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Abstract Although chicken spermatogonial stem cells
(SSCs) have received considerable attention in recent years,
only a few studies so far have focused on their derivation and
characterization in vitro. Identification of specific molecular
biomarkers and differentiation capacity of chicken SSCs
would not only help us to understand cell and molecular
biology of these cells, but also can contribute to their applica-
tions in biotechnology. In this regard, we found that colony-
forming cells (SSCs) in newborn chicken testicular cell cul-
tures were positive for alkaline phosphatase activity and also
expressed specific markers including DAZL, STRA-8, CVH,
PLZF, SPRY-1, GFRα1, GDNF, POU5F1, NANOG,

GPR125, THY-1, c-KIT, and BCL6B, at mRNA level.
Moreover, these cells expressed POU5F1 and GPR125 pro-
teins as reliable intracellular and cell surface markers, respec-
tively; whereas they were negative for SSEA-1. Furthermore,
we showed that newborn chicken colony-forming cells had
spermatogenesis potential and thus could be produced sperm-
like cells in a three-dimensional matrix in vitro. In conclusion,
this study reports novel insights into the molecular signature
of newborn chicken SSCs in comparison with mammalian
SSCs and for the first time we report a successful protocol for
in vitro spermatogenesis and thus production of sperm-like
cells from newborn chicken testicular cell cultures.
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Introduction

Spermatogonial stem cells (SSCs) are the main source of cells
for spermatogenesis which persists in the testis (Zohni et al.
2012). They are valuable cells with applications in develop-
mental biology, transgenesis technology, and clinic (Mizrak
et al. 2010; Vlajkovic et al. 2012). In this regard, the poultry
SSCs have served as a biological model for medical research
and also for production of recombinant proteins. The latter has
been achieved by manipulating these cells in vitro, using non-
viral-based vectors and re-injecting them into rooster testis, as
the most efficient and cost effective strategy to produce trans-
genic poultry, which offer a powerful bioreactor for the pro-
duction of recombinant proteins in eggs (Li and Lu 2010; Yu
et al. 2010). Progress in this field is dependent on efficient and
robust techniques for isolation and identification of the SSCs
in chickens and other organisms.
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Despite the substantial progress in isolation, culture, and
characterization of the mammalian SSCs during the past de-
cade, there are limited reports related to isolation and charac-
terization of SSCs from chickens. In this regard, identification
of specific cell surface and intracellular biomarkers (molecular
signatures) would not only help us to understand the mecha-
nisms governing SSC survival, maintenance, self-renewal,
and differentiation, but also contribute to cell identification
and characterization and also applications in immunological-
based cell derivation. At present, several markers have been
introduced for identification of spermatogonia in mammals.
For example, mouse spermatogonia are positive for Integrin
α6, Integrin β1, THY-1 (CD90), CD24, CD9, Ep-CAM,
GPR125, GFRα1, and SSEA-1 (Conrad et al. 2008; Yeh
and Nagano 2009; Yu et al. 2010). Reports concerning spe-
cific cell surface and intracellular biomarkers of the chicken
SSCs are still limited. These molecular markers include
Lectin-STA, ITGB1, ITGA6, EMA1, alkaline phosphatase
(AP), 2C9, DAZL, STRA-8, SSEA-1, SSEA-3, and SSEA-4
as positive markers in juvenile and adult chicken spermatogo-
nia (Jung et al. 2007; Yu et al. 2010). The expression profile of
other chicken SSC biomarkers remains to be elucidated, es-
pecially in newborn chickens.

In addition to the detection of specific molecular markers,
cell transplantation assays are commonly used to confirm the
presence of SSCs in testicular cell cultures. Although trans-
plantation assay is the most efficient method to confirm exis-
tence of SSCs in cell cultures, it is a difficult, time consuming,
and expensive strategy and therefore far from a routine pro-
cedure. Moreover, it is difficult to access poultry testes for
transplantation assays. Therefore, development of other strat-
egies such as in vitro differentiation assays would help in
identification of these cells.

The present study was undertaken to search for reliable
molecular markers specific to the newborn chicken SSCs.
Thus, gene expression patterns of different molecular markers
in newborn chicken testicular tissue and its colony (SSC)-
containing cell cultures and also testicular cell cultures with-
out colonies were investigated. Moreover, we examined sper-
matogenesis potential of newborn chicken SSCs in vitro by
introducing culturing condition to induce the spermatogenesis
process in these cells.

Materials and Methods

Experimental animals Newborn chickens (Gallus gallus,
White Hy-line W36) were obtained from the Morghak
Co., Mashhad, Iran. All procedures for animal manage-
ment and surgery were performed in accordance with
the guide lines of the ethical committee at Ferdowsi
University of Mashhad.

Testicular cell isolation and culture The testes were isolated
from newborn chickens after surgery and cut into small pieces
mechanically using a scalpel. The specimens from four testes
(two animals) were collected and cultured in a single well of a
12-well plate in the presence of Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Paisley, Scotland) containing 10%
(v/v) fetal bovine serum (FBS) (Gibco, Paisley, Scotland), and
1× penicillin-streptomycin (PAA, Austria) at 37°C and 5%
CO2. After 48 h, the tissue fragments were removed and
medium was replaced to cover the attached single cells re-
leased from the specimens. Finally, confluent wells (after
72 h) were trypsinized and the cells from two wells were
transferred to a T25 flask and incubated under previous con-
ditions. The presence of aligned cells, clusters, and colonies
related to chicken SSCs was investigated using an inverted
microscope (hp, Shanghai, China).

Alkaline phosphatase detection assay AP assay was used to
detect alkaline phosphatase activity in colony-forming cells of
newborn chicken testicular cell cultures (CTCCs). After being
washed three times with phosphate-buffered saline (PBS)
(Sigma, Schnelldorf, Germany), cells were fixed for 12 min
in 4% paraformaldehyde, rinsed three times to remove fixa-
tion solution, and then stained with a solution containing 5-
Bromo-4-chloro-3-indolyl phosphate (BCIP 1%)–Nitro blue
tetrazolium (NBT 1.5%) (Fermentas, St. Leon-Rot, Germany)
(4°C, protection from light) for 15 min. After three washes in
PBS, cells were observed under an inverted microscope.

Gene Expression Analysis

Reverse transcription-PCR (RT–PCR) analysis Total RNAs
were isolated from newborn and adult chicken testes and
newborn CTCCs (colony-containing cell cultures and
cultures without colonies) using Trizol reagent (BioNeer,
Daejeon, Korea). RNA quality and quantity were verified by
agarose gel electrophoresis and spectrophotometry (Nano
Drop,Thermo Scientific, Wilmington, North Carolina, USA),
respectively. RNA samples were treated with DNase I
(Fermentas, St. Leon-Rot, Germany) to remove possible con-
taminating genomic DNA following the manufacturer’s in-
structions. One microgram of total RNA was then reverse
transcribed into complementary DNA (cDNA) using RT-
enzyme (MMLV, Genet Bio, Seoul, Korea) at 50°C for
60 min. Quality of resulting cDNA was determined by con-
ventional PCR analysis for expression of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). PCR was performed for
40 cycles using specific primers in a 25 μl reaction volume
and annealing temperature of 63°C for various genes of inter-
est (DAZL, STRA-8, CVH, PLZF, SPRY-1, GFRα1, GDNF,
POU5F1, NANOG, GPR125, THY-1, c-KIT, and BCL6B).
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Primers used for RT–PCR were designed by AlleleID 6 soft-
ware and are listed in Table 1.

Quantitative real-time PCR (qRT-PCR) analysis qRT-PCR
analysis was used to examine and compare the expression of
some SSC-specific genes in the chicken testis tissue and its
cell cultures. RNA extraction and cDNA synthesis were car-
ried out as described above, and the resulting cDNAs were
used in qRT-PCR reactions. The qRT-PCR reactions were
performed in duplicates using SYBR Green PCR master kit
(Genet Bio, Seoul, Korea) in a real-time PCR instrument (Bio-
Rad, California City, California, USA). The primers used for
qRT–PCR are listed in Table 1. β-ACTIN was considered as
housekeeping gene and the reactions were performed using
the following program: 15 min at 95°C, 30 s at 95°C, 30 s at
63°C, and 40 s at 72°C. Real-time PCR was performed for 40
cycles using specific primers in a 20 μl reaction volume. The
efficiency of qRT-PCR reactions for different primers was
determined using serial dilutions of a cDNA synthesized from
rooster testis. The messenger RNA (mRNA) expression level
of interested genes (POU5F1, GPR125, PLZF, c-KIT, CVH,

and GFRα1) in testis tissue and cell culture samples was
normalized to β-ACTIN expression and standard deviations
were calculated. Negative controls containing DNase I-treated
RNA templates and β-ACTIN primers were included for each
sample in order to rule out the possibility of genomic DNA
contamination.

Detection of POU5F1, GPR125, and SSEA-1 in SSCs by
immunocytochemistry assay Immunocytochemistry (ICC) as-
say was performed for the detection of POU5F1
(OCT4/cPOUV), GPR125, and SSEA-1 in colony-forming
cells of newborn CTCCs. Cultured cells were fixed for
12 min using 4% paraformaldehyde, rinsed with PBS for
5 min to remove fixation solution and then permeabilized
for 10 min with 0.5% Triton X-100 (for GPR125, perme-
abilization step was omitted). After washing with PBS, 3%
H2O2 in PBS was used for 30 min in order to block the
endogenous peroxidases. Cells were then rinsed two times
with PBS and incubated for 45 min with 4% bovine serum
albumin (BSA) to block any non-specific binding sites, and
then incubated for 2 h with primary antibodies against

Table 1. Nucleotide sequences
of the primers used in RT-PCR for
gene expression analysis

Primer name Primer sequence Product size (bp)

F-THY-1 5′-AGCCTCACCAGACAACAGAAGC-3′ 279
R-THY-1 5′-GAGCAGCAGGAGCCACGAG-3′

F-GPR125 5′-TGCCACTCCACTTCCCTACC-3′ 153
R-GPR125 5′-TCTGTTCTTGTGATGCCGACTTG-3′

F-GFRα1 5′-TCGCTTACTCGGGGCTCATTG-3′ 245
R-GFRα1 5′-TGTAGTTGTGGCTGTAGTGGTCTG-3′

F-CVH 5′-CAGGCGTGGATGGCTAACTC-3′ 274
R-CVH 5′-CAGAACTCCTCCCTCTACCAAATC-3′

F-PLZF 5′-ATCCTCTTCCACCGCAACAGTCAG-3′ 262
R-PLZF 5′-TGTCCTCCTCTTCATCGGCACCTC-3′

F-GDNF 5′-TGCTGCTCAACACGGTCTC-3′ 327
R-GDNF 5′-TGCCCTTTTGGTTCCTCCTTC-3′

F-SPRY-1 5′-TGCTTGCTCTGTTACCCTCCTG-3′ 154
R-SPRY-1 5′-ATGACGGCTTGCCCTGACC-3′

F-GAPDH 5′-CCTTCATCGATCTGAACTACATGG-3′ 265
R-GAPDH 5′-GGAGCTGAGATGATAACACGCTTA -3′

F-c-KIT 5′-AGGGATGGACATGGGCAATACAAC-3′ 196
R-c-KIT 5′-GCGATTCTGACTGCGGTGGATG-3′

F-STRA-8 5′-TGAAAAACAAACAATGGAAGAAGA-3′ 441
R-STRA-8 5′-CTAGACAATCCCTGAGTCTCGTTT-3′

F-DAZL 5′-ATACAACTATCAGGCTCCACCACA-3′ 304
R-DAZL 5′-TGCTCTTCCTTTTCTGAAGTGATG-3′

F-NANOG 5′-CTCCAGCAGCAGACCTCTCCTTG-3′ 195
R-NANOG 5′-CCTTCCTTGTCCCACTCTCACCTT-3′

F-POU5F1 5′-AATGAGGCAGAGAACACGGACAAC-3′ 154
R-POU5F1 5′-GGGACTGGGCTTCACACATTTGC-3′

F-BCL6B 5′-GATGAGTTGCGGGAGATGAG-3′ 166
R-BCL6B 5′-TTGGAGAATAGATGGTGGCGT-3′

F-β-ACTIN 5′-GCTCTGACTGACCGCGTTACTC-3′ 144
R-β-ACTIN 5′-CGACCCACGATAGATGGGAACAC-3′
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POU5F1 (1:50; Santa Cruz, Heidelberg, Germany, Cat. No.
sc-5279), SSEA-1 (1:100, Santa Cruz, Heidelberg, Germany,
Cat. No. sc-101462) (Naeemipour et al. 2013), and GPR125
(1:200; Abcam, Cambridge, UK, Cat. No. ab51705) (this
antibody identified a chicken GPR125 epitope with 99%
similarity to human GPR125 epitope). After washing with
PBS, cells were incubated with secondary antibodies inclu-
ding IgG2b-Horseradish peroxidase (HRP) for POU5F1
(1:500; R & D Systems, Minneapolis, Minnesota, USA, Cat.
No. ab97250), IgG-FITC for GPR125 (1:100; Razi BioTech,
Iran, Cat. No. AF8035), and IgM-HRP for SSEA-1 (1:1200;
Invitrogen, Walthman, Massachusetts, USA, Cat. No. 04-4820)
for 50 min. Finally, the secondary antibody solution was re-
moved and the cells were washedwith PBS. In case of GPR125,
after the final wash, the cells were observed under a fluorescent
microscope (hp, Shanghai, China) for the presence of green
fluorescent marker. In case of POU5F1 and SSEA-1, a chromo-
genic substrate of HRP enzyme (diamino-benzidine (DAB)
working solution) (Fermentas, St. Leon-Rot, Germany) was
added for 5 min and cells were observed under an inverted
microscope for the presence of brown color. Negative controls
without primary antibodies were also included. NTERA2 cell
line (a generous gift from Prof. P. W. Andrews, University of
Sheffield, Sheffield, UK) was used as a positive control for
POU5F1 and GPR125, while KYSE30 cells (Pasteur Institute,
Iran) were used as a positive control for SSEA-1.

Flow-cytometry analyses of SSCs for POU5F1, GPR125, and
SSEA-1 The population of POU5F1, GPR125, and SSEA-1

expressing cells in CTCCs was also evaluated by flow-
cytometry analysis. Single cell suspensions were prepared and
incubated with POU5F1, GPR125, and SSEA-1 (1:50) primary
antibodies. Secondary detection involved incubation with FITC-
conjugated rat anti-mouse IgG antibody (1:80; Santa Cruz,
Germany, Cat. No. sc-2835) for POU5F1, FITC-conjugated rat
anti-mouse IgM antibody (1:80; Santa Cruz, Germany, Cat. No.
sc-2082) for SSEA-1, and FITC-conjugated goat anti-rabbit IgG
antibody (1:80; Razi BioTech, Iran) for GPR125. P3X63Ag8
antibody, a generous gift from Prof. P.W. Andrews, was used as
isotype control. All samples were processed using a BD
Bioscience flow-cytometer (BD Biosciences, California, USA).

In vitro spermatogenesis Three-dimensional (3D) soft agar
culture system (SACS) was used to induce spermatogenesis
process in newborn chicken testicular germ cells. Briefly, we
used a two layer system including the solid lower layer (0.5%
(w/v) agar + DMEM +15% (v/v) FBS; final volume of 800 μl)
and the soft upper layer (0.35% (w/v) agar + DMEM +10%
(v/v) FBS + testicular cells (106 cells); final volume of 200 μl)
in 24-well plates. The SACS-containing plates were incubated
at 37°C and 5% CO2 for up to 5 wk. On Day 35, the entire
SACSs were transferred to 6-well plates and fixed in 4%
formalin for 24 h. After fixation, the upper layer which
contained cells (200 μl) was transferred to an Eppendorf and
1 ml PBS was added to the tube and pipetted repeatedly to
destroy the agar. The suspension was transferred to a glass slide
and left overnight to dry out. Thereafter, the slides were used
for hematoxylin-eosin (H&E) staining to identify the cells.

Figure 1. Micrographs
representing the aligned (a),
clustered (b and d), and colony
forming (c and e) SSCs derived
from newborn CTCCs. The
aligned SSCs and cytoplasmic
bridges are demonstrated by
arrows in (a) and (b) panels,
respectively.

418 SISAKHTNEZHAD ETAL.



Results

Chicken testicular cell isolation Small tissue fragments ob-
tained from newborn chicken testes were cultured in vitro in
12-well plates. Cells from these tissue fragments started to

attach to the surface of the plates, 24 h after culture. The
excessive fragments were removed after 48 h. The culture
plates reached to confluency after 3–4 d of culture, when a
few colonies commonly emerged in these primary cultures.
After the first passage, a number of aligned cells, with

Figure 2. Alkaline phosphatase
activity assay. NTERA2 cells, as
positive control for the assay (a),
and colony-forming cells in
CTCC (b) are shown to be AP
positive, while their surrounding
cells do not seem to show the
activity. Colony-containing
CTCC before the assay (c).

Figure 3. Gene expression
analysis of different cell surface
and intracellular molecular
biomarkers (shown on top of the
image) including DAZL, STRA-8,
CVH, PLZF, SPRY-1, GFRα1,
GDNF, POU5F1, NANOG,
GPR125, THY-1, c-KIT, and
BCL6B in rooster (a) and
newborn chicken testicular (b)
and also chicken testicular cell
cultures (c and d) at mRNA level
by conventional RT-PCR. The
lower panel (e) represents the
same experiment to detect the
BCL6B expression in rooster (L1)
and newborn chicken (L2) testic-
ular tissues, colony-containing
CTCC (L3) and CTCC without
colony (L4).
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incomplete cytokinesis, could be observed, which were con-
nected to each other by cytoplasmic bridges. These structures
finally produced small clusters followed by formation of
organized colonies (Fig. 1). Production of aligned cells, clus-
ters, and colonies was preliminary criteria for the detection of
chicken SSCs in the CTCCs. The frequency of colony forma-
tion was estimated at least ten times more than that in the
primary culture. Moreover, CTCCs were maintained for up to
30 d in culture during which they were passaged seven times
without feeder layer or any artificial matrices.

Detection of AP positive cells A primary experiment was
performed to test whether the morphologically distinguished
colonogenic cells possess the preliminary criterion of self-
renewing SSCs by subjecting them to AP assay along with
the same test on NTERA2 cells as a positive control. Similar
to NTERA2 cells, the colony-forming cells were positive for
AP activity, while the cells surrounding the colonies were
negative (Fig. 2a–c).

Determination of gene expression pattern at mRNA level The
conventional RT-PCR reactions were performed for a number
of genes. The PCR product size for each amplified DNA
fragment is shown in Table 1. Results demonstrated that the
investigated biomarkers of DAZL, STRA-8, CVH, PLZF,
SPRY-1, GFRα1, GDNF, POU5F1, NANOG, GPR125,
THY-1, and c-KIT were expressed in both newborn chicken
and rooster testicular tissues (Fig. 3a, b; and Table 2); while
BCL6B gene seemed to be expressed in the adult rooster
testicular tissue but not in the newborn chicken (Fig. 3e; and
Table 2).

Correlation between colonies in the culture and mRNA
levels for these genes was also investigated. RT-PCR results
indicated that DAZL, STRA-8, CVH, PLZF, SPRY-1, GFRα1,
GDNF, POU5F1, NANOG, GPR125, THY-1, c-KIT, and
BCL6B genes were expressed (in detectable amount) in colo-
ny (SSC)-containing CTCCs (Fig. 3c, e; and Table 2). The
same experiment also showed that while in the culture without
colonies, SPRY-1,GFRα1,GDNF,GPR125, and THY-1 genes
were expressed, but DAZL, STRA-8, CVH, PLZF, c-KIT, and
BCL6B expression was not detectable (Fig. 3d, e; and
Table 2).

Quantitative analysis of gene expression at mRNA
level mRNA expressions of POU5F1, GPR125, c-KIT,
CVH, and GFRα1 were also quantified by quantitative real-
time PCR method in newborn chicken testis tissue and also
SSC-containing testicular cell cultures, derived from newborn
chickens. This analysis revealed that the above mentioned
genes had higher expression levels in the chicken testicular
tissue (in vivo) compare to its colony-containing cell cultures
(in vitro). Furthermore, CVH and GFRα1 had higher and
lower levels of expression in newborn testicular tissue

(18.86 and 3.1 folds, respectively) (Fig. 4a, b). More interest-
ingly, c-KIT demonstrated high level of expression in newborn
chicken testicular tissue.

Gene expression analysis by immunofluorescence assays We
also applied the ICC assay for the detection of POU5F1,
GPR125, and SSEA-1 markers on colony-forming cells
(SSCs) in the newborn CTCCs. Most of the colonies proved
to express POU5F1 and GPR125 markers. In contrast to the
cells surrounding the colonies, POU5F1 expression could be
observed in colonogenic cells (Fig. 5a–c). Results also
showed that unlike NTERA2 cells, POU5F1 expression was
detectable in both nucleus and cytoplasm of colony-forming
cells. Moreover, our results demonstrated that GPR125 was
expressed at protein level in colony-forming cells similar to
NTERA2 cells which were used as a positive control
(Fig. 5d–f ). To study SSEA-1 expression, KYSE30 cells
were used as a positive control and results showed that
colony-containing CTCCs were not expressing detect-
able levels of this marker (Fig. 5h, i).

The levels of the samemarkers were also assessed by flow-
cytometry in CTCCs. Results revealed that the derived cells
were expressing POU5F1 and GPR125 (Fig. 6a–d), but they
were negative for SSEA-1 (Fig. 6e, f ) in colony-containing
CTCCs. Quantification analysis demonstrated that approxi-
mately 24 and 16% of the total testicular cell populations were
positive for POU5F1 and GPR125, respectively (Fig. 6a, c).
Moreover, greater number of colonies in the culture was
related to the higher percentage of positive cells for these
markers. Flow-cytometry data for SSEA-1 confirmed those

Table 2. Gene expression pattern and specificity of different surface
and intracellular germ cell markers in rooster testicular tissue, newborn
chicken testicular tissue and its cell cultures

Samples Rooster
testis
tissue

Newborn
chicken
testis tissue

Colony containing
chicken testicular
cell culture

Testis tissue
culture without
colony

Genes

DAZL + + + −
STRA-8 + + + −
CVH + + + −
PLZF + + + −
SPRY-1 + + + +

GFRα1 + + + +

GDNF + + + +

POU5F1 + + + −
NANOG + + + −
GPR125 + + + +

THY-1 + + + +

c-KIT + + + −
BCL6B + − + −
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of the ICC analysis, where it was not expressed in the newborn
CTCC. On the other hand, the control KYSE30 cells were
98% positive for this marker (Fig. 6g).

Differentiation of newborn chicken SSCs to spermatozoa-like
cells in vitro Following successful culture and derivation of
the colonogenic cells, as an indication for the presence of

Figure 5. Immunocytochemistry analyses for POU5F1, GPR125, and
SSEA-1 in colony-forming cells (SSCs) of the newborn CTCCs. ICC
analysis indicated that colonogenic cells in CTCCs expressed POU5F1 (a
and b) and GPR125 (d–f). The patterns of expression were similar to the
positive control of the NTERA2 cells (c and g, respectively). In the ICC

analysis, other testicular cells which surrounded colonies, shown to be
negative for POU5F1and GPR125. Moreover, ICC assay showed that
unlike KYSE30 as positive control (h), colony-containing CTCCs were
negative for SSEA-1 (i).

Figure 4. Quantitative gene expression analysis by real-time PCR for six genes of POU5F1,GPR125, PLZF, c-KIT,CVH, andGFRα1 at mRNA level,
in newborn chicken testicular tissue and colony (SSC)-containing cell cultures.
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SSCs, the possibility of in vitro spermatogenesis was tested by
a 3D cell culture system (SACS). Newborn chicken testicular
cells were cultured in the upper layer of SACS for up to 5 wk.
Some cells began to adopt progressive morphological changes
from Day 7, followed by dissociation of the colony-forming
cells as single cells. At Day 35, the cultures were subjected to
the conventional H&E staining. This experiment showed that
chicken colony-forming cells (SSCs) differentiated into dis-
tinguished spermatozoa-like cells in vitro (Fig. 7). Flagellum
production and elongation (Fig. 7b, c), nucleus contraction
and elongation, cytoplasm reduction (Fig. 7d, e) and also
mature spermatozoa-like cells were detected under micro-
scope after transfer of the cells to a glass slides and H&E
staining (Fig. 7f–g). Furthermore, some spermatozoa-like
tails, projected from edges of the relatively intact colonies,
were also observed under the microscope (Fig. 7h–i).

Discussion

Among non-mammalian vertebrates, poultry, especially
chicken SSCs, are gaining remarkable importance as biolog-
ical models for basic research and also applications as the
most efficient and cost-effective cells in cell-based strategies
to produce transgenic poultry. Development of simple
methods for identification, characterization, and purification
of chicken SSCs in testicular cell cultures is a crucial step for

these applications. In this regard, identification of specific cell
surface and intracellular markers of chicken SSCs would help
us to reach these goals. Despite the reports on identification of
several molecular markers in spermatogonia from different
mammals (Yeh and Nagano 2009), the reports concerning
specific biomarkers of the chicken SSCs are still limited,
especially in newborn chickens (Jung et al. 2007; Yu et al.
2010). Therefore, this study questioned the significance of the
previously defined specific molecular markers for mammalian
SSCs for detection of SSCs derived from newborn chickens
in vitro.

In this study, mechanical digestion and cell detachment from
tissue blocks were used as a safer, simpler, and cheaper method
than enzymatic digestion for derivation of cells from newborn
chicken tissues (Momeni-Moghaddam et al. 2014). After deri-
vation of newborn CTCCs, the SSCs were detected in these
cultures by preliminary criteria including colony-forming and
AP assays (Yu et al. 2010; Momeni-Moghaddam et al. 2014),
and then expression of different cell surface and intracellular
markers was studied in SSCs of CTCCs.

This study revealed that colony-forming cells (SSCs) in the
CTCCs expressed POU5F1, NANOG, CVH, PLZF, DAZL,
and STRA-8 transcripts as chicken testicular tissues. Also,
SPRY-1,GFRα1,GDNF,GPR125, and THY-1were expressed
in both colony-containing cell cultures and cultures without
colonies; thus it resulted that POU5F1,NANOG, CVH, PLZF,
DAZL, and STRA-8 are specific markers of chicken SSCs
which not express in other newborn chicken testicular cells.

Figure 6. Flow-cytometry
analyses for POU5F1, GPR125,
and SSEA-1 in colony-forming
cells (SSCs) of the newborn
CTCCs. The upper panel
represents expression pattern of
POU5F1 in the high (a) and low
(b) colony-containing CTCCs.
Middle panel represents the flow-
cytometry analysis of GPR125
expression in the high (c) and low
(d) colony-containing CTCCs.
SSEA-1 is not expressed in the
high and low colony-containing
CTCCs (e and f) unlike the
KYSE30 as positive control (g).
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Also, quantitative gene expression analysis at mRNA level
showed that expression of POU5F1, GPR125, PLZF, c-KIT,
CVH, and GFRα1 in newborn chicken testicular tissue was
higher than colony-containing cell culture. Therefore, the
qRT-PCR results indicate the importance of native niche in
the appearance of SSC characteristics.

In accordance with previous study on mouse SSCs (Huang
et al. 2009), both ICC and flow-cytometry analyses as RT-
PCR revealed that colonogenic cell populations in newborn
CTCCs expressed POU5F1. In addition, we showed that
unlike the newborn chicken testicular tissue, BCL6B was
expressed in the colony-containing cell cultures similar to
rooster testis tissue. There is a probability that BCL6B, as a
conserved inducer of mammalian SSC proliferation (Ishii

et al. 2012), could be considered as a stage-specific marker,
as it was not expressed in neonate chicken testicular tissue, but
its expression is activated in adult rooster and also testicular
cell cultures. Moreover, SPRY-1 as a negative regulator of
GDNF-GFRα1 signaling pathway in mouse kidney (Yosypiv
et al. 2008) may also play the same role in chicken SSCs,
although these speculations need to be further elucidated by
other studies. We also questioned the reliability of THY-1,
GFRα1, c-KIT, and GPR125 genes as specific biomarkers of
the undifferentiated chicken spermatogonia. As indicated in
the results, THY-1 gene was expressed not only in chicken
testis tissue and colony-containing testicular cell cultures, but
also it was expressed in the CTCCs without colonies. The
same scenario was repeated for GFRα1. This is in contrary to

Figure 7. Differentiation of
chicken SSCs to spermatozoa-
like cells in the 3D matrix of
SACS. Presence of differentiated
germ cells in early stages of
maturity of the spermatid cells
into spermatozoa-like cells (a–e),
and more mature spermatozoa-
like cells with rod-shape head and
elongated flagellum (f and g),
after H&E staining. Arrows in (b)
and (c) panels demonstrate
position of flagellum-like
structures in the spermatids.
Moreover, the volume of
cytoplasms is reduced, and nuclei
are contracted and elongated (d
and e). Also, some likely
spermatozoa tails (arrows),
projected from edges of the
relatively intact colonies, are
shown in (h) and (i) panels.
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other studies which have introduced THY-1 (Reding et al.
2010) and GFRα1 (Hofmann 2008) as reliable markers for
mammalian undifferentiated spermatogonia. Moreover, un-
like our expectations c-KIT, a differentiation marker of mam-
malian germ cells (Kubota et al. 2003) was detected in the
newborn chicken testis and also its colony-containing cell
cultures. Therefore, we tend to suggest some degree of caution
to be practiced in application of these markers, as positive or
negative indicators, for chicken SSC identification and
immunological-based cell derivation.

Moreover, results of this study would propose GPR125 as a
reliable biomarker which can be used for characterization and
immunological cell sorting of the newborn chicken SSCs as
mammalian SSCs (Seandel et al. 2007; He et al. 2010). This
notion is supported by the fact that GPR125, at mRNA level,
was expressed in the testicular tissues from both newborn
chicken and adult rooster, and the colony-containing testicular
cell culture, while its expression was extremely low in the
CTCCs without colonies. Also, the ICC and flow-cytometry
assays for GPR125 revealed that this marker was highly
expressed in the colony-forming cells but not in other new-
born chicken testicular cells. Detection of minimal level for
GPR125mRNA in the cultures without colonies might be due
to the presence of dormant single germ stem cells, because
there was no such expression for the proliferating markers of
POU5F1 and BCL6B in the same cultures.

SSEA-1 gene expression was also investigated in newborn
chicken testicular tissue and its cell culture. Unlike the report
from Jung and colleagues, which showed SSEA-1 is
expressed in juvenile (4 wk old) or adult (24 wk old) testes
SSCs (Jung et al. 2007), our study indicates that this marker is
not expressed in detectable levels in the colony-containing
newborn CTCCs. It was recently demonstrated that chicken
PGCs are positive for SSEA-1 expression (Naeemipour et al.
2013), and differentiation of mouse PGCs into germ stem cells
results in down-regulation of SSEA-1 (Lacham-Kaplan
2004). These reports indicate that expression of SSEA-1
may be limited to some developmental stages in different
species and it could be down-regulated during differentiation
of PGCs to SSCs.

In this study, in vitro spermatogenesis was also used for the
investigation of the spermatogenesis potential in the newborn
chicken SSCs. The results of this study, for the first time,
indicated that colonogenic cells (SSCs) in newborn CTCCs
could differentiate into very typical and morphologically dis-
tinguished spermatozoa-like cells in vitro. Presumably, 3D
nature of the SACS and also the presence of testicular somatic
cells, which produced essential factors, in the cultures could
provide a proper nich to induce differentiation of the chicken
SSCs into spermatozoa-like cells in vitro. Therefore, this
study presented a 3D culturing method as simpler and also
more time and cost-effective than transplantation assay which
could be use to confirm the presence of SSCs in cell cultures

and to produce spermatozoa-like cells in vitro. Moreover, this
method can be valued as a good model for studying cell and
molecular basis of spermatogenesis process or a practical way
of producing spermatozoa in vitro for various applications
such as transgenesis.

Conclusions

In conclusion, this study report novel insights into the molec-
ular signature of spermatogonia in newborn chicken testis and
its cell cultures which could be used for characterization and
purification of chicken SSCs and also providing a basis for
functional analysis of these molecules in chicken SSCs both
in vitro and in vivo. Although these findings can warrant
further studies in using chicken germ stem cells as a model
in the developmental biology, they indicate that wemust avoid
generalization of the well-characterized molecular markers
from mammalian SSCs for the identification of these cells
from other sources, especially avian. In addition, this study
introduces a simple 3D culturing method which induces the
spermatogenesis process and thus production of sperm-like
cells from newborn chicken SSCs in vitro. Moreover, this 3D
culture as a time and cost-effective method than transplanta-
tion assay could be use to confirm the presence of SSCs in
testicular cell cultures.
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