuclear antigen immunoreactivity in
the ovarian surface epithelium of mice of varying ages and total lifetime
ovulation number following ovulation1. Biol Reprod. 2004;71(5):1501-7.
https://doi.org/10.1095/biolreprod.104.030460.

Oktay K, Schenken RS, Nelson JF. Proliferating cell nuclear antigen marks,
the initiation of follicular growth in the Rat1. Biol Reprod. 1995;53(2):295—
3071. https://doi.org/10.1095/biolreprod53.2.295.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1210/er.2003-0030
https://doi.org/10.1155/2016/5096596
https://doi.org/10.1007/978-3-319-31973-5_12
https://doi.org/10.1530/REP-14-0220
https://doi.org/10.1016/j.bcp.2014.02.023
https://doi.org/10.1016/j.bcp.2014.02.023
https://doi.org/10.1038/aps.2013.50
https://doi.org/10.1038/aps.2013.50
https://doi.org/10.1038/labinvest.3700429
https://doi.org/10.1002/jcp.20910
https://doi.org/10.1002/jcp.20910
https://doi.org/10.1152/ajprenal.00260.2009
https://doi.org/10.1152/ajprenal.00260.2009
https://doi.org/10.1007/s12015-011-9272-4
https://doi.org/10.1007/s12015-011-9272-4
https://doi.org/10.1530/jrf.0.0770287
https://doi.org/10.1095/biolreprod.104.030460
https://doi.org/10.1095/biolreprod53.2.295

