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1 | INTRODUCTION

Contents

Mesenchymal stem cells (MSC) are multipotent progenitor cells defined by their abil-
ity to self-renew and give rise to differentiated progeny. Previous studies have re-
ported that MSC may be induced in vitro to develop into different types of specialized
cells including male gametes. In vitro gamete derivation technology has potential ap-
plications as an alternative method for dissemination of elite animal genetics, produc-
tion of transgenic animals and conservation of endangered species. This study aimed
at investigating the in vitro effect of BMP4, TGFB1 and RA on the potential for germ
cell (GC) differentiation of bovine foetal MSC (bfMSC) derived from bone marrow
(BM). The effect of BMP4, TGFB1 and RA was analysed on the expression of pluripo-
tent, GC and male GC markers on bfMSC during a 21-day culture period. bfMSC
cultured under in vitro conditions expressed OCT4, NANOG and DAZL, but lacked
expression of mRNA of VASA, STELLA, FRAGILIS, STRA8 and PIWIL2. Treatment
with exogenous BMP4 and TGFB1 induced a transient increase (p < .05) in DAZL and
NANOG mRNA levels, respectively. However, exposure to RA was more effective in
increasing (p < .05) expression of DAZL and regulating expression of OCT4 and
MRNA levels of NANOG. These data suggest that bfMSC may possess potential for
early GC differentiation, where OCT4, NANOG and specially DAZL may play signifi-

cant roles in controlling progression along the GC lineage.

BM (bfMSC) accomplish most of these criteria including plastic ad-
herence, expression of CD73 and CD29, lack of expression of CD45

Mesenchymal stem cells (MSC) are a type of non-hematopoietic,
adult stemlike cells that can be isolated from bone marrow (BM) and
expanded in vitro. According to the international society for cellu-
lar therapy (ISCT), minimal criteria for defining human MSC cultures
include adherence to plastic under standard culture conditions, ex-
pression of surface antigen markers CD105, CD73 and CD90, lack
of expression of hematopoietic markers CD45, CD34 and CD14
and capacity for trilineage differentiation (Dominici et al., 2006).
We have previously reported that MSC derived from bovine foetal

and CD34 and trilineage differentiation potential (Cortes etal.,
2013; Duenas et al., 2014). In addition to the differentiation poten-
tial, increasing amount of data indicate that MSC exert reparative
functions through paracrine activity including immunomodulatory
effects, and trophic functions involving antiapoptotic, angiogenic,
mitogenic and antibacterial potentials (Caplan & Correa, 2011).
During the last few years, the in vitro derivation of germ cell (GC)
lineages from stem cells has emerged as an exciting new strategy for
obtaining mature gametes (West et al., 2013). Due to their nearly
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unlimited source and high differentiation potential, stem cells may
be induced in vitro to develop into different types of specialized cells
including male gametes, suggesting its potential applications to ani-
mal reproduction, as an alternative method for dissemination of elite
animal genetics, production of transgenic animals and conservation
of endangered species (Hill & Dobrinsky, 2006). Among adult stem
cells, MSC may be suitable candidates for in vitro gamete derivation
and subsequent use in cell transplantation due to: (i) plasticity that
is not limited to mesodermal derivatives, (ii) availability of abundant
sources of tissues for isolation in several animal species including
bovine, (iii) high proliferative potential, (iv) simple and inexpensive
isolation from foetal and adult somatic tissues and (v) high potential
for cell therapy including autologous or allogeneic transplantation
due to reduced intrinsic teratogenic formation and immune rejec-
tion. Recent studies have explored the GC-specific gene expression
profile in male and female rat MSC (Ghasemzadeh-Hasankolaei,
Eslaminejad, Batavani, & Ghasemzadeh-Hasankolaei, 2015) and
evaluated the transdifferentiation potential of MSC derived from
mice amniotic membrane (Afsartala et al., 2016), sheep bone mar-
row (Ghasemzadeh-Hasankolaei, Eslaminejad, Batavani, & Sedighi-
Gilani, 2014), and human umbilical cord Wharton's jelly (Huang et al.,
2010) and bone marrow (Hua, Yu, et al., 2009). These studies have
generated important evidence that supports the potential capacity
of MSC for differentiation into male GC lineage.

Gamete differentiation during embryogenesis is a well-
orchestrated and highly complex process that involves sequential
activation of several factors associated with cell proliferation and
differentiation. In domestic animals, male GC are derived from a
population of primordial germ cells (PGC) originated in the proxi-
mal epiblast (Lawson & Hage, 1994). PGC specification is induced
by extrinsic factors secreted by extraembryonic ectoderm, including
component of the Sma and Mad-related family (SMAD) signalling
pathway, bone morphogenetic protein 4 (BMP4) and transforming
growth factor 1 (TGFf1) (Surani et al., 2004). After migration into
the developing testis, PGC enter mitotic arrest and are reactivated
after birth to initiate spermatogenesis. Recent studies have reported
that decision of meiotic entry or mitotic arrest of post-migratory
PGC is regulated by retinoic acid (RA) (Koubova et al., 2006). Male
PGC do not enter meiosis because the enzyme CYP26b1 expressed
in somatic cells in the male genital ridge degrades RA. Activity of
RA is exerted inside the nucleus during gametogenesis through their
binding to RA receptors (RAR) in Sertoli cells (RARa), round sperma-
tids (RARP) and type A spermatogonia (RARy) (Vernet et al., 2006).
RA favours spermatogonial differentiation through a direct action
and an indirect effect mediated by BMP4 secreted by Sertoli cells
(Pellegrini, Grimaldi, Rossi, Geremia, & Dolci, 2003).

Taking into account the previous information, bfMSC are prom-
ising cell sources for the derivation of gametes in animal species not
studied so far, including bovine, giving the opportunity for devel-
opment and future applications of new reproductive technologies
in animals. This study aimed at investigating the in vitro effect of
BMP4, TGFp1 and RA on the potential for GC differentiation of
bfMSC derived from BM.

2 | MATERIALS AND METHODS
2.1 | lIsolation and culture of bfMSC

All procedures have been approved by the Bioethical Committee of
the National Commission for Scientific and Technology Research from
Chile (Fondecyt). Testes samples (n = 3) were collected from each
of three slaughtered adult bulls and used for experiments as posi-
tive controls. bfMSC were isolated following a previously reported
protocol that ensured establishment of MSC cultures that fulfil the
minimal criteria for definition of MSC (Cortes et al., 2013; Duefas
et al,, 2014). BM was aspirated from male bovine foetuses (n = 9;
7-8 months of gestation) collected at a local abattoir. The BM was
drawn from femoral cavity into syringes containing high glucose
(4.5 g/L) Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Grand
Islands, NY, USA) supplemented with 1000 IU heparin, 100 IU/ml
penicillin, 100 pg/ml streptomycin and 2.5 pg/ml amphotericin B.
BM samples from three foetuses were pooled and washed twice with
phosphate-buffered saline (PBS) and twice with DMEM. Then, cells
were plated in DMEM (high glucose) supplemented with 10% foetal
bovine serum (FBS; Gibco, Waltham, MA, USA), 100 IU/ml penicil-
lin, 100 pg/ml streptomycin and 2.5 pg/ml amphotericin B. Cells were
incubated at 38°C in a humidified atmosphere containing 5% CO.,,.
After 2 days, non-adherent cells were removed by changing the cul-
ture medium. Following the initial 2 days, the medium was changed
every two to three days. After three to four passages, cells were
gently harvested when 90% confluent using 0.05% trypsin in 0.02%
EDTA. Following determination of cell viability, cells were used to ini-

tiate experiments.

2.2 | Germ cell differentiation protocols

The effects of various concentrations of BMP4 (Cat. #314-BP;
R&D systems, Minneapolis, MN, USA), TGFp1 (Cat. #240-B; R&D
systems, Minneapolis, MN, USA) or RA (Cat. #R2625; Sigma, Saint
Louis, MO, USA) were first analysed on GC differentiation of bfMSC.
Concentration-response experiments were performed using con-
centrations of 10, 50 and 100 ng/ml of BMP4; 1, 10 and 100 ng/
ml of TGFB1; and 0.01, 0.1 and 1 pM of RA in bfMSC cultures dur-
ing 21 days. Cells (5 x 10%/cm?) isolated from three pools of BM
collected from three male foetuses were seeded in T-25 culture
dishes either in control or differentiation (three replicates each) me-
dium and cultured for a 21-day experiment with the medium being
changed every 2 days. Control medium for BMP4 and TGFf1 experi-
ments consisted of DMEM (high glucose) supplemented with 10%
FBS, 100 IU/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/
ml amphotericin B. Control medium for RA experiments consisted
of DMEM (high glucose) supplemented with 10% FBS, 100 IU/ml
penicillin, 100 pg/ml streptomycin and 0.25 pg/ml amphotericin B
and DMSO (vehicle). Time-response experiments were performed
using one selected concentration of 100 ng/ml of BMP4, 100 ng/
ml of TGFp1 or 0.1 pM of RA. Cell culture samples were taken on
Days 0 and 21 (concentration-response) or on Days 0, 7, 14 and 21
(time-response).
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2.3 | RNA extraction and cDNA synthesis

Approximately 1 x 10° bfMSC and testis samples were collected and
immediately fixed in lysis buffer (Thermo Scientific, Waltham, MA,
USA). Total RNA was extracted using GeneJET RNA purification kit
(Thermo Scientific) according to the manufacturer’s instructions. Total
RNA was eluted in 50 pL of RNase-free water. The concentration and
purity of the RNA in each sample were determined using Qubit RNA
assay kit (Life Technologies, Waltham, MA, USA), and genomic DNA was
removed using DNase | and RNase-free (Thermo Scientific). Samples
were subjected to RT-PCR using a Brilliant Il SYBR Green QRT-PCR kit
AffinityScript Master Mix, 2-step kit (Agilent Technologies, Santa Clara,
CA, USA). The reaction protocol consisted of incubation for 5 min at
25°C, 15 min at 42°C, 5 min at 95°C and hold at 4°C using a TC1000-G
gradient thermocycler (SciLogex, Rocky Hill, CT, USA).

2.4 | Quantitative-PCR

Samples were analysed for expression of housekeeping p-ACTIN and
GAPDH, pluripotent genes OCT4 and NANOG, GC genes FRAGILIS,
STELLA and VASA, male GC genes DAZL, PIWIL2 and STRAS8, and

Gene Nucleotide sequence (5'-3")

Endogenous genes

GAPDH Forward CCTTCATTGACCTTCACTACATGG TCTA
Reverse TGGAAGATGGTGATGGCCTTTCCATTG
p- ACTIN Forward CGCACCACTGGCATTGTCAT

Reverse TCCAAGGCGACGTAGCAGAG

Pluripotency genes

OCT4 Forward GAAAGAGAAAGCGGACGAG
Reverse GTGAAAGGAGACCCAGCAG
NANOG Forward TAAGCACAGGGGGCAAAAGT

Reverse ATGGCTAAAAGGGGTGGAGG

Germ cell genes

FRAGILIS Forward ATCTGCAGCGAGACCTCTGT
Reverse CCGATGGACATGATGATGAG

STELLA Forward TGCAAGTTGCCACTCAACTC
Reverse TCTTACCCCTCTCCGCCTAT

VASA Forward TGCTACTCCTGGAAGACTGA

Reverse CGGTCTGCTGAACATCTCTA

Male germ cell genes

DAZL Forward TCC AAG TTC ACC AGT TCA GG
Reverse CGT CTG TAT GCT TCT GTC CAC

PIWIL2 Forward TCGTATTGATGATGTGGATTGG
Reverse GGGAGCAGCAGGATTTCAC

STRA8 Forward TGTGCCCAGGTGTTCATCTC
Reverse GGGGACTGTCACCTCATTGG

Meiotic gene
SCP3 Forward GCTGGAAAGATT TGGAGCTG

Reverse ATCCCACTGCTGGAACAAAG

meiotic marker SCP3 expression by quantitative-PCR (Q-PCR) (Table 1).
The p-ACTIN and GAPDH were selected as housekeeping genes based
on previous analyses from our laboratory that demonstrated high stabil-
ity during MSC culture (Cortes et al., 2013; Duenas et al., 2014). Real-
time PCR primers were designed using PrimerExpress software (Applied
Biosystems Incorporated, Foster City, CA, USA; Table 1). Equivalence of
amplification efficiencies among all primer-probe sets was confirmed
using serial threefold dilutions of differentiated bfMSC cDNA. Each RT-
PCR reaction (10 pL) contained the following: 2X Brilliant Il SYBR Green
QPCR master mix (5 pL), target forward primer (200 nM), target reverse
primer (200 nM), cDNA synthesis reaction (1 pL) and nuclease-free PCR-
grade water to adjust final volume. The PCR amplification was carried
out in an Eco Real-Time PCR System (lllumina Incorporated, San Diego,
CA, USA). Thermal cycling conditions were 95°C for 10 min, followed
by 40 repetitive cycles at 95°C for 30 s, and 60°C for 1 min. The rela-
tive quantification of the target gene expression across treatments was
evaluated using the comparative AACT method (Livak & Schmittgen,
2001). The CT value was determined by subtracting f-ACTIN CT value
(most stable endogenous gene CT value) from the target CT value of
the sample. Calculation of AACT involved using target gene expression

(sample with the highest CT value or lowest target expression), including

TABLE 1 Sequence of primers used for

Accession number Q-PCR analysis

NM_001034034.2

NM_173979.3

NM_174580.2

NM_001025344.1

XM_002697323

NM_00111110

JX_437185.1

NM_001081725.1

XM_617223.3

XM_015463130

BC_102433


info:ddbj-embl-genbank/NM_001034034.2
info:ddbj-embl-genbank/NM_173979.3
info:ddbj-embl-genbank/NM_174580.2
info:ddbj-embl-genbank/NM_001025344.1
info:ddbj-embl-genbank/XM_002697323
info:ddbj-embl-genbank/NM_00111110
info:ddbj-embl-genbank/JX_437185.1
info:ddbj-embl-genbank/NM_001081725.1
info:ddbj-embl-genbank/XM_617223.3
info:ddbj-embl-genbank/XM_015463130
info:ddbj-embl-genbank/BC_102433
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FRAGILIS (Testis), Day O or untreated cells (bfMSC) as an arbitrary con-

stant to subtract from all other CT sample values.

2.5 | Flow cytometry

The extent of GC differentiation was analysed at Days O and 21 of
differentiation by determination of bfMSC population positive for
Oct4, Nanog and Dazl using flow cytometry (FC). Approximately
1-3x 10% cells were detached after incubation in EDTA for
10-20 min and then fixed with 4% paraformaldehyde in PBS for
10-15 min at 4°C. Samples were resuspended in a solution of 1%
Triton X100 in PBS and incubated for 15 min at room temperature
and then in 0.1% Tween in PBS for washing. Antigens were blocked
using a solution of 3% bovine serum albumin (BSA) with 1.5 mg/ml
of glycine during 1 h at room temperature. Then bfMSC were incu-
bated overnight in primaries goat polyclonal anti-Oct4, goat poly-
clonal anti-Nanog antibodies (Cat. #sc-8628 and sc-30331; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or rabbit polyclonal anti-
Dazl (Cat. #ab-34139; Abcam, Cambridge, MA, USA) diluted (1:50) in
3% BSA in PBS. Cells were washed thrice in 0.1% Tween in PBS and
incubated in a solution of rabbit anti-goat igG conjugated with Alexa
Fluor 488 (Cat. #A11078; Thermo Fisher Scientific, Rockford, IL,
USA\) or goat anti-rabbit igG conjugated with FITC (Cat. #ab-97050;
Abcam) diluted (1:1000) in 3% BSA during 1 hr at room temperature.
Then bfMSC were washed thrice in 0.1% Tween and then incubated
with 3 pL propidium iodide for 5 min at room temperature. Cells
were resuspended in IsoFlow buffer and analysed (three replicates)
using a Gallios Flow Cytometer (Beckman Coulter, Brea, CA, USA)
using a 488-nm laser light. The threshold for negative events was
set on the first decade of fluorescence level histogram. Negative
procedural control corresponded to cells not incubated with anti-
bodies (autofluorescence) and cells incubated only with secondary
antibody. Percentage of cells positive for autofluorescence and sec-
ondary antibody were subtracted from the percentage of cells posi-

tive with primary and secondary antibodies.

2.6 | Statistical analysis

Values of gene expression from three different replicates were trans-
ferred to a spreadsheet and then analysed using Infostat software
(Cordoba, Argentina). Data were normalized to logarithmic scale in
base 10 for normality, and mean values for each replicate were com-
pared by one-way ANOVA. Gene expression values between days of
culture and between treatments and controls were analysed using
Duncan’s multiple comparison test (p < .05).

3 | RESULTS

3.1 | Morphological characterization of bfMSC
during germ cell differentiation

Isolation of bfMSC from BM was performed based on the capac-
ity for plastic attachment under standard culture conditions that
included DMEM media supplemented with 10% FBS. Colonies of

fibroblast-like cells attached to the plastic were visualized at Days
5-6 after seeding. In order to evaluate the GC differentiation
potential of bfMSC, concentration-response experiments were
performed to determine the effect of RA, BMP4 or TGFp1 that
induced high GC marker expression and cell survival in bfMSC
cultures. Thereafter, bfMSC were exposed to concentrations of
100 ng/ml BMP4, 100 ng/ml TGFp1 and 0.1 uM RA during a 21-
day culture period in order to analyse the temporal expression
of pluripotent, GC and male GC genes during bfMSC differen-
tiation. Treatment with increasing concentrations of BMP4 had
a slight effect on bfMSC morphology and culture organization,
including formation of cell projections and development of intri-
cate cell interactions (Figure 1A). Similarly, treatment of bfMSC
with 1 and 10 ng/ml of TGFpB1 induced changes in monolayer
organization characterized by formation of scattered cell aggre-
gates (Figure 2A). In comparison, exposure of bfMSC to 100 ng/
ml of TGFB1 induced formation of distinct and numerous cell
aggregates. bfMSC cultured under the effect of increasing con-
centration of RA changed cell morphology, acquiring multiple
cell projections and complex organization in monolayer cultures
(Figure 3A).

3.2 | Levels of mRNA in bull testis samples and
bfMSC during germ cell differentiation

Firstly, determination of the GC lineage was assayed by Q-PCR in
tissue extracts from mature bull testis used as positive controls. All
transcripts evaluated in bull testis, including pluripotent markers
OCT4 and NANOG, GC genes FRAGILIS, VASA, STELLA, male GC
genes DAZL, STRA8 and PIWIL2 and meiotic marker SCP3 were de-
tected. Highest levels of mRNA in bull testis were detected for OCT4
(330-fold), VASA (27,753-fold), DAZL (123,341-fold) and PIWIL2
(8,292-fold) compared to FRAGILIS expression. Further analyses
in bfMSC indicate that levels of mRNA of these genes are vastly
greater in testes compared to bfMSC.

Levels of mMRNA of DAZL, NANOG and OCT4 were not affected
by BMP4 concentration (Figure 1B). However, temporal analyses
detected up-regulation (p < .05) of DAZL mRNA levels at Day 14 of
culture (5.7-fold Day 0). NANOG mRNA levels were higher (p < .05)
in bfMSC treated with 1 ng/ml of TGFp1 (1.9-fold Day 0) compared
to untreated and bfMSC treated with 100 ng/ml (0.3- and 0.35-fold
Day 0; Figure 2B). Levels of mRNA of DAZL, NANOG and OCT4
were not different (p > .05) between culture days in bfMSC exposed
to 100 ng/ml of TGFB1 during 21 days.

Levels of NANOG mRNA were increased in bfMSC treated with
0.1 pM (40.6-fold) and 1 uM (21.3-fold) of RA compared to untreated
control (Figure 3B). When bfMSC were exposed to 0.1 uM of RA,
mRNA levels of DAZL increased (p < .05) 6.5- and 7.9-fold, at Days 7
and 21, respectively. Moreover, bfMSC treated with 0.1 uM RA in-
creased (p < .05) NANOG mRNA levels at Day 7, 14 and 21 compared
to Day 0 (23.2-, 29.5- and 30.3-fold Day O, respectively). Moreover,
levels of mMRNA of meiotic marker SCP3 in bfMSC exposed to BMP4,
TGFB1 and RA were not different (p > .05) between days of culture
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FIGURE 1 Germ cellin vitro differentiation of bfMSC under the effect of BMP4. (A) Treatment with variable concentrations of BMP4 (10,
50 and 100 ng/ml) had a slight effect on bfMSC morphology and culture organization. (B) Temporal analyses detected up-regulation (p < .05)
of DAZL mRNA levels at Day 14 of culture. (C) Percentages of cells positive for Dazl, Nanog and Oct4 (white curve) were not affected

(p > .05) by BMP4 treatment at Day 21 of culture (control, black curve). (a,b) Indicate significant (p < .05) difference compared to Day O (right
graph). Scale bars: 500 pm. Abbreviations: CON, control; C21, negative control at Day 21 of differentiation; FL1/3 INT LOG, signal intensity
of the protein expression in log scale
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FIGURE 2 Germ cell in vitro differentiation of bfMSC under the effect of TGFB1. (A) Exposure of bfMSC to 100 ng/ml of TGFB1 induced
formation of numerous cell aggregates. (B) NANOG mRNA levels were higher (p < .05) in bfMSC treated with 1 ng/ml of TGFB1 compared to
untreated and bfMSC treated with 100 ng/ml. (C) Percentages of cells positive for Nanog (white curve) was reduced (p < .05) after exposure
to TGFp1 at Day 21 of culture (control, black curve). (a,b) Indicate significant (p < .05) difference compared to untreated cells. Scale bars:
500 pm. Abbreviations: CON, control; C21, negative control at Day 21 of differentiation; FL1/3 INT LOG, signal intensity of the protein

expression in log scale

and treatments suggesting that treated bfMSC did not progressed

into meiosis (Figure 4).

3.3 | Flow cytometric analyses of germ cell
differentiated bfMSC cultures

Percentages of cells positive for Oct4, Nanog and Dazl proteins
were not affected (p > .05) by BMP4 treatments at Day 21 of culture
(Figure 1C). However, the percentages of cells positive for Nanog
protein were reduced (37.8 + 1.3 vs. 46.9 + 1.6) after exposure to
TGFB1 at Day 21 of culture (Figure 2C). At Day 21, percentage of
cells positive for Dazl protein was higher (p < .05) after treatment
with RA (75.4 £ 8.5%) compared to untreated controls (57.5 + 0.4;
Figure 3C). Moreover, percentage of cells positive for Oct4 were
lower (p < .05) after treatment with RA (83.2 + 3.4%) compared to
untreated control (99.4 + 0.4; Figure 3C).

4 | DISCUSSION

Determination of the GC lineage was initially assayed in tissues
extracts from mature bull testis used as positive controls. All
transcripts evaluated in bull testis were detected. In comparison,
bfMSC exposed to BMP4, TGFp1 and RA during a 21-day culture
period expressed OCT4, NANOG, DAZL and SCP3 but lacked
expression of mRNA of VASA, STELLA, FRAGILLIS, STRA8 and
PIWIL2. This pattern of expression suggests that bfMSC may pos-
sess potential for early GC differentiation, where OCT4, NANOG
and DAZL may play significant roles in controlling progression
along the GC lineage.

Supplementation of various doses of BMP4 had no effect on
mMRNA levels of OCT4, NANOG or DAZL gene and protein expres-
sion at Day 21 of culture. However, addition of 100 ng/ml of BMP4
increased DAZL mRNA levels in differentiating bfMSC at Day 14
of culture. BMP4 activity is mediated by receptor ALK3 and trans-
ducer SMADS, exerting both mitogenic and differentiative effects
(Pellegrini et al., 2003). The effect of BMP4 on GC differentiation
has been previously characterized in ovine BM-MSC, where 100 ng/
ml of BMP4 had no effect on mRNA levels of DAZL, VASA, PIWIL2
and OCT4 after 21 days of culture (Ghasemzadeh-Hasankolaei,
Sedighi-Gilani, & Eslaminejad, 2014). However, a two-step culture
method using 25 ng/ml of BMP4 for 5 days followed by 1 uM of
RA for 12 days induced DAZL and STRA8 expression in mice MSC
(Afsartala et al., 2016). Canine adipose tissue (AT) MSC, treated for
7 days with 12.5 ng/ml of BMP4, increased expression of PGC mark-
ers PRDM1, PRDM14 and male GC markers DMRT1 and PLZF but

showed no effect on VASA expression (Wei et al., 2016). Overall,
these results suggest that BMP4 regulation of GC gene expression
may vary, according to concentration and time in culture medium.
In the case of bfMSC, exposure to BMP4 only induced a transient
increase in the expression of DAZL.

Despite the lack of effect in OCT4 and DAZL expression,
supplementation of TGFp1 induced a dose-response effect on
NANOG mRNA levels with lower expression in bfMSC exposed
to 100 ng/ml compared to 1 ng/ml. TGFp1 is present in foetal and
neonatal developing testis regulating cell proliferation, differ-
entiation and playing a critical role in normal sexual competence
(Ingman & Robertson, 2007). Although NANOG play a crucial role
in maintenance of pluripotent state in embryos and derived cells
in most mammalian species (Loh et al., 2006), the exact function
of this transcriptional factor in adult stem cells has not been fully
established. In previous studies, we reported that the multipo-
tent capacity of bfMSC represented by NANOG gene expression
is reduced according to the acquisition of hepatogenic phenotype
(Duenas et al., 2014). Thus, our data suggest that TGFB1 treatment
may result in loss of the multipotent state in bfMSC; however, the
effect of TGFB1 was not sufficient to initiate differentiation into
the GC lineage.

In our study, supplementation of 0.1 pM RA induced up-
regulation of DAZL expression and NANOG mRNA levels in bfMSC
from Day 7 to Day 21 of culture. Moreover, Oct4 expression was
down-regulated in bfMSC after 21-day culture in response to the
same RA concentration. RA is a derivative from vitamin A that
plays crucial roles in GC production, triggering GC meiosis and
gametogenesis and influencing embryonic patterning and devel-
opment (Koubova et al., 2006). Adult and foetal human BM-MSC
exposed to 1 or 10 pM RA have been reported to increase expres-
sion of early GC markers OCT4, STELLA, NANOG and VASA, and
male GC-specific markers including DAZL, TH2, c-KIT, STRA8 and
SCP3 (Drusenheimer et al., 2007; Hua, Pan, et al., 2009). Previous
reports in ovine MSC indicated that treatment with 10 pM of
RA during a 21-day culture period down-regulated OCT4 lev-
els but was unable to induce DAZL expression (Ghasemzadeh-
Hasankolaei, Eslaminejad, et al., 2014). Thereafter, these authors
reported that the same RA treatment increased mRNA levels
of VASA, PIWIL2, OCT4 and DAZL; however, it was less effec-
tive to induce GC differentiation compared to TGFf1 treatment
(Ghasemzadeh-Hasankolaei, Eslaminejad, & Sedighi-Gilani, 2016).
Conversely, in our study, treatment of bfMSC with RA was more
effective in increasing expression of DAZL and regulating expres-
sion of OCT4 and mRNA levels of NANOG compared to TGFp1.

Differences in results between studies may be associated with
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FIGURE 3 Germ cell in vitro differentiation of bfMSC under the effect of RA. (A) bfMSC cultured in the presence of different
concentrations of RA (0.01, 0.1, 1 uM) displayed progressive cell morphology changes during the 21-day experiment. (B) Levels of NANOG
mRNA were increased (p < .05) in bfMSC treated with 0.1 and 1 uM of RA compared to untreated control. When bfMSC were exposed

to 0.1 of RA, mRNA levels of DAZL and NANOG increased (p < .05) at Days 7 and 21 compared to Day O, respectively. (C) Percentage of
cells positive for Dazl (white curve) was higher (p < .05) and percentage of cells positive for Oct4 was lower (p < .05) after treatment with
RA compared to untreated control (black curve). (a,b,c) Indicate significant (p < .05) difference compared to Day 0. Scale bars: 500 pm.
Abbreviations: CON, control; C21, negative control at Day 21 of differentiation; FL1/3 INT LOG, signal intensity of the protein expression in

log scale
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FIGURE 4 Levels of mMRNA of meiotic marker SCP3 in
differentiating bfMSC. Levels of mRNA of meiotic marker SCP3
in bfMSC exposed to BMP4, TGFf1 and RA were not different
(p > .05) between days of culture and treatments

multiple factors including experimental conditions and animal spe-
cies source of MSC.

Increasing amount of data has demonstrated that DAZL is a
master gene controlling GC differentiation. During migration of
PGC into the undifferentiated gonads, DAZL is expressed play-
ing essential roles in development of PGC and in differentiation
and maturation of GC (Yen, 2004). The relevance of DAZL has
been demonstrated in DAZL knockout mice, where embryos dis-
play reduced expression of GC-specific genes including STELLA
and VASA and post-natal males present impairment in progres-
sion from A to Al spermatogonia and meiotic arrest resulting in
azoospermia and sterility (Lin & Page, 2005; Ruggiu et al., 1997).
Considering the crucial role of DAZL in GC differentiation, future
studies aiming at programming MSC along the GC lineage should
attempt at increasing expression of DAZL to induce subsequent
activation of early GC and male GC genes.

In conclusion, bfMSC cultured under in vitro conditions ex-
pressed pluripotent markers OCT4, NANOG and male GC gene
DAZL, but lacked mRNA of VASA, STELLA, FRAGILLIS, STRA8
and PIWIL2. Treatment with exogenous BMP4 and TGFf1 induced
transient increase in DAZL and NANOG mRNA levels; however,
exposure to RA was more effective in increasing expression of
DAZL and regulating expression of OCT4 and mRNA levels of
NANOG. These data suggest that bfMSC may possess potential

for early GC differentiation, where OCT4, NANOG and specially
DAZL may play significant roles in controlling progression along

the GC lineage.

ACKNOWLEDGEMENTS

This study was supported by grant 1161251 from the National
Commission for Scientific and Technology Research (Fondecyt) from
the Ministry of Education, Government of Chile. We particularly
acknowledge Professor Donald L. Palmquist from The Ohio State

University for critically reviewing this manuscript.

CONFLICT OF INTEREST

None of the authors have any conflict of interests to declare.

AUTHOR CONTRIBUTIONS

Jahaira Cortez performed the experiments and collected and ana-
lysed the data. Javiera Bahamonde was involved in the acquisition
and analysis of the data and participated in the development of the
manuscript. Monica De los Reyes was involved in the experimental
design and the drafting of the paper. Jaime Palomino processed the
samples and analysed the data from the flow cytometric analysis.
Cristian Torres participated in the experimental design, analysis of
the data and drafting of the paper. Oscar Peralta was involved in the
design the study, analysis of the data including statistical analysis

and writing of the paper.

ORCID
OA Peralta http://orcid.org/0000-0003-2040-4902
REFERENCES

Afsartala, Z., Rezvanfar, M. A., Hodjat, M., Tanha, S., Assadollahi, V.,
Bijangi, K., ... Ghasemzadeh-Hasankolaei, M. (2016). Amniotic mem-
brane mesenchymal stem cells can differentiate into germ cells in
vitro. In Vitro Cellular & Developmental Biology. Animal, 52, 1060-
1071. https://doi.org/10.1007/s11626-016-0073-6

Caplan, A. 1., & Correa, D. (2011). The MSC: An injury drugstore. Cell Stem
Cell, 9(1), 11-15. https://doi.org/10.1016/j.stem.2011.06.008

Cortes, Y., Ojeda, M., Araya, D., Duenas, F., Fernandez, M. S., &
Peralta, O. A. (2013). Isolation and multilineage differentiation
of bone marrow mesenchymal stem cells from abattoir-derived


http://orcid.org/0000-0003-2040-4902
http://orcid.org/0000-0003-2040-4902
https://doi.org/10.1007/s11626-016-0073-6
https://doi.org/10.1016/j.stem.2011.06.008

CORTEZ eT AL.

bovine fetuses. BMC Veterinary Research, 9(133), 1-14. https://doi.
org/10.1186/1746-6148-9-133

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, ., Marini, F.,
Deans, R., ... Horwitz, E. (2006). Minimal criteria for defining multipo-
tent mesenchymal stromal cells. The international society for cellular
therapy position statement. Cytotherapy, 8(4), 315-317. https://doi.
org/10.1080/14653240600855905

Drusenheimer, N., Wulf, G., Nolte, J., Lee, J. H., Dev, A., Dressel, R., ...
Nayernia, K. (2007). Putative human male germ cells from bone mar-
row stem cells. Society of Reproduction and Fertility Supplement, 63,
69-76.

Duenas, F., Becerra, V., Cortes, Y., Vidal, S., Saenz, L., Palomino, J., ...
Peralta, O. A. (2014). Hepatogenic and neurogenic differentiation
of bone marrow mesenchymal stem cells from abattoir-derived
bovine fetuses. BMC Veterinary Research, 10(1), 154. https://doi.
org/10.1186/1746-6148-10-154

Ghasemzadeh-Hasankolaei, M., Eslaminejad, M. B., Batavani, R.,
& Ghasemzadeh-Hasankolaei, M. (2015). Male and female rat
bone marrow-derived mesenchymal stem cells are different in
terms of the expression of germ cell specific genes. Anatomical
Science International, 90(3), 187-196. https://doi.org/10.1007/
s12565-014-0250-1

Ghasemzadeh-Hasankolaei, M., Eslaminejad, M. B., Batavani, R., &
Sedighi-Gilani, M. (2014). Comparison of the efficacy of three con-
centrations of retinoic acid for transdifferentiation induction in
sheep marrow-derived mesenchymal stem cells into male germ cells.
Andrologia, 46, 24-35. https://doi.org/10.1111/and.12037

Ghasemzadeh-Hasankolaei, M., Eslaminejad, M. B., & Sedighi-Gilani,
M. (2016). Derivation of male germ cells from ram bone marrow
mesenchymal stem cells by three different methods and evalua-
tion of their fate after transplantation into testis. In Vitro Cellular
& Developmental Biology. Animal, 52(1), 49-61. https://doi.
org/10.1007/s11626-015-9945-4

Ghasemzadeh-Hasankolaei, M., Sedighi-Gilani, M. A., & Eslaminejad, M.
B. (2014). Induction of ram bone marrow mesenchymal stem cells
into germ cell lineage: Using transforming growth factor-p superfam-
ily growth factors. Reproduction in Domestic Animals, 49, 588-598.
https://doi.org/10.1111/rda.12327

Hill, J. R., & Dobrinsky, I. (2006). Male germ cell transplantation in
livestock. Reproduction, Fertility and Development, 18(1-2), 13-18.
https://doi.org/10.1071/RD05123

Hua, J., Pan, S., Yang, C., Dong, W., Dou, Z., & Sidhu, K. S. (2009).
Derivation of male germ cell-like lineage from human fetal bone
marrow stem cells. Reproductive Biomedicine Online, 19(1), 99-105.
https://doi.org/10.1016/51472-6483(10)60052-1

Hua, J., Yu, H., Dong, W.,, Yang, C., Gao, Z., Lei, A, ... Dou, Z. (2009).
Characterization of mesenchymal stem cells (MSCs) from human
fetal lung: Potential differentiation of germ cells. Tissue and Cell,
41(6), 448-455. https://doi.org/10.1016/j.tice.2009.05.004

Huang, P, Lin, L. M., Wu, X. Y., Tang, Q. L., Feng, X. Y., Lin, G. Y,, ... Ma,
L. (2010). Differentiation of human umbilical cord wharton’s jelly-
derived mesenchymal stem cells into germ-like cells in vitro. Journal
of Cellular Biochemistry, 109, 747-754. https://doi.org/10.1002/
jcb.22453

Ingman, W. V., & Robertson, S. A. (2007). Transforming growth factor-
betal null mutation causes infertility in male mice associated with
testosterone deficiency and sexual dysfunction. Endocrinology, 148,
4032-4043. https://doi.org/10.1210/en.2006-1759

709
Reproduction in Domestic Animals W] LEY

Koubova, J., Menke, D. B., Zhou, Q., Capel, B., Griswold, M. D., & Page, D.
C. (2006). Retinoic acid regulates sex-specific timing of meiotic initi-
ation in mice. Proceedings of the National Academy of Sciences of the
United States of America, 103(8), 2474-2479. https://doi.org/10.1073/
pnas.0510813103

Lawson, K. A., & Hage, W. J. (1994). Clonal analysis of the origin of pri-
mordial germ cells in the mouse. Ciba Foundation Symposium, 182,
68-84. https://doi.org/10.1002/9780470514573.ch5

Lin, Y., & Page, D. C. (2005). Dazl deficiency leads to embryonic arrest of
germ cell development in XY C57BL/6 mice. Developmental Biology,
288(2), 309-316. https://doi.org/10.1016/j.ydbio.2005.06.032

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene ex-
pression data using real-time quantitative PCR and the 2(-Delta
C(T)) Method. Methods, 25(4), 402-408. https://doi.org/10.1006/
meth.2001.1262

Loh, Y. H., Wu, Q,, Chew, J. L., Vega, V. B., Zhang, W., Chen, X., ... Ng,
H. H. (2006). The Oct4 and Nanog transcription network regulates
pluripotency in mouse embryonic stem cells. Nature Genetics, 38,
431-440. https://doi.org/10.1038/ng1760

Pellegrini, M., Grimaldi, P., Rossi, P., Geremia, R., & Dolci, S. (2003).
Developmental expression of BMP4/ALK3/SMADS5 signaling path-
way in the mouse testis: A potential role of BMP4 in spermatogonia
differentiation. Journal of Cell Science, 116, 3363-3372. https://doi.
org/10.1242/jcs.00650

Ruggiu, M., Speed, R., Taggart, M., McKay, S. J., Kilanowski, F., Saunders,
P., ... Cooke, H. J. (1997). The mouse Dazl gene encodes a cytoplasmic
protein essential for gametogenesis. Nature, 398, 73-77. https://doi.
org/10.1038/37987

Surani, M. A., Ancelin, K., Hajkova, P., Lange, U. C., Payer, B., Western,
P., & Saitou, M. (2004). Mechanism of mouse germ cell specifica-
tion: A genetic program regulating epigenetic reprogramming. Cold
Spring Harbor Symposia on Quantitative Biology, 69, 1-9. https://doi.
org/10.1101/sgb.2004.69.1

Vernet, N., Dennefeld, C., Rochette-Egly, C., Oulad-Abdelghani, M.,
Chambon, P., Ghyselinck, N. B., & Mark, M. (2006). Retinoic acid me-
tabolism and signaling pathways in the adult and developing mouse
testis. Endocrinology, 147(1), 96-110. https:/doi.org/10.1210/
en.2005-0953

Wei, Y., Fang, J.,, Cai, S., Lv, C., Zhang, S., & Hua, J. (2016). Primordial germ
cell-like cells derived from canine adipose mesenchymal stem cells.
Cell Proliferation, 49, 503-511. https://doi.org/10.1111/cpr.12271

West, F. D., Shirazi, R., Mardanpour, P., Ozcan, S., Dinc, G., Hodges,
D. H., ... Nayernia, K. (2013). In vitro-derived gametes from stem
cells. Seminars in Reproductive Medicine, 31, 33-38. https://doi.
org/10.1055/s-0032-1331795

Yen, P. H. (2004). Putative biological functions of the DAZL fam-
ily. International Journal of Andrology, 27(3), 125-129. https://doi.
org/10.1111/j.1365-2605.2004.00469.x

How to cite this article: Cortez J, Bahamonde J, De los Reyes
M, Palomino J, Torres CG, Peralta OA. In vitro differentiation
of bovine bone marrow-derived mesenchymal stem cells into
male germ cells by exposure to exogenous bioactive factors.
Reprod Dom Anim. 2018;53:700-709. https://doi.org/10.1111/
rda.13160



https://doi.org/10.1186/1746-6148-9-133
https://doi.org/10.1186/1746-6148-9-133
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1186/1746-6148-10-154
https://doi.org/10.1186/1746-6148-10-154
https://doi.org/10.1007/s12565-014-0250-1
https://doi.org/10.1007/s12565-014-0250-1
https://doi.org/10.1111/and.12037
https://doi.org/10.1007/s11626-015-9945-4
https://doi.org/10.1007/s11626-015-9945-4
https://doi.org/10.1111/rda.12327
https://doi.org/10.1071/RD05123
https://doi.org/10.1016/S1472-6483(10)60052-1
https://doi.org/10.1016/j.tice.2009.05.004
https://doi.org/10.1002/jcb.22453
https://doi.org/10.1002/jcb.22453
https://doi.org/10.1210/en.2006-1759
https://doi.org/10.1073/pnas.0510813103
https://doi.org/10.1073/pnas.0510813103
https://doi.org/10.1002/9780470514573.ch5
https://doi.org/10.1016/j.ydbio.2005.06.032
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/ng1760
https://doi.org/10.1242/jcs.00650
https://doi.org/10.1242/jcs.00650
https://doi.org/10.1038/37987
https://doi.org/10.1038/37987
https://doi.org/10.1101/sqb.2004.69.1
https://doi.org/10.1101/sqb.2004.69.1
https://doi.org/10.1210/en.2005-0953
https://doi.org/10.1210/en.2005-0953
https://doi.org/10.1111/cpr.12271
https://doi.org/10.1055/s-0032-1331795
https://doi.org/10.1055/s-0032-1331795
https://doi.org/10.1111/j.1365-2605.2004.00469.x
https://doi.org/10.1111/j.1365-2605.2004.00469.x
https://doi.org/10.1111/rda.13160
https://doi.org/10.1111/rda.13160

