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ABSTRACT

Prepubertal boys treatedwith high-dose chemotherapy do not have an establishedmeans of fertility
preservation because no established in vitro technique exists to expand and mature purified sper-
matogonial stem cells (SSCs) to functional sperm in humans. In this study, we define and characterize
the unique testicular cellular niche required for SSC expansion using testicular tissues from men
with normal spermatogenesis. Highly purified SSCs and testicular somatic cells were isolated by
fluorescence-activated cell sorting using SSEA-4 and THY1 as markers of SSCs and somatic cells. Cells
were cultured on various established niches to assess their role in SSC expansion in a defined somatic
cellular niche. Of all the niches examined, cells in the SSEA-4 population exclusively bound to adult
testicular stromal cells, established colonies, and expanded. Further characterization of these testic-
ular stromal cells revealed distinct mesenchymal markers and the ability to undergo differentiation
along themesenchymal lineage, supportinga testicularmultipotent stromal cell origin. In vitrohuman
SSC expansion requires a unique niche provided exclusively by testicular multipotent stromal cells
withmesenchymal properties. These findings provide an important foundation for developingmeth-
ods of inducing SSC growth and maturation in prepubertal testicular tissue, essential to enabling fer-
tility preservation for these boys. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1043–1054

INTRODUCTION

Approximately 7,500 boys are diagnosed with
cancers annually in the United States [1]. Al-
though patients have seen significant survival
improvements with treatments [2], many suffer
from permanent sterilization [3, 4]. For postpu-
bertal boys and adults, fertility preservation with
cryopreserved semen is highly successful [5–7].
Unfortunately, this option is not feasible for pre-
pubertal boys.

Two approaches may potentially help these
infertile patients become fathers after cancer
treatment. Testicular tissue takenprior to chemo-
therapy could be differentiated into mature
sperm. This approach, combined with in vitro fer-
tilization (IVF) and intracytoplasmic sperm injec-
tion (ICSI), has been successful in a neonatal
mouse model [8]. Alternatively, autologous sper-
matogonial stem cell (SSC) transplant has been
shown to restore spermatogenesis, leading to
healthy offspring [9–11] in many nonprimate
models for more than 15 years [11–19] and, most
recently, in primates [9]. However, neither ap-
proach has been attempted in humans.

Despite advances in fertility treatment that
have led to the routine use of IVF/ICSI for men
with ejaculated or surgically obtained sperm

concentrations approaching zero, these techni-
ques are not possible for prepubertal boys be-
cause they do not produce sperm. However,
their testicles do contain SSCs [20–22] with the
potential to expand and differentiate intomature
sperm.Developing a technique toexpandSSCs for
autologous transplantation or to differentiate
SSCs into mature sperm would be of tremendous
value. Current primary challenges include the
identification, isolation, and expansion of highly
purified SSCs primarily because of a gap of knowl-
edge in identifyinghumanSSCsbasedonextracel-
lular marker expression and understanding the
cellular environment (“niche”) necessary for
SSC growth and differentiation [23–27].

Expansion of purified mouse SSCs using
unique membrane protein markers such as THY1,
GFRa1, GPR125, and CD49f has been reported
[23, 28–30]. Allogeneic transplantation of in vitro
expanded mouse SSCs into germ cell-depleted
testes resulted inrestorationof fertility [31].Recent
studies propose that human SSCsmaybe identified
based on expression of THY1, CD49f, EpCAM, and
SSEA-4 [32–35]. Of these markers, only SSEA-4 is
highly expressed in embryonic stem cells and in
both human fetal and prepubertal SSCs, suggest-
ing that it may be a good marker of adult human
SSCs [20, 36]. Although transplantation of human
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testicular cells into germ cell-depleted mouse testes resulted in
either limited colonization of human cells or cells expressing germ
cell markers, spermatogenesis was not detected, presumably be-
cause of interspecies differences [33–35, 37, 38]. Interestingly,
mouseandhumanSSCshavebeen reported tohave the capability
of converting into testis-derived pluripotent stem cells during in
vitro culture [33, 34, 39–43]. However, in contrast to studies in
mice, recent studies suggest that thehuman testis-derivedplurip-
otent stem cells derived from in vitro culture of putative human
SSCs are actually cells of mesenchymal rather than germ cell or-
igin. Filling this gap in our understanding of human SSC biology
is critical [24–27].

Because of the limited availability of human tissues, the lack
of in vitro or in vivo xenograft models capable of supporting hu-
man spermatogenesis, and the significant ethical and logistical
challenges associated with human germ cell research, current
data on the identification, isolation, and expansionof humanSSCs
are mixed and highly controversial. To shed light on this contro-
versy and lay the groundwork for a new therapy for young male
patients facing sterilizing treatments, a detailed characterization
of SSCs and the required somatic niche capable of supporting SSC
expansion is required [44].

In this study, we characterize the cellular niche required for
the expansion of human SSCs, provide strong evidence support-
ing specific extracellular markers that define a testicular cell pop-
ulation highly enriched for human SSCs, and characterize a novel
testicular multipotent stromal cell (TMSC) population essential
for SSC expansion. The results of this study are very important
to understanding how human SSCs can be grown and expanded
successfully in vitro for future therapeutic applications.

MATERIALS AND METHODS

Subjects

Thirteen adult subjects with normal spermatogenesis were en-
rolled in the institutional review board-approved University of
California San Francisco LIFE and Human SSC studies.

Fluorescence-Activated Cell Sorting

Biopsied tissues and digested cells were incubated with the fol-
lowing antibodies: anti-SSEA-4 fluorescein isothiocyanate (FITC),
anti-THY1 allophycocyanin, anti-CD45 Pacific Blue, anti-CD105
FITC, and anti-CD73 phosphatidylethanolamine (PE) in 1% bovine
serum albumin for 30 minutes at 37°C (all from BD Pharmingen,
San Jose, CA, http://www.bdbiosciences.com).

Confocal Microscopy

Images were captured using a Leica SP5 AOBS confocal micro-
scope and a Leica DMI 4000B fluorescent microscope (Leica
Microsystems Inc., Bannockburn, IL, http://www.leica.com) and
analyzed using ImageJ v1.6.

Molecular Analyses

Subpopulations of testicular cells were sorted directly into RNA
buffer. Quantitative polymerase chain reaction (qPCR) amplifica-
tion was carried out using FastStart Universal SYBR GreenMaster
Mix with ROX (Roche, Mannheim, Germany, http://www.roche.
com) using the 7500 PCR system (Applied Biosystems, Foster City,
CA, http://www.appliedbiosystems.com) (supplemental online
Table 7).

RNA-seq data were generated from fluorescence-activated
cell sorting (FACS)-sorted human testicular THY1+ cells and
SSEA-4+ cells obtained from three healthy individuals. Briefly,
THY1+ and SSEA-4+ cells were sorted directly into RNAbuffer. Pu-
rified RNA was analyzed for quality using chip-based capillary
electrophoresis (Bioanalyzer; Agilent Technologies, Palo Alto,
CA, http://www.agilent.com), and quantity and purity were de-
terminedwith a NanoDrop spectrometer. RNA-seq libraries were
preparedwith anovation RNA-seq systemv2 kit (NuGEN, San Car-
los, CA, http://www.nugen.com/nugen). In this method, the
mRNA is reverse transcribed to synthesize the first-strand cDNA
using a combination of random hexamers and a poly-T chimeric
primer. The RNA template is then partially degraded by heating,
and the second strand cDNA is synthesized using DNA polymer-
ase. The double-stranded DNA is then amplified using single
primer isothermal amplification (SPIA) [45, 46]. SPIA is a linear
cDNA amplification process in which RNase H degrades RNA in
DNA/RNA heteroduplex at the 59-end of the double-stranded
DNA, after which the SPIA primer binds to the cDNA and the poly-
merase starts replication at the 39-end of the primer by displace-
ment of the existing forward strand. Random hexamers are then
used to amplify the second-strand cDNA linearly. Finally, libraries
from the SPIA-amplified cDNA were made using the Ultralow DR
library kit (NuGEN). The RNA-seq libraries were analyzed by Bio-
analyzer and quantified by qPCR (KAPA, Wilmington, MA, http://
www.kapabiosystems.com). High-throughput sequencing was
done using a HiSEquation 2500 (Illumina Inc., San Diego, CA,
http://www.illumina.com).

SSC Culture

Subpopulations of testicular cells were FACS-sorted and individ-
ually cultured in supplemented StemPro-34 (Invitrogen, Carlsbad,
CA, http://www.invitrogen.com) [31, 34]with the followingmod-
ifications: 1% penicillin-streptomycin, 1% insulin-transferrin-
selenium (ITS) solution (Mediatech Inc., Manassas, VA, http://
www.cellgro.com), recombinant human epidermal growth factor
(20 ng/ml) (R&D Systems Inc., Minneapolis, MN, http://www.
rndsystems.com), recombinant human glial cell line-derived neu-
rotrophic factor (GDNF) (10 ng/ml) (R&D Systems), recombinant
human leukemia inhibitory factor (LIF) (10 ng/ml) (Chemicon,
Temecula, CA, http://www.chemicon.com) and 1% knockout
serum replacement (KOSR). The medium was changed every 72
hours. Cells were cultured at 37°C in a humidified incubator with
5% CO2 and 20% O2 without stromal cells on either Matrigel (BD
Biosciences, San Diego, CA, http://www.bdbiosciences.com)-
coated dishes or 0.2% gelatin-coated dishes at a density of
50,000 cells per cm2 and on either mouse embryonic fibroblasts
(MEFs), human fetal placental fibroblasts, human fetal testicular
fibroblasts, or human adult testicular THY1+ cells at a density of
25,000 cells per cm2. Human fetal placental and testicular fibro-
blasts at 22 weeks of gestation were generated from discarded
fetal tissues donated for research.

RESULTS

Characterization of SSCs and TMSCs

Testicular THY1+ and SSEA-4+ cells represent distinct
cell populations

Although controversial, both THY1 and SSEA-4 have been
reported as putative markers of adult human testicular cells
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enriched for SSCs [20, 23, 33, 35]. However, although recent stud-
ies demonstrate that both THY1 and SSEA-4 are expressed in fetal
gonocytes, only SSEA-4 continued to be expressed in prepubertal
SSCs [20]. Thus, confocalmicroscopywasperformed todetect the
presence and precise location of cells expressing THY1, SSEA-4,
and VASA. Two distinct populations of germ cells were observed
by relative expression of VASA (Fig. 1A). VASAdimcells, located at
the basementmembrane, correlate anatomically with the known
location of SSCs. In contrast, VASA bright cells, located predom-
inantly away from the basement membrane toward the lumen,
are consistent with differentiating spermatogonia, spermato-
cytes, and spermatids. SSEA-4 expression was primarily detected
in VASA dim cells on the basement membrane, suggesting that it
is a specific marker for SSCs (Fig. 1A). Additionally, evidence of
meiosis, assessed by SYCP3 expression, was exclusively detected
in VASA bright cells, suggesting that the SSEA-4/VASA dim popu-
lation contains adult human SSCs (Fig. 1B). In contrast, THY1 ex-
pression was detected primarily on fibroblasts andmyoid cells of
the lamina propria with limited expression on peritubular cells
(Fig. 1C). Additionally, the cell population located between the
VASA dim and bright cells exclusively expressed both THY1 and
WT1, consistent with Sertoli cells (Fig. 1C). All THY1+ cells
expressed high levels of vimentin and did not express VASA, sug-
gesting that they are likely of somatic and mesenchymal origin
(Fig. 1D).

Seminiferous tubules were digested, and testicular cells were
dual stained with THY1 and SSEA-4 antibodies for further charac-
terization of the THY1+ and SSEA-4+ populations by FACS. Only
live, CD452 testicular cells were gated for analyses with
SYTOX/Pacific (CD45) Blue exclusion. Three distinct populations
of testicular cells based on THY1 and SSEA-4 expression (THY1+,
SSEA-4+, and THY12/SSEA-42 populations) were observed
(Fig. 2A). There were no cells that coexpressed both THY1 and
SSEA-4 simultaneously. When THY1+, SSEA-4+, and THY12/
SSEA-42 populations were analyzed separately by backgating
to examine their unique cellular characteristics, each demon-
strated distinct forward and side scatter values, providing further
confirmation that these three populations possessed different
cellularphysical properties (Fig. 2A). Immunofluorescent analyses
of the sorted THY1+, SSEA-4+, and THY12/SSEA-42 populations
demonstrated the lack of SSEA-4, THY1, and either THY1/SSEA-4
expression in these populations, respectively.

Sorted THY1+, SSEA-4+, and THY12/SSEA-42 cells were sub-
jected toDNAcontent andmRNAanalyses. Significant amounts of
haploid (N) and tetraploid (4N) cells, 11% and 48%, respectively,
were identified exclusively in the THY12/SSEA-42 population,
suggesting that only the THY12/SSEA-42 population contained
differentiating germ cells (Fig. 2B). In addition to the lack of hap-
loid cells, both THY1+ and SSEA-4+ populations contained a very
small population of 4N cells, 5% and 9%, respectively, suggesting
that they are mainly quiescent in normal homeostatic state (Fig.
2B). Although expression of DAZL and VASAwere detected in the
SSEA-4+ and THY12/SSEA-42 cell populations, they were barely
detectable in the THY1+ cells (Fig. 3A). Instead, THY1+ cells were
found to express high levels of VIM,.98- and 27-fold more than
SSEA-4+ and THY12/SSEA-42 cells, respectively, suggesting
a mesenchymal origin (Fig. 3A). Although both SSEA-4+ and
THY12/SSEA-42 populations expressed germ cell markers
(DAZL and VASA), only the THY12/SSEA-42 population con-
tained haploid cells (Fig. 2B) and expressed high levels of both
meiotic (DMC1, SYCP3) and spermatid markers (PRM2, ACR),

demonstrating that SSEA-4+ population contains primitive sper-
matogonia that have not yet entered meiosis (Figs. 1A, 1B, 2B,
3A). As expected, very low levels of known mouse SSC markers,
ZBTB16, GFRa1, and GPR125 were detected in the THY12/
SSEA-42 population. Although both THY1+ and SSEA-4+ popula-
tions expressed ZBTB16,GFRa1, andGPR125, the expressionwas
significantly higher in the SSEA-4+ population (Fig. 3B), assessed
by qPCR, and confirmed with FACS.

Characterization of the Niche Required for
SSC Expansion

Testicular THY1+ Cells Are Critical for Successful
SSC Expansion

Unsorted, sorted THY1+, and sorted SSEA-4+ cells were subjected
to in vitro expansion andmonitoredwith time-lapse photography
(supplemental online Videos 1–4). Unsorted testicular cells cul-
tured on either uncoated or coated plates revealed two popula-
tions. The first adhered to the plates and exhibited fibroblast-like
morphology within 48 hours. The second population of small
round cells bound to these fibroblast-like adherent cells shortly
after 48 hours, divided, and formed colonies after 2 weeks of
culture (Fig. 4A). However, colonies began to disappear after 3
weeks of culture because the adherent cells became confluent
(supplemental online Video 1). Although ∼98% of these in vitro
expanded unsorted testicular cells expressed THY1, evaluated
byFACS, after 3weeksof culture, neither SSEA-4norVASAexpres-
sion was detected by FACS, microscopy, or qPCR. Cell passage af-
ter 2 weeks of culture did not rescue expansion of SSC colonies
because theadherent cells quickly grewto confluence, suggesting
a preferential selection of THY1+ cells in this culture system.

Whenplatedonculturedishesuncoatedor coatedwitheither
Matrigel or gelatin, THY1+ cells adhered to all plates within 24
hours, exhibited fibroblast morphology shortly after, and contin-
ued to expand without signs of quiescence (.20 passages) (Fig.
4A; supplemental online Video 2). Although DAZL and VASAwere
never detected by qPCR or confocal microscopy, this population
continued to express high levels of THY1 and vimentin, assessed
by immunofluorescent analyses. In contrast, SSEA-4+ (Fig. 4A) and
THY12/SSEA-42 cells did not adhere or form colonies when cul-
tured on uncoated or coated plates, failed to expand, and died
within 2weeks of culture. Furthermore, immunofluorescent anal-
yses did not detect any evidence of THY1 and vimentin expression
in these two populations.

To overcome the rapid expansion of THY1+ cells in this
system, sorted THY1+ cells were expanded and subjected to
g-irradiation to render them mitotically inactive. Sorted SSEA-4+
cells were then cocultured on the irradiated adherent THY1+ cells.
SSEA-4+ cells bound to these adherent cells within 24 hours,
formed SSC colonies (∼50 cells per colony) within 2 weeks, and
continued to expand (Fig. 4A; supplemental online Video 3).
The percentage of SSC colonies formed to SSEA-4+ cells plated
ranged between 0.02% and 0.1% with an 8–12-fold increase in
colony number and cell number (50–100 cells per colony) after
each subsequent passage. These expanded colonies continued
to express SSEA-4 and VASA with serial passaging (Fig. 4B;
supplemental online Video 4). In contrast, THY12/SSEA-42 cells
failed to establish colonies when plated on irradiated THY1+ cells.
Additionally, THY1+, SSEA-4+, and THY12/SSEA-42 cells failed to
establish colonies when cultured in the presence ofMEFs, human
placental, or fetal testicular stroma. Thus, adult testicular THY1+
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cells uniquely provide the essential niche required for SSC expan-
sion.Using this novel system, SSC colonieswere successfully iden-
tified, isolated, passaged, and expanded in vitro.

Testicular THY1+ Cells Demonstrated
Mesenchymal Properties

In addition to their lack of germ cell properties, sorted THY1+ cells
immediately adhered to plastic and exhibited fibroblastic
morphology, suggesting a mesenchymal origin. To investigate
whether the THY1+ population exhibited mesenchymal charac-
teristics, THY1+ cells were analyzed for coexpression of CD73
and CD105. 92% of THY1+ cells coexpressed both CD73 and
CD105 (Fig. 5A).Ofnote, CD45+cellswereexcluded fromanalyses
in the SYTOX Blue gating using anti-CD45 conjugated with Pacific
Blue.WhenTHY1+ cellswere expanded in vitro, they continued to
coexpress both CD73 and CD105 (Fig. 5B).

Upon differentiation, sorted THY1+/CD73+/CD105+ cells
gave rise to adipocytes, chondrocytes, and osteocytes, further
confirming the presence of mesenchymal properties within this
population (Fig. 5C). Similarly, whereas VIMwas highly expressed
in the THY1+/CD73+/CD105+ population, neither DAZL nor VASA
was detected in this population.

Comprehensive Molecular Characterization of the
Testicular THY1+ and SSEA-4+ Cells by Next
Generation Sequencing

Testicular SSEA-4+ Cells Expressed Genes Previously
Identified as Enriched in Human and Mouse SSCs

FACS-sorted THY1+ and SSEA-4+ cells were collected from three
patients and subjected to mRNA sequencing. On average, there
were 13,568,327 and 8,822,058 total reads from the THY1+ and
SSEA-4+populations, respectively. Theprincipal component anal-
ysis is shown in Figure 6A. As demonstrated, the THY1+ and
SSEA-4+ populations are significantly distinct fromeach other. Al-
though the SSEA-4+ population clusters tightly, the THY1+ popu-
lation shows more variability, reflecting this population’s innate
heterogeneity. When log2 6 twofold change with a p value of
,0.05 was used as the cutoff to define significant differential
gene expression, there were 1,359 known upregulated and
1,911 downregulated genes in the SSEA-4+ population in compar-
isonwith the THY1+ population. Specifically, 29 geneswere upre-
gulated, and 232 were downregulated.100-fold (supplemental
online Tables 1, 2). Genes previously reported to be enriched in
human and mouse SSCs were examined. Table 1 demonstrates
the enriched expression of known SSC genes in testicular

Figure1. Confocalmicroscopyof seminiferous tubules. (A):VASAandSSEA-4expression. Twopopulations of cells, VASAdim (arrow)andbright
cells (arrowhead), were observed with VASA dim cells located exclusively on the basement membrane. Only VASA dim cells expressed SSEA-4.
(B):VASA and SYCP3 expression. Only VASA bright cells (arrowhead) expressed SYCP3, whereas VASA dim cells (arrow) did not. (C):VASA, THY1,
and WT1 expression. Sertoli cells reside in the region between VASA dim (arrow) and VASA bright (arrowhead). Nuclear WT1 expression (p),
specific to Sertoli cells,was readily detected in THY1+/VASA2 cells. THY1expressionwas alsodetected in cellsmaking up the laminapropria. (D):
VASA and vimentin expression. Vimentin expression is detected only in Sertoli cells and cells in the lamina propria. Abbreviation: DAPI, 49,6-
diamidino-2-phenylindole.
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SSEA-4+ cells. When further evaluated by FACS, EPCAM, GPR125,
and ITGA6/CD49fwere found toexpress inbothTHY1+andSSEA-4+
populations (Table 1). However, qPCR confirmed the higher ex-
pression of GPR125 in the SSEA-4+ population (Fig. 3B). Although
KIT was differentially expressed in the SSEA-4+ population, C-Kit
was not detected by confocal microscopy or FACS. Known intra-
cellularmarkers of SSCswere highly enriched in the SSEA-4+ cells.
Although ZBTB16 was not found to be enriched with mRNA-seq,
qPCR data demonstrated that it was significantly enriched (1.9-
fold) in the SSEA-4+ population (Fig. 3B). Additionally, known
genes (RET, GFRa1, and ETV5) in the GDNF-mediated SSC self-
renewal pathway in rodent were also highly enriched in SSEA-4+
cells (Table 1; Fig. 3B) [47]. Furthermore, known pluripotency
markers such as TERT and LIN28B were highly expressed in the
SSEA-4+ cells, further suggesting that this population contains hu-
man SSCs. As expected and confirmed with qPCR, NANOG, SOX2,
and POU5F1 were not expressed in any significant amount in

either populations. In contrast, known somatic geneswere highly
expressed in the THY1+ population (Table 1). The diverse families
of somatic genes expressed in the THY1+ cells confirmed that this
is a heterogeneous population. Overall, the testicular SSEA-4+
and THY1+ mRNA transcriptome profiles confirmed that the
SSEA-4+ population contains primitive spermatogonia in contrast
to theprofile of theTHY1+population that favors a somatic origin.

Testicular SSEA-4+ Cells Expressed Genes Previously
Identified as Enriched in Human Prepubertal SSCs and
Mouse Gonocytes

Because the results thus far support thehypothesis that testicular
SSEA-4+ population contains adult human SSCs, it is important to
compare this population with known pure populations of human
ormouse SSCs. Hence, the transcriptome of the testicular SSEA-4+
cells reported here was compared with previously published

Figure2. Fluorescence-activatedcell sorting characterizationof testicular THY1+andSSEA-4+ cells. (A):Only singleCD452 live cellsweregated
for analyses. Three distinct nonoverlapping populations (THY1+, SSEA-4+, and THY12/SSEA-42) were observed based on THY1 and SSEA-4
expression. Additionally, THY1+, SSEA-4+, and THY12/SSEA-42 cells exhibited unique physical properties when they were gated individually
for forward and side scatter analyses. (B): DNA content analyses of subpopulation of testicular cells. THY12/SSEA-42 cells contain predom-
inantly haploid (N) and tetraploid (4N) cells, whereas THY1+ and SSEA-4+ cells are predominantly 2Nwith small population of 4N. Abbreviations:
FSC, forward scatter; SSC, side scatter.
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humanprepubertal SSC transcriptomebecausecurrent information
on adult human SSCs is limited and controversial. When log2 6
twofold-changewith a p value of,0.05was used to define signif-
icant differential gene expression, there were 798 genes that
were upregulated and 251 that were downregulated in the hu-
manprepubertal SSCs in comparisonwith their respected somatic
population with the top 50 up- and downregulated genes shown
in supplemental online Table 3. In contrast, 112 genes were up-
regulated and 13 were downregulated in the mouse gonocytes
in comparison with their somatic populations (supplemental
online Table 4). Therewere 24 common upregulated genes found
between the three groups (Fig. 6B; supplemental online Table 5).
Mouse gonocytes shared 35% (44 of 125) of their differentially
expressed genes with human prepubertal SSCs (Fig. 6B). In con-
trast, human prepubertal SSCs and mouse gonocytes shared
42% (443 of 1,049) and 43% (54 of 125) of their differentially
expressed genes, respectively, with SSEA-4+ cells (Fig. 6B). Alter-
natively,whenonly the top50upregulatedgenes fromthehuman
prepubertal SSCs and mouse gonocytes were evaluated, 68% (34
of 50) and 54% (27 of 50) of the differentially expressed genes,
respectively, were in common with differentially upregulated
genes seen in human testicular SSEA-4+ cells. Thus, the similarity
between the transcriptome profiles of human testicular SSEA-4+
cells, human prepubertal SSCs, and mouse gonocytes further
demonstrates that human adult SSCs are within the testicular
SSEA-4+ population.

DISCUSSION

Developing the ability to isolate SSCs and understanding the tes-
ticular niche optimal for SSC growth and development are re-
quired to develop effective therapeutic options for pediatric

cancer patients facing sterilizing treatments. Using confocal mi-
croscopy, FACS-sorted subpopulations of testicular cells, time-
lapse photography, comprehensive mRNA sequencing, and a
novel in vitro culture system, this study identifies a subpopula-
tion of adult human testicular cells highly enriched for SSCs and
the support cells critical to their growth based on distinct extra-
cellular markers SSEA-4 and THY1, respectively (supplemental
online Table 6). These insights provide valuable information
for the development of future treatments to preserve and re-
store fertility.

Both testicular THY1+ and SSEA-4+ cells have been reported
to contain SSCs based on mouse and human studies [23, 33, 35].
Specifically, transplantation of both enriched human testicular
THY1+ [33] and SSEA-4+ [35] cells into mouse testes resulted in
germ cell colony formation. These findings are controversial,
however, because in vitro culture of human unsorted testicular
cells and enriched THY1+ cells with the current system did not se-
lect for long-term SSC expansion [24–27]. Rather, recent human
studies suggest that the in vitro systems selected for cells of mes-
enchymal origin [24–27]. Our data demonstrated that SSC colo-
nies disappeared as THY1+ cells expanded in culture over time.
Using confocal microscopy, we demonstrated that THY1+ cells
were predominantly located in lamina propria with some expres-
sion on Sertoli cells. Sorted THY1+ cells did not express germ cell
markers as evaluated by microscopy (VASA) or qPCR (DAZL and
VASA), suggesting a somatic origin. In contrast, previous studies
demonstrated that human THY1+ populations contain SSCs after
mouse xenotransplantation [33]. It is possible that this observa-
tion was the result of germ cell contamination, given that an
enriched rather than sorted cell population was analyzed. When
sorted testicular THY1+ cells were used to establishmRNA profile
byRNA sequencing, the THY1+ transcriptomewas consistentwith

Figure 3. Molecular characterization of testicular THY1+ and SSEA-4+ cells. (A): THY1+ cells expressed high levels of VIM but lack DAZL, VASA,
DMC1, SYCP3, PRM2, and ACR. SSEA-4+ cells expressed high levels ofDAZL and VASAwithminimal expression of VIM andmeiotic or spermatid
markers. THY12/SSEA-42 cells expressed high levels DAZL, VASA, DMC1, SYCP3, PRM2, and ACR. Expression levels between groups were sig-
nificantly different for all genes examined.p, .05by analysis of variance. (B): Significant differential expression of ZBTB16,GFRa-1, andGPR125
between THY1+ and SSEA-4+ populations. p, .05 by Student’s t test. Abbreviation: GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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the many somatic cell types making up the seminiferous tubules.
Additionally, the transcriptomeprofiles of the THY1+ andSSEA-4+
populations were quite distinct, as shown in the principal compo-
nent analysis (PCA) (Fig. 6A). Further functional evidence that
supports sorted testicular THY1+ cells as the population contain-
ing TMSCs includes rapid binding to plastic; expression of con-
sensus mesenchymal markers (CD73 and 105); the ability to
differentiate into adipocytes, chondrocytes, and osteocytes;
and the absence of CD45 expression. Given the anatomic location
of the THY1+ cells within the seminiferous tubules, the lack of
germ cell markers, high expression of vimentin, and the ability
to differentiate into all mesenchymal lineages, the TMSC (THY1+)
population, demonstrated here, is of somatic origin and not germ
cells.

SSEA-4 is amarker of undifferentiatedpluripotent humanem-
bryonic stem cells, cleavage to blastocyst stage embryo, human
fetal SSCs, and prepubertal SSCs [20, 36]. Anatomically, SSEA-4+

cells are located predominantly at the basement membrane,
suggesting that they are SSCs. This is in contrast to previous stud-
ies that demonstrated limited coexpression of THY1 and SSEA-4
on subpopulations of human testicular cells using conventional
microscopy [35]. However, these earlier studies did not usemul-
ticolor FACS or confocal microscopy analyses. In our studies, mul-
ticolor FACS, confocal microscopy, and transcriptomes on sorted
cells confirmed that THY1+ and SSEA-4+ cells were two distinct
populations with different physical, cellular, and molecular pro-
files. When the tubules were stained for VASA, VASA bright
(SSEA-42) cells contained haploid cells and located toward the
lumen, whereas the VASA dim (SSEA-4+) cells were found at
the basementmembrane. This finding is consistent with previous
human studies demonstrating that a high level of VASA expres-
sion was associated withmaturing germ cells [48, 49]. In contrast
to the absence of markers associated with meiosis (DMC1 and
SYCP3) or differentiating spermatids (PRM2 and ACR), SSEA-4+

Figure4. HumanSSC colonies establishment. (A):Unsorted testicular cells formedcolonies but disappeared after 21days (arrowheads). THY1+
cells quickly bound to the culture dish and exhibited fibroblast like morphology without forming colonies. SSEA-4+ cells bound together in
duplets or short chains but did not adhere to culture dish or form colonies. When SSEA-4+ cells were plated in culture dish with irradiated
THY1+ cells, they bound to THY1+ cells and form colonies (arrowheads). (B): Confocal microscopy of SSC colonies for SSEA-4 and VASA expres-
sion. Expanded SSC colonies continue to coexpress both SSEA-4 and VASA. Abbreviation: DAPI, 49,6-diamidino-2-phenylindole.
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cells expressed high levels of putative SSC markers (ZBTB16,
GFRa1, SALL4, MAGEA4, and GPR125), and pluripotency genes
(TERT and LIN28B), consistent with primitive spermatogonia con-
taining SSCs. Lower levels of ZBTB16, GFRa1, andGPR125 expres-
sionwerealsodetected inTHY1+cells in comparisonwithSSEA-4+
cells in these studies. This is similar to previous human andmouse
studies inwhich ZBTB16,GFRa1, andGPR125aremarkers of SSCs,
but low-level expression was also detected in testicular somatic
cells [22]. Of note, the genes (GFRa1, RET, and ETV5) involved
in the GDNF-mediated SSC self-renewal were also highly ex-
pressed in the SSEA-4+ cells [47]. These results support previous
studies demonstrating germ cell colonization in mouse xenograft
model following transplantation of primary SSEA-4+ sorted cells
[35]. Interestingly, recent studies demonstrate that human bone
marrow-derived mesenchymal stem cells (BmMSCs) also express
SSEA-4 but lack CD45 expression [50]. Although CD45+ cells were
excluded from any FACS analyses, we cannot eliminate the

possibility of BmMSC contamination. Perhaps the small number
of BmMSCs contributed to a very low level of VIM expression
detected in our SSEA-4+ population. However, sorted SSEA-4+
cells failed to survive in vitro in the absence of other cell types,
suggesting that this possible contamination is very low at best.

The significant similarity in differentially expressed genes in
human testicular SSEA-4+/THY1+ in comparison with human pre-
pubertal SSCs/somatic cells and mouse gonocytes/somatic cells
further solidify that human adult SSCs reside with the SSEA-4+
population [22]. Interestingly, of the 24 common upregulated
genes between the 3 groups, 16 genes (ASF1B, ASPM, BUB1,
CASC5, CENPA, CENPF, CENPO, EXO1, HELLS, KIF11, KNTC1,
MCM8, RAD51AP1, RAD54B, STAG3, and TOP2A) are involved
cell cycle,DNA replication,meiosis, andDNArepair regulations, as
demonstrated in the interactive pathway analysis (supplemental
online Fig. 1). Of the 24 common genes, 3 (DAZL, PIWIL4, and
BNC1) are intricately involved with germ cell maintenance and

Figure5. Testicular THY1+cells exhibitedmesenchymal properties. (A):Fluorescence-activated cell sorting analysesof testicular cells for THY1/
CD73/CD105 expression. Only single CD452 live cells were gated for analyses. Cells were first evaluated for THY1 expression. THY1+ and THY12
cells were than gated for CD73 and CD105 expression..92% of THY1+ cells coexpressed both CD73 and CD105, whereas only ∼7% of THY12
cells expressed bothCD73andCD105. (B): In vitro expandedTHY1+ cells continue to express bothCD73 andCD105. Shownhere is passage 4. (C):
Sorted THY1+ cells were subjected to differentiation along themesenchymal lineage. Adipocytes, chondrocytes, and osteocytes were detected
by histologic staining. Scale bars = 100 mm. Abbreviations: FSC, forward scatter; SSC, side scatter.
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fertility [51–53]. When the top 50 differentially upregulated
genes fromhuman prepubertal SSCswere comparedwith human
testicular SSEA-4+ cells, 19 of the 34 commonly upregulated
genes (STK31, MAGEA4, TPTE, VASA, TKTL1, MAEL, ELAVL2,
LIN28B, TEX15, SNAP91, CENPE, SLC25A31, DPPA2, FGFR3,
DPPA4, DAZL, CASC5, TOP2A, and CENPF) are also involved in plu-
ripotency, cell cycle, meiosis, DNA repair, and germ cell regula-
tions [54–63]. Of the 16 nonoverlapping genes, SOHLH2 and
POLB were significantly upregulated in human SSEA-4+ popula-
tion but at,log2 twofold change. Of the 14 remaining nonover-
lapping genes, only 1 (CD109) has been well characterized [64].
CD109 is well characterized in the hematopoietic system, and
its expression is likely due to contamination with the prepubertal
SSC isolation because the SSCs were manually isolated [22]. In
contrast, when the top 50 upregulated genes in the mouse gon-
ocytes were compared with human testicular SSEA-4+ cells, 20 of
the 27 commonly upregulated genes (EPCAM, BNC1, CENPF,
CDCA7L, DAZL, TOP2A, STAG3, MCM8, BUB1, RAD54B, KNTC1,
EXO1, CASC5, PIWIL4, CDCA5, SALL4, RAD51, ERCC6L, TPX2,
and CDCA2) are involved in the pluripotency, cell cycle, meiosis,
DNA repair, and germ cell regulations [65, 66]. Thus, these find-
ings highlight the evolutionary conserved genes in SSCs that
are essential for reproduction.

When sorted THY1+, SSEA-4+, and THY12/SSEA-42 cells
were cultured separately on either uncoated or coated plates,
only THY1+ cells adhered and grew in amonolayer fashion regard-
less of surface substrate. In contrast to the lack of germ cell ex-
pression, THY1+ cells continued to express THY1+/CD73+/CD105+
and vimentin after more than 20 passages, further confirming

a mesenchymal origin. When unsorted testicular cells were cul-
tured, germ cells quickly bound to the adherent cells, formed col-
onies within 2 weeks of culture, and continued to express SSEA-4
andVASA. However, the adherent cells quickly outgrewand subse-
quently inhibited the SSC colonies growthby4weeks of culture. To
delineate the relationship between SSC growth and its required
niche, sorted SSEA-4+ cells were cultured in the presence of irradi-
ated MEFs, human placental fibroblasts, human fetal testicular
fibroblasts, and sorted adult testicular THY1+ cells. SSEA-4+ cells
bound exclusively to testicular THY1+ cells within 48 hours and
established colony formations. Under these conditions, SSC colo-
nies continued to expand in size and underwentmany subsequent
passages without loss of SSEA-4 and VASA expression. This obser-
vation is consistentwith recent studies thathavedemonstrated the
importanceof testicularstromalcellsasasourceofessentialgrowth
factors required by SSCs [67]. Previous studies demonstrated the
presence of both SSCs and testis-derived pluripotent stem cells
when unsorted testicular cells were cultured in vivo [34]. Thus
far, we have not observed this phenomenonwith either unsorted
testicular cells or sorted testicular SSEA-4+ cells. All observed col-
onies in our studies expressed SSEA-4 and VASA. Although the
percentage of SSC colonies formed per sorted SSEA-4+ cells
(25,000 cells per experiment) appeared to be low (0.02%–0.1%)
using our system, the cell number required for engraftment of
SSEA-4+ colonies using a mouse model was more than 300,000
cells per transplant [35]. This suggests that the SSEA-4+ popula-
tion is enriched for SSCs and that only a small portion of the pop-
ulation can form colonies and repopulate in vivo. The number of
germ cells needed for engraftment in autologous nonhuman

Figure 6. mRNA profiles of testicular THY1+ and SSEA-4+ cells. (A): PCA analysis of fluorescence-activated cell sorting-sorted THY1+ and SSEA-4+
cell transcriptomes obtained by mRNA sequencing. (B): Venn diagram depicts overlapping differentially expressed genes between human
testicular SSEA-4+/THY1+ cells, human prepubertal SSCs/somatic cells, and mouse gonocytes/somatic cells at log2 6 twofold change with
an adjusted p value of ,0.05. Human prepubertal SSCs and mouse SSCs profiles were previously published by Wu et al. [22]. Abbreviation:
SSCs, spermatogonial stem cells.
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primate transplant model was∼1003 106 cells [9]. Thus, the low
initial concentration of SSCs in testicular tissue highlights the
need for in vitro expansion of SSCs prior to developing clinically
viable SSC transplantation techniques in the future. Although
MEFs were found to support in vitro mouse SSC expansion

[31], this was not the case with human SSCs, suggesting basic dif-
ferences between human and mouse SSCs. These data provide
strong evidence that SSEA-4 is a specific marker expressed in
primitive SSCs, whereas the somatic THY1+ cells are TMSCs that
play an instrumental role in providing the appropriate niche re-
quired for SSC expansion.

A weakness of the study includes the lack of SSEA-4+ cell
xenotransplantation, before and after in vitro expansion [11]. Al-
thoughallotransplantationofmouse SSCs intogermcell-depleted
testes is an ideal in vivo assay to evaluate for the ability of mouse
SSCs to rescue spermatogenesis, it is suboptimal for human SSCs.
Presumably because of interspecies differences, xenograft of hu-
man SSCs into mouse testes resulted in only colonization of hu-
man cells without differentiation. Furthermore, recent studies
demonstrate that allogeneic mesenchymal stem cell (MSC) xeno-
transplantation also resulted in formation of germ cell colonies,
highlighting this model’s lack of specificity, especially in the ab-
sence of in vivo differentiation [68]. Thus, there is no current ideal
in vivo assay to evaluate human SSC activity.

These data havemany significant strengths. Using a combina-
tion of multicolor FACS, confocal microscopy analyses, molecular
profiling, and cell culturewith sorted subpopulations of testicular
cellsmonitoredwith time-lapsephotography,wewereable tode-
finitively identify and differentiate the stromal and SSC compart-
ments within the human testicular niche. Of critical importance
was the finding that specific interactions between adult testicular
THY1+ cells and SSCs are essential for in vitro human SSC expan-
sion. Furthermore, these data likely explain the controversy re-
garding MSC expansion with the traditional in vitro culture
system using testicular cells.

CONCLUSION

Identifying and growing SSC have important implications for
patients. To date, prepubertalmales facing sterilizing chemother-
apy do not have a proven means of protecting their fertility. In
a small number of centers around the world, testicular biopsies
are performed prior to chemotherapy in the hopes that new fer-
tility restoring treatments will become available. Development of
methods to expand purified SSCs exponentially, free ofmalignant
cell contamination, for future autologous transplant or to differ-
entiate prepubertal SSC to mature sperm has enormous thera-
peutic potential. We have characterized the essential steps of
isolating and expanding highly purified human SSCs using a de-
fined somatic niche provided by the TMSCs. This is a critical step
forward in developing strategies of prepubertal SSC expansion
and autologous SSC therapy for fertility preservation treatments.
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