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Summary
Continual spermatogenesis relies on the activities of a tissue-specific stem cell population referred to as spermatogonial stem cells

(SSCs). Fate decisions of stem cells are influenced by their niche environments, a major component of which is soluble factors secreted
by support cells. At present, the factors that constitute the SSC niche are undefined. We explored the role of chemokine (C-X-C motif)
ligand 12 (CXCL12) signaling via its receptor C-X-C chemokine receptor type 4 (CXCR4) in regulation of mouse SSC fate decisions.

Immunofluorescent staining for CXCL12 protein in cross sections of testes from both pup and adult mice revealed its localization at the
basement membrane of seminiferous tubules. Within the undifferentiated spermatogonial population of mouse testes, a fraction of cells
were found to express CXCR4 and possess stem cell capacity. Inhibition of CXCR4 signaling in primary cultures of mouse

undifferentiated spermatogonia resulted in SSC loss, in part by reducing proliferation and increasing the transition to a progenitor state
primed for differentiation upon stimulation by retinoic acid. In addition, CXCL12–CXCR4 signaling in mouse SSCs was found to be
important for colonization of recipient testes following transplantation, possibly by influencing homing to establish stem-cell niches.

Furthermore, inhibition of CXCR4 signaling in testes of adult mice impaired SSC maintenance, leading to loss of the germline.
Collectively, these findings indicate that CXCL12 is an important component of the growth factor milieu of stem cells in mammalian
testes and that it signals via the CXCR4 to regulate maintenance of the SSC pool.
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Introduction
The homeostasis of most tissues is dependent on the activities of

tissue-specific stem cells. In testes of adult mammals,

spermatogonial stem cells (SSCs) provide the foundation for

continual spermatogenesis, and functional transplantation revealed

that SSCs are present in a subpopulation of undifferentiated

spermatogonia (Brinster and Zimmermann, 1994; Kubota et al.,

2003). The undifferentiated spermatogonial population is

composed of SSCs and non-stem-cell progenitors that

periodically commit to terminal differentiation in response to

retinoic acid signaling, which is signified by KIT receptor

expression (Yoshinaga et al., 1991; de Rooij et al., 1999). The

fate decisions of SSCs can be defined as the ability for self-renewal

to sustain a foundational stem cell pool and generation of

progenitor cells.

Similar to other tissue-specific stem cell populations, fate

decisions of SSCs are influenced by extrinsic factors of a cognate

niche environment. In general, niche factors influence SSCs by

promoting self-renewal divisions while blocking differentiation

(Oatley and Brinster, 2008). The components of SSC niches are

provided by somatic support cell populations that include Sertoli,

Leydig and myoid cells in mammalian testes. In rodents, glial cell

line-derived neurotrophic factor (GDNF) promotes the

proliferation of undifferentiated spermatogonia in vivo (Meng

et al., 2000) and addition of GDNF to media is required for SSC

self-renewal in primary cultures of undifferentiated

spermatogonia (Kubota et al., 2004). Our previous studies

suggest that secretion of colony stimulating factor 1 (CSF-1)

from Leydig and myoid cells also plays a crucial role in

regulating the self-renewal of SSCs (Oatley et al., 2009).

Despite these seminal findings, knowledge of the SSC niche

is still rudimentary, and long-term maintenance of SSCs in

vitro requires somatic feeder cells (e.g. STO or MEF) that

secrete a multitude of soluble factors, even when GDNF is

added exogenously to culture media (Kubota et al., 2004).

Although primary cultures of mouse undifferentiated

spermatogonia can be maintained in vitro without feeders,

the number of SSCs declines over time even with GDNF

supplementation (Kanatsu-Shinohara et al., 2011). These

findings indicate that undiscovered factors produced by

feeder cells play crucial roles in maintaining the SSC pool

of undifferentiated spermatogonial populations. Furthermore,

it is plausible to hypothesize that these same factors are

crucial components of niches that influence the fate decisions

of SSCs in vivo.

Signaling from chemokine (C-X-C motif) ligand 12 (CXCL12)

through C-X-C chemokine receptor type 4 (CXCR4) regulates

migration, proliferation and survival of various cell types. In

particular, homing of hematopoietic stem cells to bone marrow

niches is guided by signaling from CXCL12 (Peled et al., 1999).

In the embryonic gonad, CXCL12 guides migration of primordial

germ cells (PGC) to the genital ridge (Ara et al., 2003;
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Molyneaux et al., 2003). At present, the importance of CXCL12–

CXCR4 signaling in regulating the activities of SSCs is

undefined. However, several lines of indirect evidence suggest

that CXCL12–CXCR4 signaling influences postnatal

development of the male germline. A recent study showed that

formation of the undifferentiated spermatogonial population

during neonatal development is disrupted in testes of mice that

lack expression of the chromatin modifier SIN3a in Sertoli cells

(Payne et al., 2010). Interestingly, CXCL12 expression was

found to be significantly reduced in testes of these mice,

suggesting an important role in establishing the SSC pool. Also,

expression of CXCL12 is reduced in testes of mice deficient for

ERM expression, a transcription factor essential for maintenance

of the undifferentiated spermatogonial population (Chen et al.,

2005). Despite these findings, a direct role of CXCL12–CXCR4

signaling in regulating SSC fate decisions has not been

established.

In the current study, we show that in testes of postnatal mice,

SSCs express CXCR4 and supporting Sertoli cells secret

CXCL12. CXCL12–CXCR4 signaling was found to promote

proliferation and block retinoic acid-induced differentiation of

SSCs. In addition, CXCL12–CXCR4 signaling was found to

play an important role in regulating migration of SSCs after

transplantation into recipient testes. Furthermore, inhibition of

CXCL12–CXCR4 signaling in vivo impaired SSC maintenance,

resulting in loss of the germline.

Results
CXCL12 is expressed by Sertoli cells and CXCR4 is

expressed by undifferentiated spermatogonia in testes of

postnatal mice

In mouse testes, prospermatogonia that are derived from PGCs

migrate to the basement membrane of seminiferous cords between

postnatal days (PD) 0 and 2 and a portion of this population

subsequently gives rise to a foundational SSC pool that is fully

established around PD 6 (Huckins and Clermont, 1968; Bellvé et al.,

1977; Drumond et al., 2011). To locate the expression of CXCL12 in

the postnatal mouse testis, we conducted immunofluorescent

staining of cross sections from pup (PD 6) and adult (2 months)

mouse testes using an antibody that recognizes CXCL12. At both

ages, CXCL12 staining was observed within the cytoplasm of Sertoli

cells that were identified by co-staining for the marker GATA4

(Fig. 1A). In pup testes, staining appeared to be spread throughout

the seminiferous epithelium, whereas, in adult testes staining

appeared as distinct foci at the basal membrane of seminiferous

tubules (Fig. 1A). Next, we examined expression of CXCR4 in

testes of pup and adult mice. Immunofluorescent staining revealed

CXCR4 in select germ cells that also stained for the undifferentiated

spermatogonial marker PLZF (Fig. 1B). In pup testes, CXCR4

expression was observed on the surface of all PLZF-expressing

spermatogonia. In contrast, in adult mice only 46.5% (n53 different

mice examined) of PLZF-expressing spermatogonia co-stained for

CXCR4. Importantly, CXCR4 staining was also present in

Fig. 1. Expression of CXCL12 and CXCR4

within the seminiferous epithelium of testes

from postnatal mice. (A) Representative images

of immunofluorescent staining for expression of

CXCL12 (red) in cross sections of testes from

pup (postnatal day 6) and adult (2 months old)

mice. Staining is associated with Sertoli cells

(arrows) that are labeled by staining for the

marker GATA4 (green) and appeared to be

concentrated at the basement membrane of

seminiferous tubules. (B) Representative images

of immunofluorescent staining for expression of

CXCR4 (green) in cross sections of testes from

pup and adult mice. Staining is observed in cells

along the basement membrane that co-stain (red)

for expression of the undifferentiated

spermatogonial marker PLZF (arrows). Germ

cells that stain for PLZF expression but not

CXCR4 can also be observed (arrowheads).

DAPI was used to stain DNA. Scale bars: 20 mm

for all images.

Journal of Cell Science 126 (4)1010



J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

spermatogonia that expressed ID4 (supplementary material Fig. S1),

which is a putative marker of SSCs in testes of mice (Oatley et al.,

2011). Collectively, these observations indicate that CXCL12 is

secreted by Sertoli cells and CXCR4 is expressed by a subpopulation

of undifferentiated spermatogonia including SSCs.

Mouse SSCs express CXCR4

Studying SSCs in vivo is challenging because of the rarity of

these cells within the heterogeneous germ cell population.

However, the THY1-positive (THY1+) germ cell fraction is

enriched for SSCs compared with the unfractionated total cell

population of mouse testes (Kubota et al., 2004). Using

quantitative (q)RT-PCR analysis, we found that Cxcr4 mRNA

abundance is significantly (P50.03) enriched by 2.660.9-fold in

freshly isolated THY1+ fractions (n53) compared with

corresponding THY1-depleted testicular cell populations of pup

mouse testes (Fig. 2A). This characteristic was found to be

maintained in the adult testis, with Cxcr4 mRNA abundance

being significantly (P50.01) greater by 2.760.7-fold in the

THY1+ fraction (n53) compared to corresponding THY1-

depleted fractions (Fig. 2B).

Primary cultures of THY1+ undifferentiated spermatogonia

provide a valuable model for studying the fate decisions of SSCs

(Oatley et al., 2006). When maintained with feeder cell monolayers

and culture medium supplemented with GDNF and FGF2 the cells

form clumps of SSCs and non-stem cell progenitor spermatogonia

(Kubota et al., 2004). The self-renewal of SSCs is supported in

these clumps for long periods of time. We found that the abundance

of Cxcr4 mRNA in primary cultures of THY1+ undifferentiated

spermatogonia is influenced by exposure to GDNF and FGF2.

Upon withdrawal of GDNF from the culture medium for 18 hours,

Cxcr4 mRNA abundance was significantly (P50.001) reduced to

only 19.266.1% (n53 different cultures) of that in cells continually

cultured with GDNF (Fig. 2C). Subsequent re-addition of GDNF to

Fig. 2. Expression of Cxcr4 mRNA in the undifferentiated spermatogonial population of mouse testes and regulation by the growth factors influencing

SSC self-renewal. (A,B) qRT-PCR analysis for relative Cxcr4 transcript abundance in freshly isolated THY1-positive (THY1+) and THY1-depleted cell fractions

from pups (postnatal day 6) and adult (2-month old) mice. Data are means 6 s.e.m.; *significant difference at P,0.05. (C) qRT-PCR analysis of the relative

Cxcr4 transcript abundance in primary cultures of undifferentiated spermatogonia continually supplemented with GDNF (GDNF+), 18 hours after withdrawal of

GDNF supplementation (GDNF-18h), and 8 hours after replacement of GDNF following 18 hours withdrawal (GDNF-18h+8h). Data are means 6 s.e.m.;

different letters denote significant difference at P,0.05. (D) qRT-PCR analysis for relative Cxcr4 transcript abundance in primary cultures of undifferentiated

spermatogonia continually supplemented with FGF2 (FGF2+), 18 hours after withdrawal of FGF2 supplementation (FGF2-18h), and 8 hours after replacement of

FGF2 following 18 hours withdrawal (FGF2-18h+8h). Data are means 6 s.e.m.; different letters denote significant difference at P,0.05. (E) Representative

images of immunofluorescent staining of cells expressing CXCR4 (green) and PLZF (red) in primary cultures of undifferentiated spermatogonia. Scale bars:

10 mm. (F) Representative scatter plots from flow cytometric analysis of the percentage of CXCR4+ cells in primary cultures of undifferentiated spermatogonia.

The percentage of CXCR4+ cells is indicated in each plot.

CXCL12–CXCR4 signaling regulates SSCs 1011
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the culture medium for 8 hours induced a significant (P50.02)
increase in Cxcr4 mRNA abundance by 2.860.6-fold (n53)

compared with cells not receiving GDNF following withdrawal
(Fig. 2C). Similarly, withdrawal and replacement of FGF2 from the
culture medium also influenced Cxcr4 gene expression. After
18 hours without FGF2, the abundance of Cxcr4 mRNA was

significantly (P50.008) reduced to only 18.760.6% (n53) of that
in cells continually exposed to FGF2 (Fig. 2D). Replacement of
FGF2 for 8 hours led to a significant increase (P50.05) in Cxcr4

mRNA by 2.560.4-fold (n53) compared with cells not receiving
replacement (Fig. 2D).

Primary cultures of THY1+ undifferentiated spermatogonia

form heterogeneous clumps consisting of SSCs and non-stem
cell progenitor spermatogonia (Kubota et al., 2004).
Immunocytochemical staining of the germ cell clumps suggested
that only a portion of this population expresses CXCR4 (Fig. 2E).

Flow cytometric analysis of clumps as single cell suspensions
revealed that 36.964.8% (n53 different cultures) of the cells were
CXCR4+ (Fig. 2F). Next, we aimed to determine whether the

CXCR4+ germ cells possess SSC activity. Thus, we used
magnetic-activated cell sorting (MACS) to separate the CXCR4+

fraction from primary cultures of lacZ-expressing undifferentiated

spermatogonia, and transplanted the cells into testes of recipient
mice. For comparison, we also transplanted the corresponding
CXCR4-depleted fraction to assess how much of the SSC

population could be captured by separating CXCR4+ cells
(Fig. 3A). Examination of recipient testes 2 months after
transplantation for colonies of spermatogonia derived from the
transplanted cell fractions revealed that SSC activity was

significantly (P50.05) enriched in the isolated CXCR4+ fraction
compared with the CXCR4-depleted fraction (Fig. 3B,C). The
CXCR4+ cells generated 178.7643.1 colonies/105 cells injected

(n53 different cultures and 12 total recipient testes); whereas, the
CXCR4-depleted fraction produced 73.7624.6 colonies/105 cells
injected (n53 different cultures and 12 total recipient testes). Thus,

the isolated CXCR4+ population was enriched by 2.5-fold
compared with the CXCR4-depleted population and contained
,71% of the entire SSC population.

CXCR4 signaling is essential for maintenance of SSCs in
primary cultures of undifferentiated spermatogonia

The data present above revealed that SSCs express CXCR4, but

whether this influences SSC functions remained unknown. First,
we evaluated the effects of supplementing the culture medium with
recombinant soluble CXCL12 in addition to GDNF and FGF2;

however, no differences were observed in growth of the cells or
morphology of the clumps compared with cultures maintained
with GDNF and FGF2 only (data not shown). These observations
led us to investigate whether the STO feeder cells used for co-

culture with germ cells secrete CXCL12. Western blot analysis
revealed CXCL12 protein in STO cell lysates as well as
conditioned media (Fig. 4A), indicating that STO cells are a

source of secreted CXCL12 for primary cultures of
undifferentiated spermatogonia. Based on this finding, we
hypothesized that STO-cell-derived CXCL12 signals through

CXCR4 in SSCs to regulate their activities. To explore this
possibility, we treated primary cultures of undifferentiated
spermatogonia with the CXCR4-specific inhibitor AMD3100

(Donzella et al., 1998) and examined the effects on overall
expansion of germ cells and maintenance of SSC content. Because
we did not observe staining for CXCR4 expression in STO feeder

cells (Fig. 2E), we reasoned that AMD3100 treatment would have

a specific effect on the germ cells. We chose to treat cultures with

100 nM AMD3100 because previous studies showed that

concentrations of 100 nM to 1 mM effectively inhibited CXCR4

signaling in cancer cells (Cronin et al., 2010). After 1 week of

treatment, the total number of germ cells in cultures receiving

100 nM AMD3100 was not significantly different (P50.99) from

that of vehicle-treated control cultures, suggesting no major effect

on overall maintenance of the undifferentiated spermatogonial

population (Fig. 4B).

Next, we examined the effects of 100 nM AMD3100 on SSC

maintenance using transplantation analysis. In contrast to the

effects on total germ cell number, significant (P50.003)

reduction in the number of SSCs was found after 1 week of

AMD3100 treatment compared with treatment with vehicle alone

(Fig. 4C,D). Cultures treated with AMD3100 produced 24.969.1

colonies/105 cells transplanted (n53 different cultures and 12

total recipient testes), which was significantly (P50.003) reduced

by more than 7-fold compared with the 183.1618.2 colonies/105

cells transplanted (n53 different cultures and 12 recipient testes)

produced by vehicle-treated control cultures (Fig. 4D). Loss of

SSCs after CXCR4 inhibition could be due to increased apoptosis

and/or impaired proliferation. Next, we examined cultures for

actively dividing cells by incubation with EdU (5-ethynyl-2’-

Fig. 3. SSC capacity of CXCR4+ undifferentiated spermatogonia.

(A) Schematic of the experimental strategy using magnetic-activated cell

sorting (MACS) to isolate CXCR4+ cells from primary cultures of THY1+

undifferentiated spermatogonia derived from lacZ-expressing Rosa donor

mice. The CXCR4+ and corresponding CXCR4-depleted fractions were

transplanted into the seminiferous tubules of recipient mice.

(B) Representative images of recipient mouse testes 2 months after

transplantation of single-cell suspensions of isolated CXCR4+ or CXCR4-

depleted fractions. Each blue segment represents a colony of spermatogonia

derived from a transplanted SSC. Scale bars: 2 mm. (C) Comparison of SSC

numbers in the CXCR4+ and CXCR4-depleted cell fractions. Data are means

6 s.e.m.; n53 different cultures and 12 recipient testes. *Significant

difference at P,0.05. SSC numbers were derived from X-gal-stained colonies

of donor-derived spermatogonia in recipient testes, normalized to the number

of cells (105) injected.

Journal of Cell Science 126 (4)1012
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deoxyuridine), which is incorporated into the DNA of cells in S
phase of the cell cycle. After 3 days of treatment, the percentage
of cells with EdU incorporation was found to be significantly

reduced (P50.04) in CXCR4+ fractions of cultures treated with
AMD3100 (24.362.9%; n53 different cultures) compared with
vehicle-treated control cultures (34.863.0%; Fig. 4E).

Examination of the percentages of early and late stage
apoptotic cells in the total germ cell population after 1, 3, 5
and 7 days revealed no difference (P.0.05) between AMD3100-
treated and vehicle-treated control cultures (supplementary

material Fig. S2). Considering that CXCR4+ cells only
constitute a sub-fraction of the cultured undifferentiated
spermatogonial population, we conducted TUNEL and CXCR4

staining to detect apoptotic cells in the CXCR4+ germ cell
fraction, and also found no difference (P.0.05) between control
and AMD3100-treated cultures after 3 days of treatment

(Fig. 4F). Taken together, these results indicate that CXCL12–
CXCR4 signaling plays an important role in regulating the
maintenance of SSCs within primary cultures of undifferentiated
spermatogonia, in part by influencing self-renewal divisions.

Inhibition of CXCL12–CXCR4 signaling in primary cultures
of undifferentiated spermatogonia alters the response to
retinoic acid exposure
In the male mouse germline, transition from an undifferentiated
to a differentiating state in spermatogonia is regulated by

activation of retinoic acid signaling and involves KIT receptor
expression (Yoshinaga et al., 1991; de Rooij et al., 1999). At
periodic intervals, a majority of the progenitor spermatogonia
within the undifferentiated spermatogonial population undergo

transition to the differentiating state leaving behind the SSC pool
that is responsible for replenishing the lost progenitors (de Rooij
et al., 1999). Using flow cytometric analysis, we found that

45.660.8% of cells were KIT+ (n53 different cultures) in
cultures treated for 24 hours with all-trans retinoic acid (AtRA; a
bioactive form of retinoic acid), which was an ,10-fold increase

compared with the 4.562.1% of cells that were KIT+ (n53
different cultures) in vehicle (DMSO)-treated control cultures
(Fig. 5A). In cultures pre-treated with AMD3100 for 24 hours,

2.160.8% of cells were KIT+ (n53 different cultures) 24 hours
after treatment with DMSO. In contrast, after AtRA treatment for
24 hours the percentage of KIT+ cells increased to 61.963.5%
(n53 different cultures) in cultures pre-treated with AMD3100,

which was significantly (P50.001) greater than in the AtRA-
treated cultures not receiving AMD3100 (45.662.5; Fig. 5B).
Also, qRT-PCR analyses revealed that expression of Plzf, a

transcription repressor required for SSC maintenance, was
significantly reduced, by 3169% (n53 different cultures), in
cultures treated with AMD3100 for 7 days compared with control

cultures (Fig. 5C). In contrast, expression of Ngn3, a
transcription factor involved in formation of progenitor
spermatogonia (Yoshida et al., 2004; Kaucher et al., 2012), was

Fig. 4. Impact of CXCR4 signaling on maintenance of SSCs in primary cultures of undifferentiated spermatogonia. (A) Representative images of western

blot analysis for CXCL12 protein in lysates and conditioned medium from STO and mitotically inactivated (mt) STO feeder cells. TUBB1 was used as a loading

control. (B) Quantitative comparison of total germ cell numbers in primary cultures of undifferentiated spermatogonia after 7 days of treatment with the CXCR4-

specific inhibitor AMD3100 or vehicle (control). (C) Representative images of recipient mouse testes 2 months after transplantation with lacZ-expressing primary

cultures of undifferentiated spermatogonia treated with vehicle or AMD3100 for 7 days. Scale bars: 2 mm. (D) Quantitative comparison of SSC numbers in

primary cultures of undifferentiated spermatogonia after 7 days of treatment with AMD3100 or vehicle, using functional germ cell transplantation analysis (12

total recipient testes). (E) Quantitative comparison of the percentage of proliferative cells (EdU+) within the CXCR4+ fraction of primary cultures of

undifferentiated spermatogonia treated with the AMD3100 or vehicle (control). (F) Quantitative comparison of the percentage of apoptotic (TUNEL+) cells within

the CXCR4+ fraction of undifferentiated primary cultures treated with AMD3100 or vehicle (control) for 3 days. All data are means 6 s.e.m. for three different

cultures. *Significant difference at P,0.05.

CXCL12–CXCR4 signaling regulates SSCs 1013
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significantly increased by 60619% (n53 different cultures) in

cultures treated with AMD3100 for 7 days, compared with

control cultures (Fig. 5C). Next, we examined the effects of

neutralizing STO-cell-secreted CXCL12 on makeup of the

cultured undifferentiated spermatogonial population. In cultures

treated with a validated CXCL12-blocking antibody for 48 hours,

the percentage of KIT+ cells was similar to that of control cultures

receiving normal IgG. However, after AtRA treatment for
24 hours, a significantly greater (P,0.05) percentage of the cell
population was KIT+ in cultures receiving CXCL12-blocking

antibody compare with control cultures (supplementary material
Fig. S3), mimicking the effects of AMD3100 treatment for
inhibition of CXCR4 signaling. Collectively, these results indicate
that inhibition of CXCL12–CXCR4 signaling induces a greater

portion of the undifferentiated spermatogonial population to adopt
a progenitor cell fate that is primed for transition to a
differentiating state upon stimulation by retinoic acid.

CXCL12–CXCR4 signaling is crucial for SSC homing and
expansion after transplantation

Previous studies showed that CXCL12–CXCR4 signaling plays a

critical role in directing the homing of various tissue-specific stem
cell populations (Arai et al., 2005; Masztalerz et al., 2007).
Transmigration of SSCs is crucial for success of germ cell

transplantation because the cells must migrate from the lumen of
seminiferous tubules to the basement membrane where they
establish SSC-niche units. Within 1 week of transplanting, SSCs
penetrate the blood–testis barrier (BTB), complete transmigration

to the basement membrane and undergo self-renewal divisions to
expand the population (Nagano et al., 1999). To examine whether
CXCL12–CXCR4 signaling provides cues for SSC homing to the

basement membrane after transplantation, cultured undifferentiated
spermatogonia were rendered CXCR4 deficient by stable
transduction with lentiviral vectors containing a Cxcr4 shRNA

transgene. The abundance of Cxcr4 mRNA in cultures treated with
Cxcr4 shRNA lentivirus was significantly (P50.005) reduced to
only 36.7613.8% (n53 different cultures) of that in control

cultures treated with non-targeting shRNA lentivirus (Fig. 6A).
Next, cultures of lacZ-expressing cells were stably transduced with
Cxcr4 shRNA or control shRNA lentiviral transgenes followed by
transplantation into recipient testes (n53 different cultures and 27

total recipient testes) to examine effects on colonization ability.
Examination of recipient testes at 21 days after transplantation
revealed that control shRNA-treated cells generated 73.7618.8

colonies/105 cells injected, and they contributed to the expanded
germ cell layers. In contrast, Cxcr4-shRNA-treated cells produced
only 3.362.7 colonies/105 cells injected (Fig. 6B,C). To gain a

better understanding of the fate of Cxcr4-shRNA-treated cells, we
examined the seminiferous tubules of recipient testes for colony
formation at earlier time points of 3 and 10 days after

transplantation to assess migration to the basement membrane. At
3 days after transplantation, both Cxcr4-shRNA- and control-
shRNA-treated SSCs were located in the center of the seminiferous
tubules (Fig. 6D). At 10 days after transplantation, donor-derived

colonies composed of many donor cells were evident in testes
receiving control-shRNA-treated cells, indicative of SSCs that had
completed transmigration to the basement membrane and started to

expand in number. In contrast, CXCR4-deficient germ cells were
observed as only single cells within recipient seminiferous tubules
and expanded colonies were not evident (Fig. 6D). These results

suggest that CXCR4 signaling is important for SSC migration and
expansion following transplantation.

Inhibition of CXCL12–CXCR4 signaling results in SSC loss
in vivo

The findings presented above indicated that CXCL12–CXCR4
signaling regulates SSC activity in primary cultures of

Fig. 5. Impact of CXCR4 signaling on the response to retinoic acid of

primary cultures of undifferentiated spermatogonia. (A) Representative

scatter plots from flow cytometric analysis of the percentage of cells

expressing the differentiating spermatogonial marker KIT in primary cultures

of undifferentiated spermatogonia 24 hours after treatment with all-trans

retinoic acid (AtRA) or DMSO (vehicle control). Cultures were pre-treated

with the CXCR4-specific inhibitor AMD3100 or vehicle 24 hours before

addition of AtRA or DMSO to the culture media. The percentage KIT+ cells

in each plot is provided. (B) Quantitative comparison of the percentage of

KIT+ cells 24 hours after DMSO or AtRA treatment in primary cultures of

undifferentiated spermatogonia pre-treated with AMD3100 or vehicle

(control). Data are means 6 s.e.m. for three different cultures and different

characters denote significantly different at P,0.001. (C) qRT-PCR analysis

of relative transcript abundance of Plzf, Ngn3 and Kit in primary cultures of

undifferentiated spermatogonia treated with AMD3100 or vehicle. Data are

means 6 s.e.m. for three different cultures. *Significant difference at P,0.05.
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undifferentiated spermatogonia; however, whether a similar role

exists in vivo remained undetermined. To address this question,

we treated adult mice with AMD3100 to examine the effect of

impaired CXCL12–CXCR4 signaling on maintenance of normal

spermatogenesis. Males were treated for 7 days with a daily

injection of AMD3100 and the testes were examined 28 days

later for impaired spermatogenesis, thereby covering a total

period of 35 days, which is the time required for a single round of

spermatogenesis in mice. In testes of control mice that received

vehicle only, spermatogenesis in all seminiferous tubule cross

sections examined (n53 different mice and 30 total cross

sections) appeared normal. In contrast, in testes from mice treated

with AMD3100 spermatogenesis appeared abnormal and lacking

the germline (Fig. 7A). Staining of these cross sections with an

antibody recognizing the germ-cell-specific marker GCNA1

confirmed that tubules with disrupted spermatogenesis lacked

the germline and consisted only of Sertoli cells (Fig. 7B).

Quantification of this observation revealed that in 8–10% of

seminiferous tubule cross sections (n53 different mice and 30

total cross sections) spermatogenesis was disrupted. These

findings indicate that inhibition of CXCL12–CXCR4 signaling

in vivo impairs the ability of SSCs to maintain the germline after

one round of terminal germ cell differentiation occurs.

The transcriptome response to CXCL12–CXCR4 signaling

in SSCs

To explore the molecular mechanisms by which CXCL12–

CXCR4 influences SSC activity, we conducted microarray gene

expression profiling on primary cultures of undifferentiated

spermatogonia treated with AMD3100 for 24 hours and

compared the profile to that of vehicle-treated control cells.

These analyses revealed a significant (P,0.05) increase in the

abundance of 34 transcripts and decrease in the abundance of 20

transcripts of at least 1.5-fold in cells treated with AMD3100

compared with vehicle-treated controls (supplementary material

Table S1). Using Gene Ontology Consortium biological process

classification these transcripts were found to fall into seven

functional categories including cell adhesion, translational

regulation and cell-to-cell communication (Table 1).

Of particular interest, the expression of several genes involved

in cell adhesion including Mmp13, Tnc, Tnnt2, Ptpn22, Hmgb1

and Ccbe1 was downregulated following CXCR4 inhibition.

Fig. 6. Impact of CXCR4 deficiency on SSC homing and expansion after transplantation. (A) qRT-PCR analysis for relative Cxcr4 transcript abundance in

primary cultures of undifferentiated spermatogonia 24 hours after treatment with control shRNA or Cxcr4 shRNA lentivirus. Data are means 6 s.e.m. for three

different cultures. *Significant difference at P,0.05. (B) Representative images of recipient mouse testes 21 days after transplantation of cultured undifferentiated

spermatogonia stably transduced with control or Cxcr4 shRNA lentiviral transgenes. (C) Comparison of SSC numbers in primary cultures of undifferentiated

spermatogonia stably transduced with control or Cxcr4 shRNA lentiviral transgenes using functional germ cell transplantation analysis. SSCs were counted in X-

gal-stained colonies of donor-derived spermatogonia in recipient testes, normalized to the number of cells (105) injected. Data are means 6 s.e.m. for three

different cultures and nine total recipient testes for each treatment. *Significant difference at P,0.05. (D) Representative images of seminiferous tubules 3, 10 and

21 days after transplantation with cultured undifferentiated spermatogonia stably transduced with control or Cxcr4 shRNA lentiviral transgenes. Arrows indicate

lacZ-expressing donor cells.
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Maintenance of SSC capacity within primary cultures of

undifferentiated spermatogonia requires feeder cells that not

only secret growth factors but also provide a monolayer for

physical attachment of germ cell clumps that may support SSC

activities. We observed that more cells appeared to be detached

from the STO feeder cells in cultures treated with AMD3100 than

in those treated with vehicle. Quantification of floating cells

revealed that 49.165.2% of the total cultured germ cell

population (n53 different cultures) was detached from feeder

cells in cultures treated with AMD3100 for 48 hours, which was

significantly (P,0.05) greater than the 29.263.2% of detached

cells in vehicle-treated control cultures (supplementary material

Fig. S4). These finding suggest that CXCL12–CXCR4 signaling

in SSCs plays an important role in regulating adhesion to an

extracellular matrix.

Discussion
Fate decisions of tissue-specific stem cells are greatly influenced

by cognate niches and growth factors/cytokines are key

components of these microenvironments (de Rooij, 2009;

Oatley and Brinster, 2012). Although GDNF was the first

identified factor to be essential for SSC maintenance (Meng et al.,

2000), other factors, such as CSF-1 (Oatley et al., 2009) and

WNT5a (Yeh et al., 2011) have been shown to play important

roles in promoting SSC self-renewal. Importantly, maintenance

of SSCs within primary cultures of undifferentiated

spermatogonia requires co-culture with feeder cell monolayers

even when the medium is supplemented with GDNF (Kubota

et al., 2004). Therefore, feeders probably secrete undefined

factors that are important regulators of SSC functions. In this

study, we show that signaling by CXCR4 influences SSC

maintenance in primary cultures of mouse undifferentiated

spermatogonia. Furthermore, we show that CXCL12, the only

known ligand for CXCR4, is expressed by STO feeder cells that

support these primary cultures. Although it is possible that

undiscovered factors that activate the CXCR4 are expressed by

STO cells, our findings indicate that CXCL12 is an important

external signal that regulates SSC functions through activation of

the CXCR4.

Several lines of indirect evidence from previous studies have

suggested that CXCL12–CXCR4 signaling plays an important

role in regulating SSC activities (Chen et al., 2005; Payne et al.,

2010). In the current study, we provided direct evidence that

CXCR4+ undifferentiated spermatogonia possess SSC capacity

Fig. 7. Impact of pharmacological inhibition of CXCR4 signaling on maintenance of spermatogenesis in testes of adult mice. (A) Representative images of

Hematoxylin and Eosin (H&E) stained cross sections from testes of adult mice 28 days after receiving daily injections of vehicle or the CXCR4-specific inhibitor

AMD3100 for 7 days. Spermatogenesis appeared normal in all seminiferous tubules in cross sections of testes from control animals. In contrast, in 8–10% of

seminiferous tubules from males treated with AMD3100 (n53 different animals) spermatogenesis was disrupted and all germ cell types were absent (asterisks).

Scale bars: 50 mm. (B) Representative images of immunofluorescent staining for the germ-cell-specific marker GCNA1 (green) in cross sections of

testes from mice treated with the CXCR4 inhibitor AMD3100. Seminiferous tubules completely lacking germ cells with a Sertoli-cell-only phenotype that is

indicative of SSC loss are observed (asterisks). DAPI (blue) was used to stain DNA. Scale bars: 50 mm.

Table 1. Functional classification of genes upregulated or downregulated by at least 1.5-fold in primary cultures of undifferentiated

spermatogonia treated with the CXCR4-specific inhibitor AMD3100 compared with vehicle-treated control cultures

Biological process Downregulated genes Upregulated genes

Primary metabolic process Rpl21, Rps27a Prkg2, Rpl36, Ptpn22
Cell adhesion Tnc, Mmp13, Tnnt2, Ccbe1 Hmgb1, Adamts5
Cell cycle Hmga2, Prkg2
Signaling transduction Btc, Prkg2, Ereg, Fgf2, Ptpn22, Pmepa1, Gpr149 Tax1bp3
Translation Rpl21, Mtif2, Rps27a Rpl36, Snord115, U6, Rpl30
Defense response C3ar1
Developmental process Angptl2 Speer4d

Journal of Cell Science 126 (4)1016



J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

for regeneration of spermatogenesis. Inhibition of CXCR4
signaling in cultures of undifferentiated spermatogonia was

found to decrease SSC proliferation and impair homing, which
was evidenced by reduced attachment to feeder cell monolayers
and decrease in the number of cells capable of regenerating
spermatogenesis following transplantation. Importantly,

inhibition of CXCR4 signaling appeared to alter the
composition of primary cultures of undifferentiated
spermatogonia by increasing the percentage of cells primed to

differentiate upon stimulation by retinoic acid. Immunostaining
of testis cross sections revealed that CXCL12 is concentrated at
the basement membrane of seminiferous tubules in testes of

postnatal mice and disruption of CXCL12–CXCR4 signaling
resulted in SSC loss in vivo. Together, these findings provide
direct evidence that CXCL12–CXCR4 signaling plays an
important role in regulating the fate decisions of mouse SSCs.

It is well established that SSCs are a component of the
undifferentiated spermatogonial population in mammalian testes,
yet specific molecular markers that distinguish SSC from non-

stem cell progenitors are currently undefined. Using functional
germ cell transplantation analysis, several selection markers for
SSC enrichment have been identified including THY1 (Kubota

et al., 2004), CDH1 (Tokuda et al., 2007), CD9 (Kanatsu-
Shinohara et al., 2004) and ITGB1 (Shinohara et al., 1999).
Among these, the THY1+ fraction is the most enriched for SSCs,
containing ,25-fold more SSCs than the unselected total testis

cell population of adult mice (Kubota et al., 2004; Oatley et al.,
2009). To examine SSC capacity of the CXCR4+ testis cell
fraction we chose to fractionate primary cultures of

undifferentiated spermatogonia because some testicular somatic
cell populations (i.e. Leydig cells) also appeared to express
CXCR4 and would therefore complicate assessment of SSC

enrichment if isolated directly from testes. Results of
transplantation analyses showed that CXCR4+ cells within
primary cultures of THY1+ testis cells are capable of re-

activating spermatogenesis, fulfilling the definition of SSCs.
Comparing colony numbers in recipient testes between the
CXCR4+ and CXCR4-depleted fractions suggests that the
majority of SSCs within the undifferentiated spermatogonial

population express CXCR4. These findings are similar to the
hematopoietic (Nie et al., 2008) and neural cell lineages (Carbajal
et al., 2010) in which CXCR4 cells represent the stem cell

fraction within a heterogonous undifferentiated stem/progenitor
pool.

In this study, we found that CXCL12–CXCR4 signaling

induces a multifaceted response in SSCs to regulate their fate
decisions. Previous studies showed that CXCL12 is a potent
regulator of cell migration (Knaut et al., 2003; Molyneaux et al.,
2003). Here, we show that inhibition of CXCR4 signaling in

primary cultures of undifferentiated spermatogonia results in
detachment from feeder cells, indicating impairment of normal
cell adhesion properties that may reflect characteristics of SSC

homing after transplantation. Also, SSCs deficient for CXCR4
expression failed to produce donor-derived colonies of
spermatogonia after transplantation, possibly because fewer

cells reached the basement membrane. This suggests that
CXCL12–CXCR4 signaling influences the homing ability of
SSCs to cognate niches. In support of this, results of microarray

analysis revealed that the abundance of transcripts corresponding
to protein products that are important for cell adhesion and
migration, such as MMP13 (Yu et al., 2011), tenascin-C (Nishio

et al., 2005) and Epiregulin (Zhuang et al., 2007) was
significantly reduced in cultures with impaired CXCR4

signaling. These findings suggest that CXCL12 controls SSC
adhesion and migration by remodeling the extracellular matrix.
Previous studies suggest that ITGb1 (Kanatsu-Shinohara et al.,
2008) and RAC regulate homing of SSCs after transplantation

into recipient testes (Takashima et al., 2011). However, the
specific extrinsic niche factors that stimulate RAC activity and
ITGb1 expression in SSCs are undefined. Signaling from

CXCL12 in HSCs was shown to activate RAC1 to regulate cell
adhesion and migration (Arai et al., 2005), but whether CXCL12
signaling controls SSC homing via a RAC1-dependent

mechanism awaits further investigation.

Growth factors work in concert to sustain the undifferentiated
spermatogonial population. Signaling from GDNF is required for
maintenance of SSCs (Meng et al., 2000; Kubota et al., 2004).

However, testis cell populations expressing GFRa1 or RET, the
receptor for GDNF, are not enriched for SSCs (Buageaw et al.,
2005; Ebata et al., 2005; Grisanti et al., 2009). These

observations suggest that GDNF signaling targets the entire
undifferentiated spermatogonial population and not SSCs
specifically. The role of FGF2 signaling in the postnatal testis

is not clear. Addition of soluble FGF2 to the culture medium in
conjunction with GDNF enhances SSC self-renewal in vitro.
However, FGF2 alone does not support SSC maintenance, and
self-renewal occurs without FGF2, albeit at a reduced rate

(Kubota et al., 2004). Interestingly, in the present study we found
that both GDNF and FGF2 regulate Cxcr4 mRNA abundance in
primary cultures of undifferentiated spermatogonia. Recent

studies showed that ETV5, a GDNF-regulated transcription
factor in cultured SSCs, influences Cxcr4 transcription (Wu et al.,
2011). Also, ETV5 was identified as a downstream target of

FGF2 signaling in cultures of SSCs (Ishii et al., 2012). Taken
together, these findings indicate that GDNF and FGF2 signaling
work in concert to activate ETV5 that then regulates CXCR4

expression in SSCs, thereby controlling the signaling response of
CXCL12 to influence self-renewal, proliferation and homing.

The transition between stem and progenitor states is a crucial
fate decision for continuity of developmental cell lineages.

Maintaining the stem cell state is required for self-renewal to
sustain a foundational stem cell pool; whereas, transition to a
progenitor state represents priming for commitment to terminal

differentiation upon stimulation from extrinsic stimuli. In the
present study, we found that CXCL12–CXCR4 signaling is
involved in maintaining the stem cell state in primary cultures of

undifferentiated spermatogonia. The percentage of cells that
initiated differentiation, evidenced by transition to a KIT+ state,
was significantly increased after exposure to retinoic acid in
cultures subjected to inhibition of CXCR4 signaling. This finding

indicates that loss of CXCR4 signaling increased the proportion
of progenitor cells within the cultured population that were
primed for response to extrinsic inducers of differentiation.

Currently, the mechanisms by which retinoic acid signaling
controls spermatogonial differentiation are not clear. In the
present study, microarray profiling of gene expression revealed

that inhibition of CXCR4 signaling led to a decrease of Fgf2

transcript abundance. Previous studies showed that FGF2
signaling antagonizes the response of adipose-derived stem

cells to retinoic acid signaling (Quarto et al., 2008).
Furthermore, during embryonic development of the gonad, FGF
signaling suppresses retinoic acid signaling in male germ cells

CXCL12–CXCR4 signaling regulates SSCs 1017



J
o
u
rn

a
l
o
f

C
e
ll

S
c
ie

n
c
e

(Bowles et al., 2010). Based on these observations, it is
reasonable to hypothesize that FGF2 secretion from SSCs and/
or neighboring progenitors acts in a paracrine or autocrine

manner to antagonize retinoic acid signaling in SSCs thereby
suppressing transition to a KIT+ differentiating state.

In summary, our findings support a conclusion that CXCL12 is

secreted by Sertoli cells to signal via the CXCR4 receptor in
SSCs for regulation of self-renewal. The signaling response to
CXCL12–CXCR4 activation appears to be multifaceted,
involving the regulation of cell cycle progression, prevention of

transition to a progenitor state and guiding of SSC homing to
cognate niches. Also, our findings suggest that CXCL12, FGF2
and GDNF form a corporative network to influence SSC

activities thus adding an important new piece of information to
the understanding of the growth factor milieu that constitutes the
stem cell niche in mammalian testes. Deciphering the interplay

between growth factor signals in regulating fate decisions of
mammalian SSCs could impact diagnosis and treatment of
certain instances of male infertility. Furthermore, knowledge

gained from studying SSCs may be applicable to understanding
the stem cell niche of other developmental cell lineages.

Materials and Methods
Animals and antibodies

All animal procedures were approved by the Washington State University or
Pennsylvania State University Institutional Animal Care and Use Committees
(IACUC). B6;129S-Gt (ROSA)26Sor/J mice (designated Rosa; The Jackson
Laboratory, USA) were used as germ cell donors. Recipient mice for germ cell
transplantation assays were immunologically compatible F1 progeny of
129SvCP6C57BL/6J mice. Experiments not involving transplantation were
conducted with germ cells or tissues from C57BL/6J mice (The Jackson
Laboratory, USA).

Primary antibodies were rabbit anti-human PLZF (Santa Cruz Biotechnology,
USA), goat anti-mouse GATA4 (Santa Cruz), rabbit anti-human CXCL12 (Cell
Signaling Technology, USA), rat anti-mouse CXCR4 (R&D Systems, USA), rat
anti-mouse GCNA1 (a generous gift from G. C. Enders, University of Kansas
Medical Center, Kansas City, USA), and PE/Cy5-conjugated KIT antibody
(Abcam, USA). Secondary antibodies were Alexa-Fluor-546-conjugated donkey
anti-rabbit IgG, Alexa-Fluor-488-conjugated donkey anti-goat IgG, Alexa-Fluor-
488-conjugated donkey anti-rat IgM, Alexa-Fluor-488-conjugated goat anti-rat
IgG and Alexa-Fluor-488-conjugated donkey anti-rabbit IgG (all purchased from
Invitrogen, USA).

Histological evaluation and immunofluorescent staining of testis cross
sections

Testes were fixed in Bouin’s solution and embedded in paraffin. For histological
evaluation, sections (5 mm) were stained with Hematoxylin and Eosin. For
immunofluorescent staining, after antigen retrieval, sections were incubated with
10% normal donkey or goat serum for 1 hour at room temperature. Primary
antibodies were added to sections for overnight incubation at 4 C̊. Sections were
then washed in PBS and incubated with secondary antibodies for 2 hours at room
temperature. Slides were mounted with Prolong gold anti-fade reagent containing
DAPI (Invitrogen, USA) then viewed by fluorescence microscopy, and digital
images were captured with a DD72 microscope camera and CellSens acquisition
software (Olympus, USA).

Culture of undifferentiated spermatogonia

Primary cultures of undifferentiated spermatogonia were established from the
THY1+ cell fraction of mouse testes as described previously (Kubota et al., 2004;
Oatley and Brinster, 2006; Oatley et al., 2011). All cultures were maintained on
mitotically inactivated STO feeder cells (ATCC, USA) in mouse serum-free
medium (mSFM) (Kubota et al., 2004) that was supplemented with 20 ng/ml
GDNF (Peprotech, USA) and 1 ng/ml FGF2 (BD Biosciences, USA).

AMD3100 and CXCL12-blocking-antibody treatments

To examine the effects of CXCR4 inhibition on overall germ cell expansion,
AMD3100 (Sigma, USA) diluted in HBSS (Invitrogen, USA) at a concentration of
100 nM was added to mSFM containing GDNF and FGF2 with 56104 cultured
germ cells and replaced every 2 days. After 7 days in culture, germ cell clumps
were collected and cell numbers were determined with a hemocytometer. For
transplantation analysis, the entire contents of culture wells were collected and

single cell suspensions were diluted at 16106 cells/ml in mSFM. A proportion of
cells were used for RNA isolation and gene expression analyses. To examine the
effect of CXCR4 inhibition on spermatogonial differentiation, 100 nM AMD3100
or HBSS was added to cultures for 24 hours followed by supplementation with
DMSO or 0.5 mM AtRA (Sigma, USA) for 24 hours. To neutralize the function of
CXCL12, cells were pre-treated with a CXCL12-blocking antibody (20 mg/ml,

R&D Systems, USA) for 48 hours followed by supplementation with DMSO or
AtRA for 24 hours. Controls were cells incubated with normal IgG in place of
CXCL12-blocking antibody. The percentage of KIT-expressing cells was
determined in control and treated cultures using flow cytometric analysis.

Flow cytometric analysis

Flow cytometric analysis was used to determine the percentage of cells expressing
CXCR4 or KIT in primary cultures of THY1+ undifferentiated spermatogonia.
Briefly, ,16105 cells were incubated with the CXCR4 antibody or PE/Cy5-
conjugated KIT antibody in DPBS-S (Dulbecco’s phosphate-buffered saline with
0.1% Fetal bovine serum, 10 mM HEPES, 10 mM sodium pyruvate, 1 mg/ml
glucose and penicillin/streptomycin) for 20 minutes on ice. Cells were then
washed with HBSS. For CXCR4 detection, cells were then incubated with Alexa-

Fluor-488-conjugated goat anti-Rat IgG secondary antibody on ice for 20 minutes.
The percentage of cells staining for CXCR4 or KIT was determined using a Guava
PCA 96 personal cytometer (Guava Technologies, USA). Cells incubated with
normal rat IgG as the primary antibody were used as the isotype control to set
gating parameters.

Isolation of the CXCR4+ fraction from primary cultures of

undifferentiated spermatogonia

Magnetic-activated cell sorting (MACS) was used to isolate CXCR4+ germ cells
from primary cultures of undifferentiated spermatogonia. Briefly, single cell
suspensions were incubated with biotin-conjugated antibody against CXCR4 (BD
Biosciences, USA) in DPBS-S for 20 minutes on ice. Cells were then washed in
DPBS-S with centrifugation followed by incubation with streptavidin-conjugated

magnetic MicroBeads (Miltenyi Biotec, USA) in DPBS-S. The cell suspension was
then subjected to separation using MACS separation columns (Miltenyi Biotec).
Cells eluted from the columns were considered to be the CXCR4+ fraction and
cells passing through the columns were considered the CXCR4-depleted fraction.
Fractions were diluted in mSFM at 16106 cells/ml in preparation for
transplantation into recipient testes.

Transduction of cultured undifferentiated spermatogonia with lentivirus

Lentiviral-mediated short hairpin RNA (shRNA) was used to permanently
knockdown CXCR4 expression in primary cultures of undifferentiated
spermatogonia. To create lentiviral particles, pLKO.1-puro vectors containing
Cxcr4 shRNA or scrambled control shRNA sequences (Sigma-Aldrich, USA) were
co-transfected with envelope (pMD2.G) and packaging (psPAX2) plasmids into

HEK293 cells (ATCC, USA) using Lipofectamine 2000 (Invitrogen, USA). Single
cell suspensions of cultured THY1+ undifferentiated spermatogonia were
incubated with Cxcr4 shRNA virus or control virus at a multiplicity of infection
(MOI) of 5 in the presence of 8 mg/ml polybrene for 18 hours. Cells were then
allowed to recover for 24 hours followed by puromycin (1 mg/ml) supplementation
for 72 hours to select cells that had stably incorporated the vector. Cells were then
collected for RNA extraction to validate knockdown efficiency or for germ cell
transplantation to determine SSC capacity.

Germ cell transplantation analysis

Germ cell transplantation assays were conducted as described previously (Brinster
and Zimmermann, 1994; Oatley et al., 2006) to determine SSC numbers in
CXCR4+ cell fractions and the effects of CXCR4 inhibition on SSC maintenance

in culture. Briefly, single cell suspensions of primary cultures established from
lacZ-expressing Rosa donors were diluted in mSFM at 16106 cell/ml, and 10 ml
was microinjected into seminiferous tubules of recipient mice that had been
pretreated with busulfan (60 mg/kg of body weight) at least 6 weeks previously to
deplete endogenous spermatogenesis. For transplantation of Cxcr4-shRNA-treated
cells, single cell suspensions were diluted at 36106 cells/ml. Colonies of donor-
derived spermatogonia within recipient testes were examined 2 months after
transplantation by X-gal staining.

Immunocytochemistry

Primary cultures of THY1+ undifferentiated spermatogonia were examined for
expression of CXCR4 using immunofluorescent staining. Briefly, germ cell
clumps were fixed by incubation in 4% paraformaldehyde for 10 minutes followed

by incubation in PBS containing 0.1% Triton X-100 (PBS-T). Nonspecific
antibody binding was blocked by incubating cells in 5% normal goat and donkey
serum diluted in PBS-T for 1 hour at room temperature. Primary antibodies against
PLZF and CXCR4 were added to the cells, which were incubated overnight at 4 C̊.
Cells were then washed with PBS followed by incubation with secondary
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antibodies. DAPI was used to stain DNA, and digital images were captured with a

DD72 microscope camera and CellSens acquisition software (Olympus, USA).

Apoptosis analysis

To determine the percentage of apoptotic cells within the CXCR4+ fraction of
primary cultures of undifferentiated spermatogonia, ,16105 cells were stained for

expression of CXCR4 then processed for terminal deoxynucleotidyl transferase-

mediated dUPT nick end labeling (TUNEL) using the In Situ Cell Death Detection
Kit (Roche Applied Sciences, Germany) following the manufacturer’s instructions.

The percentage of cells positive for CXCR4 and TUNEL were evaluated by flow

cytometric analysis using a Guava PCA 96 personal cytometer. Cells incubated
with normal IgG as the primary antibody were used as controls to set gating

parameters for determining CXCR4+ cells.

Cell proliferation analysis

To determine the percentage of actively dividing cells within the CXCR4+ fraction

of primary cultures of undifferentiated spermatogonia, cells were incubated with

20 nM EdU for 4 hours and then single cell suspensions were collected and stained
for CXCR4. Next, the stained cells were processed for detection of EdU that had

been incorporated into the DNA of cells that were in S phase of the cycle, using the

Click-iTH EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Invitrogen, USA).
The percentage of cells positive for CXCR4 and containing EdU was determined

using flow cytometric analysis with a Guava PCA 96 personal cytometer. Cells not

receiving EdU and incubated with normal IgG as the primary antibody were used
as controls to set gating parameters.

Western blot analysis

Protein lysates from STO or mitomycin-C-treated STO (mtSTO) feeder cells were

collected in RIPA buffer. For conditioned medium, protein samples were collected

by precipitation with ice-cold acetone. For each sample, 25 mg of protein was
separated by NuPAGE 4–12% Bis-Tris Gel electrophoresis (Invitrogen, USA),

followed by transfer to nitrocellulose membranes. Membranes were incubated with

antibody against CXCL12 (1:1000) overnight at 4 C̊. Blots were washed in TBS-T
and then incubated with HRP-conjugated secondary antibody (1:5000, Santa Cruz

Biotechnology, USA). Signal was detected using PicoWest chemiluminescent

substrate (Thermo Scientific, USA) and digital images were captured and analyzed
with a luminescent imager (Fuji Medical System). Blots were then stripped with

Restore Western Blot stripping buffer (Thermo Scientific, USA) and re-probed

with an antibody against TUBB1(1:3000, Abnova, USA).

RNA isolation and DNA microarray analysis

Total cellular RNA was isolated using Trizol reagent (Invitrogen, USA) and

Qiagen RNeasy columns, as described previously (Oatley et al., 2006).
Transcriptome analysis was conducted using Affymetrix Mouse Gene 1.0 ST

Arrays (Affymetrix, USA). Three different primary cultures of undifferentiated

spermatogonia established from C57BL/6 donor mice were treated with AMD3100
or HBSS for 24 hours prior to collection of RNA samples and each was hybridized

to a single array. All hybridizations and scanning of arrays were conducted by the

Washington State University Genomics Core Facility. Microarray data were
analyzed in R using the Limma package (Smyth and Speed, 2003). Quantified

signals within arrays were averaged and normalized using the global LOWESS
(LOcally WEighted Scatterplot Smoothing) regression algorithm. Contrasts were

made to compare control and AMD3100-treated cells. The differentially expressed

genes were selected to perform cluster analysis using the CLUSTER/TreeView
software, and classified into pathways and biological functions according to the

PANTHER (http://www.pantherdb.org/) classification system. A two-class paired

test with P-value #0.05 was used to identify genes with differential expression at
the 1.5-fold level between control and treated groups.

Quantitative RT-PCR

RNA samples were isolated using Trizol reagent and treated with DNase I
followed by reverse transcription using oligo(d)T priming and Superscript III

reverse transcriptase (Invitrogen, USA). qRT-PCR reactions were performed with

validated TaqMan probes and the constitutively expressed gene ribosomal protein
S2 (Rps2) using an ABI 7500 Fast Sequence Detection system (Applied

Biosystems, USA). CT values for Cxcr4 in each sample were subtracted from

corresponding CT values for Rps2 to generate DCT values. Relative abundance of
Cxcr4 transcript in each sample was determined using the formula: 22DDCT.

Statistical analysis

All quantitative data are presented as means 6 s.e.m. for at least three independent

experiments. Differences between means were examined using the general linear

model one-way ANOVA function of SAS software (SAS institute, USA). Multiple
comparisons analysis was conducted using Tukey’s post-hoc test. Differences

between means were considered significant at P#0.05.

Funding
This research was supported by the National Institutes of Child
Health and Human Development [grant number HD061665 to
J.M.O.]; and a Postdoctoral Fellowship from the Lalor Foundation
[to Q.E.Y.]. Deposited in PMC for release after 12 months.

Supplementary material available online at

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.119826/-/DC1

References
Ara, T., Nakamura, Y., Egawa, T., Sugiyama, T., Abe, K., Kishimoto, T., Matsui, Y.

and Nagasawa, T. (2003). Impaired colonization of the gonads by primordial germ

cells in mice lacking a chemokine, stromal cell-derived factor-1 (SDF-1). Proc. Natl.

Acad. Sci. USA 100, 5319-5323.

Arai, A., Jin, A., Yan, W., Mizuchi, D., Yamamoto, K., Nanki, T. and Miura, O.

(2005). SDF-1 synergistically enhances IL-3-induced activation of the Raf-1/MEK/

Erk signaling pathway through activation of Rac and its effector Pak kinases to

promote hematopoiesis and chemotaxis. Cell. Signal. 17, 497-506.
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