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Spermatogonial stem cells (SSCs) are essential for the generation
of sperm and have potential therapeutic value for treating male
infertility, which afflicts >100 million men world-wide. While
much has been learned about rodent SSCs, human SSCs remain
poorly understood. Here, we molecularly characterize human SSCs
and define conditions favoring their culture. To achieve this, we
first identified a cell-surface protein, PLPPR3, that allowed purifi-
cation of human primitive undifferentiated spermatogonia (uSPG)
highly enriched for SSCs. Comparative RNA-sequencing analysis of
these enriched SSCs with differentiating SPG (KIT* cells) revealed
the full complement of genes that shift expression during this
developmental transition, including genes encoding key compo-
nents in the TGF-$, GDNF, AKT, and JAK-STAT signaling pathways.
We examined the effect of manipulating these signaling pathways
on cultured human SPG using both conventional approaches and
single-cell RNA-sequencing analysis. This revealed that GDNF and
BMP8B broadly support human SPG culture, while activin A selec-
tively supports more advanced human SPG. One condition—AKT
pathway inhibition—had the unique ability to selectively support
the culture of primitive human uSPG. This raises the possibility
that supplementation with an AKT inhibitor could be used to cul-
ture human SSCs in vitro for therapeutic applications.
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permatogonial stem cells (SSCs) support spermatogenesis

throughout adult life by balancing self-renewal and differ-
entiation (1, 2). SSC transplantation provides a possible future
therapeutic option to treat human infertility, which afflicts >100
million men world-wide. Such “SSC therapy” has potentially
broad clinical value for treating various forms of human infer-
tility, including as a means to restore fertility to prepubescent
males (which, by definition, do not yet make sperm) that have
been rendered infertile by cytotoxic chemotherapy (3).

While many markers have been reported to label human
SSCs—including UTF1, UCHL1, ITGA6, SALL4, and
GPR125—these markers have uncertain specificity for human
SSCs vs. human progenitors; and many of them also clearly label
differentiating (d) spermatogonia (SPG) (2, 4, 5). Furthermore,
only some of the reported “human SSC markers” have been
functionally tested by the only assay currently available to judge
human SSC activity: Germ-cell xenograft transplantation analy-
sis. In this assay, human testicular cell fractions are transplanted
into the testes of immune-deficient mice that have been chemi-
cally or genetically depleted of germ cells, followed 2 mo later by
determination of the number of spermatogonial colonies (6, 7).
This assay has shown that cells positive for specific cell-surface
proteins (ITGA6 or EpCAM'®™), or combinations of cell-surface
proteins (EpCAM'“/HLA-ABC/CD49¢~ or HLA-ABC/
CD9™") have 3- to 12-fold more spermatogenic colonies (indic-
ative of 3- to 12-fold higher SSC activity) relative to nonenriched
cells (6, 8, 9). Using cell number (not colony number) as a
readout, other studies have shown that the cell-surface protein
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SSEA4 enriches rhesus monkey and human testicular cells for
SSC activity by ~5- and ~40-fold, respectively (10, 11).

A powerful approach to define cell types and cell type-specific
gene markers is single-cell RNA-sequencing (scRNA-seq) anal-
ysis. Thus, several groups, including ours, have recently used
scRNA-seq analysis to investigate human spermatogenesis
(12-15), as reviewed in refs. 16 and 17. A key outcome of the
scRNA-seq studies on adult human testes was the discovery of a
cell cluster composed of highly undifferentiated (u) SPG (12,
14). This cell cluster—referred to as “state 0” or “SSC-1B” (12,
14)—was defined as the most uSPG subset, based on a plethora
of gene markers and pseudotime trajectory analysis. We will
refer to these highly undifferentiated cells as “primitive uSPG.”
Whether there are SSCs in this primitive uSPG subset has not yet
been functionally determined.

One of the genes shown—through scRNA-seq analysis—to be
preferentially expressed in primitive human uSPG is PLPPR3
(14), a member of lipid phosphate phosphatase-related protein
(LPPR) gene family. All five LPPR family members encode six-
transmebrane proteins that are expressed in neurons and have
neural functions, including neuronal plasticity and excitatory
efficacy (18-20). Less is known about PLPPR3 than most other
family members. PLPPR3 has been shown to be both necessary
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and sufficient for neurons to generate axon filopodia and
branches (21); it has also been found to interact with PLPPR1 in
a neural cell line to promote S6 ribosomal protein phosphory-
lation, an event known to elevate protein synthesis (22). We
found that PLPPR3 is not only expressed in the nervous system,
but also the testis (14). Immunofluorescence (IF) analysis
showed that PLPPR3 is expressed in germ cells in the periphery
of human seminiferous tubules where it labels a subset of SPG
positive for the broad uSPG marker proteins, UTF]1, raising the
possibility that PLPPR3 is a human SSC marker (14). In this
communication, we demonstrate that PLPPR3 is selectively
expressed in primitive uSPG and that its expression on the sur-
face allows for purification of highly enriched human SSCs.
Comparative transcriptome analysis of PLPPR3™ cells with
KIT™* cells (enriched for dSPG) identified thousands of signifi-
cantly differentially expressed genes (DEGs), including genes
critical for several signaling pathways. Using this information, we
tested agents known to impact several of these signaling path-
ways, allowing us to identify conditions favorable for culture of
human primitive uSPG. These findings have important potential
implication for future studies on human SSCs, including their
characterization, culture, and expansion for clinical application.

Results and Discussion

PLPPR3 Labels Human SSCs. As described in the introductory par-
agraphs, we previously showed that the PLPPR3 gene is pri-
marily expressed in the most primitive uSPG subset, as
determined by scRNA-seq analysis (14). This raised the possi-
bility that its encoded protein also displays this specificity.
PLPPR3 is a transmembrane protein expressed on the cell sur-
face (14, 22), allowing us to test its specificity by FACS analysis.
We compared PLPPR3™" cells with KIT* cells, as KIT is a well-
established dSPG cell-surface marker (5). FACS analysis showed
that PLPPR3" cells and KIT™ cells are distinct cell populations,
with very few double-positive cells (Fig. 14). This was confirmed
by IF analysis of adult human testicular cross-sections (Fig. 1B).

PLPPR3 protein is known to not only be expressed on the cell
surface, but intracellularly (14, 22), raising the possibility that its
expression, as detected by IF analysis of fixed cells, differs from
its surface expression. To test this, we permeabilized testicular
cells prior to FACS analysis in order to detect both intracellular
and cell-surface PLPPR3. This revealed that twice as many
permeabilized testicular cells are PLPPR3" (SI Appendix, Fig.
S1A) than are viable testicular cells (Fig. 14) (6% vs. 3%, re-
spectively). This indicated that only one-half of PLPPR3™* cells
express PLPPR3 on the cell surface. Coupled with our finding
that the PLPPR3 gene is primarily expressed in primitive uSPG
(14), this raised the possibility that cell-surface PLPPR3 is a
highly selective primitive uSPG marker that could be used to
purify human SSCs. To test this, we performed germ-cell xeno-
graft germ-cell transplantation analysis (23). While human SPG
transplanted into mice testes are unable to fully progress through
spermatogenesis, the colonies that form must migrate to the SSC
niche in seminiferous tubules and are long-term, suggesting that
xenograft germ-cell transplantation analysis is a reasonable assay
for measuring human SSC activity (2). Using this assay, we found
that PLPPR3" SPG were ~38-fold enriched for SSC activity (as
assayed by the number of colonies that formed) compared with
unfractionated cells (Fig. 1C). PLPPR3™ cells did not display
elevated colony formation relative to unfractionated cells, but
did generate some colonies, suggesting that a low frequency of
PLPPR3™ cells are SSCs. Together, these results demonstrate
that cell-surface PLPPR3 is a marker of primitive human uSPG
that greatly enriches for SSCs, and thus this marker is a poten-
tially powerful tool for understanding the molecular events in-
volved in human SPG development.
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Purification and Transcriptome Analysis of Human uSPG and dSPG.
Given the specificity of PLPPR3 for primitive human uSPG,
coupled with its ability to enrich for human SSCs, we elected to
use PLPPR3 as a vehicle to purify primitive human uSPG by
FACS for bulk RNA-seq analysis. For comparison, we per-
formed RNA-seq analysis on FACS-purified KIT* cells
in parallel.

Principal component analysis (PCA) showed that the
PLPPR3™ cells purified from four independent donors clustered
together, indicative of a highly correlated pattern of gene ex-
pression (Fig. 1D). The same was observed for KIT* cells pu-
rified from these four donors (Fig. 1D). In contrast, the
PLPPR3* and KIT" cells plotted distant from each other
(Fig. 1D), indicating these two cell populations have dramatically
different patterns of gene expression. Indeed, we found that
14,128 genes were differentially expressed between PLPPR3™*
and KIT™ cells (when using a stringent statistical cutoff: g < 0.01,
fold-change > 2) (Fig. 1E). The genes significantly more highly
expressed in PLPPR3™ cells included many known uSPG marker
genes, such as TSPAN33, ETVS5, EGR4, POU2F2, CXCL12, and
DUSP5 (Dataset S1). In contrast, the genes significantly more
highly expressed in KIT* cells included many known dSPG
marker genes, such as DMRTI, DMRTB1, SOHLHI, SOHLH?2,
RHOXFI, and RHOXF2 (Dataset S1). This verified that
PLPPR3* and KIT* cells are enriched in uSPG and dSPG,
respectively.

As a further validation, we compared the DEGs from
PLPPR3* and KIT™ cells with genes exhibiting developmentally
regulated expression in SPG subsets defined by scRNA-seq
analysis (SI Appendix, Fig. S1B). In this scRNA-seq study, we
performed Monocle pseudotime analysis to align the develop-
mental progression of human SPG from the primitive uSPG
stage to the dSPG stage (14). Here, we used this dataset to
identify genes that significantly change their expression along
this trajectory (SI Appendix, Fig. S1C). These genes fell into
three groups that had peak expression in immature, intermediate
maturity, and the most advanced SPG, respectively, confirmed by
known marker genes (SI Appendix, Fig. S1C). We then compared
the genes in these three groups with the genes exhibiting
enriched expression in PLPPR3* and KIT* cells. The
PLPPR3*-enriched genes overlapped the most with group-1
genes, consistent with the PLPPR3™ population being enriched
in primitive uSPG (SI Appendix, Fig. S1D). The KIT -enriched
genes overlapped most with group-3 genes, consistent with the
KIT* population being enriched in dSPG (SI Appendix, Fig.
S1D). These PLPPR3"- and KIT"-enriched genes exhibiting
stage-specific expression during SPG development are candi-
dates to mediate stage-specific functions during human SPG
development.

The Human uSPG Transcriptome. The genes displaying enriched
expression in PLPPR3™ cells (relative to KIT™ cells) are candi-
dates to have roles in human SSCs. Consistent with this, some of
the PLPPR3*-enriched genes—including LMO2, FLI1, ETV6,
ASCL2, FOX03, and KLF4 (Fig. 1F and Dataset S1)—have
known roles in other adult stem cell systems, including hema-
topoietic stem cells, intestinal epithelial stem cells, and neural
stem cells (24-29). It will be interesting to determine whether
these factors have similar roles in human SSCs. Gene ontology
(GO) analysis revealed that PLPPR3" cells preferentially ex-
press genes involved in “cell-surface receptor signaling,” “intra-
cellular signal transduction,” and “cytokine-mediated signaling
pathway” (Fig. 1F). GO analysis showed that other genes
enriched in PLPPR3* cells—including ATM, BCL6, CCR2,
PRDM1, CSF1, IGF1, IRFI, and CDKNIA (Dataset S1)—are
involved in cell proliferation, and thus may mediate the prolif-
erative expansion of human SPG progenitors. Also enriched in
PLPPR3* cells are genes involved in cell migration (e.g.,
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Fig. 1. Transcriptome profiling of human primitive uSPG and dSPG. (A) FACS plot of human adult testicular cells stained with antisera against PLPPR3 and
KIT, followed by labeled secondary antisera (Lower) or secondary antisera alone (Upper). (B, Left) IF analysis of a human adult testis section costained with
antisera against PLPPR3 and KIT. Cell nuclei were stained with DAPI (blue). (Scale bar, 20 pm.) (Right) Quantification of the positive cells that costain or not as
indicated. n, number of cells counted. (C) Germ-cell xenograft-transplantation analysis. (Left) Representative image of human germ cell colonies after xe-
nograft transplantation. Cells are stained against primate testis cell-specific antisera. (Right) Quantification of colonies in each group (colonies contain greater
than four cells). The number of recipient mice tested are shown below. Unfractionated cells and PLPPR3™ cells were used as control conditions. (D) PCA of
RNA-seq datasets from PLPPR3* and KIT* cells. (E) MA plot of DEGs in PLPPR3* vs. KIT* cells. Red points indicate genes with g < 0.01 and log, fold-change >1
or <1. The number genes significantly enriched in PLPPR3* and KIT* cells are shown on the top and bottom, respectively. (F) Heatmap of DEGs from PLPPR3*
vs. KIT* cells (the four biological replicates from each are shown). (Right) Representative genes and biological processes in PLPPR3* and KIT* cells, are shown

(Upper and Lower, respectively).
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CXCL12, MMP9, MYOIC, NOTCH]I, and VIL1), differentiation
(e.g., WNT4, XBP1, CHD7, CDK6, EGRI, and FOXPI), me-
tabolism (e.g., ADAMS, ASTL, CAMK2D, CCNDI1, DUSPS5, and
PDGFB), and apoptotic processes (e.g., BAX, BCL2, ADAR,
AGO4, CFLAR, and MCLI) (Dataset S1).

As a complementary approach to address enrichment for
signaling pathways, we used Ingenuity pathway analysis, which
showed that PLPPR3™ cells selectively express genes in the
EIF2, integrin, JAK/STAT, germ-Sertoli cell junction, and
CXCR4 signaling pathways (SI Appendix, Fig. SIE). Consistent
with this, several of these signaling pathways—including the
integrin, JAK/STAT, and germ-Sertoli cell junction signaling
pathways—have been previously shown to be important for SSCs
(30-32).

SPG are known to express cell-surface receptors that bind to
many factors made by testicular somatic cells (33, 34). Thus, we
examined whether PLPPR3* cells express genes encoding
components of cell-surface signaling pathways. GO analysis
revealed that PLPPR3" cells preferentially express a remarkably
large number of genes (844) associated with cell-surface receptor
signaling (Fig. 24 and Dataset S1). Ingenuity pathway analysis
revealed that many of these genes encode receptors regulated by
the TGF-p and JAK-STAT signaling pathways, as well as hor-
mones such as FSH and LH (Fig. 2 B-D). The finding that many
signaling pathways are enriched in the PLPPR3™ subset raised
the possibility that one or more of these signaling pathways could
be leveraged as a means to propagate human uSPG in vitro,
which we tested, as described below.

The Human dSPG Transcriptome. The genes that display enriched
expression in KIT™ cells (relative to PLPPR3™ cells) are candi-
dates to have roles in dSPG, including their differentiation. In
agreement with this, we identified many KIT" cell-enriched
genes involved in cell differentiation, including DMRTC2,
DMC1,SPO11, TBPLI1, CHDS, and MAST2 (Fig. 1F and Dataset
S1). GO analysis revealed that KIT" cells exhibit enriched ex-
pression of genes involved in “cell-cycle phase transition”
(Fig. 1F), consistent with the fact that dSPG tend to be prolif-
erating (35). Another enriched category is “spermatogenesis”
(Fig. 1F), consistent with the fact that dSPG are responsible for
undergoing the initial steps of spermatogenesis (35). Interest-
ingly, KIT* cells also up-regulate the expression (relative to
PLPPR3" cells) of many genes important for later stages of
spermatogenesis, suggesting that germ cells prepare for later
events at the dSPG stage (Dataset S1). These up-regulated genes
include SYCP3, which is involved in meiosis in spermatocytes;
DOTIL, SMYD2, SETD3, SUZ12, KDMIA, KMT5B, PRMT]I,
and PRMTY5, all of which catalyze the addition of specific histone
methylation marks that are known to shift during spermatocyte
development (36); and PRM1, PRM2, and TNPI, which encode
proteins that replace histones when spermatids elongate (37).

Ingenuity pathway analysis of the genes selectively expressed
in KIT™ cells revealed a striking enrichment for genes involved
in AKT signaling (Fig. 2E). The protein products of these
enriched genes can be aligned in a complex gene network with
AKT as its central node (Fig. 2F). This finding led us to test
whether human SPG have active AKT signaling. Using an anti-
sera against phospho (p)-AKT, the active form of this kinase
(38), we observed that SPG do indeed exhibit staining with this
antisera (Fig. 2G). An even stronger signal was observed in
spermatocytes and spermatids (Fig. 2G), indicating that AKT
signaling occurs not only in SPG, but throughout human
spermatogenesis.

Another signaling pathway whose components are enriched in
dSPG is the glial cell line-derived neurotrophic factor (GDNF)
pathway (Fig. 2H). This was surprising, as GDNF is known to
instead act in uSPG in mice, where it promotes SSC self-renewal
over differentiation (39), and is widely used to expand mouse
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germline stem cells in vitro (40). Among the GDNF pathway
genes more highly expressed in KIT™ cells than PLPPR3" cells
are the GDNF receptor genes—GFRAI and RET—as shown by
RNA-seq analysis of all four biological replicates (Fig. 2H) and
verified by qPCR analysis (S Appendix, Fig. S24). This is con-
sistent with recent scRNA-seq studies showing that GFRAI is
infrequently expressed in cells with characteristics of SSCs, and
instead is mainly expressed in later-stage SPG, including pro-
genitors (12, 14, 15). To determine whether this is also the case
for the GFRAL1 protein, we performed IF analysis on adult hu-
man testes. This showed that ~77% of GFRA1™" cells also ex-
press NANOS3 protein (SI Appendix, Fig. S2B), a well-
established progenitor marker (14, 41). In addition, ~38% of
KIT" cells and ~46% of PRPPL3™ cells coexpress GFRA1
protein (SI Appendix, Fig. S2B), demonstrating that GFRA1
marks some dSPG and primitive uSPG as well. This expression
pattern suggests that GDNF may act broadly in human SPG,
driving not only the proliferation of a subset of SSCs, but most
progenitors as well as many dSPG.

Identification of Signaling Pathways That Alter SPG Fate In Vitro.
Having identified signaling pathway components that are dif-
ferentially expressed in uSPG vs. dSPG, we next tested whether
manipulating the corresponding signaling pathways modified the
properties of human SPG in vitro cultures. Our primary goal was
to identify signaling conditions that favor primitive uSPG, as
such cultures would likely be enriched in human SSCs. We used
the workflow depicted in Fig. 34, in which dissociated cells de-
rived from human testicular biopsies were enriched for SPG
using the cell-surface protein, integrin-a6 (ITGA6) and then
cultured for 2 wk. We chose ITGA6 because it is a conserved
SPG marker that enriches for SSCs in rodents, monkeys, and
human (10, 42, 43), allowing us to test the properties of human
SPG in vitro cultures. The cells were cultured in a previously
described SSC culture feeder-free basal media—IMDM/SFM
(44)—in combination with signaling pathway factors described
below. We first tested the role of FGF2, as 1) it is widely used for
mouse SSC culture (40), 2) it promotes self-renewal of cultured
mouse SSCs/uSPG through activation of the transcription factors
ETV5 and BCL6B (45) by a GDNF-independent mechanism
(46), and 3) the gene encoding its receptor, FGFR3, is broadly
expressed in human uSPG (12, 14). In support of its critical role,
we found that FGF2 supplementation to the basal media dra-
matically improved cell survival (SI Appendix, Fig. S2C).
Therefore, FGF2 was included as a standard component of our
culture media.

We then compared cells incubated with FGF2 alone vs. cells
incubated with FGF2 in combination with the following signaling
factors that our studies indicated were candidates to favor cul-
ture of human uSPG: Activin A, GDNF, M-CSF, BMP8B, and
the AKT pathway inhibitor MK-2206 2HCI. We chose to test the
TGF-p-signaling ligand, activin A, because: 1) The activin A
receptor gene, ACVR, exhibits enriched expression in PLPPR3*
cells (Fig. 24 and Dataset S1); 2) activin A is necessary for the
maintenance of pluripotency in human embryonic stem cells
(47); and 3) many TGF-p-signaling genes are enriched in
PLPPR3" cells (Fig. 2B and Dataset S1). We chose BMPSB
because: 1) Many BMP signaling component genes—including
JUN, KRAS, NFKBI, MRAS, SMAD6, BMP2, SMAD7, and
GRB2—exhibit enriched expression in PLPPR3™ cells (Dataset
S1); 2) BMP4, BMP7, and BMP8B has been shown to induce the
generation of germ cells from human embryonic stem cells (48);
and 3) BMP8B is required for the resumption of mouse germ-
cell proliferation in early puberty in mice (49). M-CSF (also
called CSF1) was chosen because: 1) The gene encoding its re-
ceptor, CSFIR, is enriched in PLPPR3* uSPG (Fig. 24 and
Dataset S1); 2) CSF acts through the JAK-STAT pathway (50),
which we found is likely to be up-regulated in uSPG (Fig. 2C);
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Signaling pathways enriched in human primitive uSPG and dSPG. (A) Heatmap of genes encoding cell-surface proteins enriched in PLPPR3* cells.

(Right) Representative examples. (B-D) Regulatory networks composed of cell-surface receptor-associated factors encoded by genes exhibiting enriched
expression in PLPPR3* cells (from A). The intensity of the red color represents the degree of increased expression in PLPPR3* vs. KIT* cells. (E) Heatmap of
genes encoding AKT signaling pathway components. KIT* cells more highly express these genes than PLPPR3™ cells (all four biological replicates from each are
shown). (F) Regulatory networks composed of AKT signaling pathway-associated factors encoded by genes exhibiting enriched expression in KIT* cells (from
E). The intensity of the green color represents the degree of increased expression in KIT* vs. PLPPR3* cells. (G) IF analysis of human adult testis section
costained with antisera against p-AKT and KIT. (Scale bars, 20 pm.) (Right) Quantification of average pAKT fluorescence intensity per unit area within the
region of interest, as assessed using ImageJ software (NIH), as described previously (66); 67 cells were quantified. The periphery of the seminiferous tubule
contains SPG, while the center contains later-stage germ cells. (H) Heatmap of genes encoding GDNF signaling pathway components. KIT* cells more highly
express these genes than PLPPR3™ cells (all four biological replicates from each are shown).

Dataset S1) and 2) we obtained evidence that AKT signaling
increases during SPG differentiation (Fig. 2G).

The effect of these signaling factors on SPG cultures was de-
termined by quantifying the expression of the well-established
uSPG and dSPG markers, UTFI and KIT, respectively (12, 14,
52). We also quantified the expression of the scRNA-
seq—defined primitive uSPG markers, PLPPR3 and PIWILA4,
both of which were validated by follow-up studies (12, 14). gPCR
analysis of these four marker genes indicated that the signaling
pathway factors we tested fell into four categories: Category 1,

and 3) addition of CSF1 significantly enhances SSC self-renewal
in heterogeneous Thyl* mouse spermatogonial cultures (51).
We chose to test GDNF because: 1) It regulates the self-renewal
and differentiation of mouse uSPG in a dosage-dependent
manner (39) and 2) it is widely used for mouse SSCs culture
(40). Finally, we examined the effect of the AKT pathway in-
hibitor MK-2206 2HCI (which we will refer to as “AKT-I") be-
cause: 1) AKT signaling component genes are highly enriched in
dSPG where they form an elaborate network (Fig. 2 E and F and
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minimal effect on either uSPG and dSPG; category 2, broadly
supportive of SPG; category 3, preferentially supportive of
dSPG; and category 4, preferentially supportive of uSPG

(Fig. 3B).

M-CSF had only a modest effect on UTFI and KIT expression
and had no significant effect on PIWIL4 and PLPPR3 expression,
and thus we placed M-CSF in category 1. In contrast, GDNF and
BMPS8B significantly increased expression of all four SPG
marker genes we tested, indicative of these factors belonging to
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category 2. Consistent with GDNF being assigned in category 2,
its receptor, GFRA1, is broadly expressed in human SPG, in-
cluding progenitors (SI Appendix, Fig. S2B). To directly test
whether GDNF supports progenitors in our culture system, we
examined the progenitor markers, NANOS3 and NEUROG3,
and found that both were greatly elevated in response to GDNF
supplementation (SI Appendix, Fig. S2D). We placed activin A in
category 3, as it increased the expression of the dSPG marker
KIT, but significantly decreased expression of all three uSPG
markers, suggesting that activin A drives dSPG differentiation.
Finally, the the AKT-I strongly increased the expression of all
three uSPG markers and decreased KIT expression, indicative of
the AKT-I being in category 4. Because it decreased KIT ex-
pression, this raised the possibility that the AKT-I acts by
inhibiting the differentiation of cultured human uSPG, thereby
enriching for uSPG, a possibility verified by scRNA-seq analysis,
as described below.

While the primary goal of our study was to identify signaling
factors that favor culture of uSPG, not their long-term prolifer-
ative expansion, nonetheless, we also measured the effect of the
different signaling pathway conditions on cell number. As shown
in Fig. 3C, the two factors that supported the culture of both
uSPG and dSPG—GDNF and BMP8B—also significantly in-
creased the number of cells in culture, relative to FGF2 alone,
over the 2-wk culture period. This is consistent with the known
growth-promoting effects of GDNF on mouse uSPG (39). In
contrast, the other factors did not significantly increase cell
number relative to FGF2 alone. Indeed, activin A modestly de-
creased cell number (Fig. 3C), consistent with our finding that
activin A favored dSPG over uSPG markers (Fig. 3B) and thus
might promote SPG differentiation. We considered the possi-
bility that the AKT-I did not further increase cell number rela-
tive to FGF2 alone because it reduced cell viability, based on the
previous finding that high concentrations (>3 pM) of the AKT
inhibitor we used induces cell apoptosis in many human carci-
noma cell lines (53, 54). However, we found that the mild dose
we used (100 nM) did not significantly increase either apoptosis
or necrosis, when compared with FGF2 treatment alone
(Fig. 3D).

The finding that AKT-I supplementation strongly up-
regulated three of three uSPG markers and down-regulated
the dSPG marker, KIT, suggested that this agent could prove
useful for culturing highly enriched human uSPG. Thus, we next
tested the effect of the AKT-I in combination with other sig-
naling factors. This analysis showed that while most factor
combinations increased uSPG marker expression relative to
FGF2 alone, it was not higher than in response to AKT-I +
FGF?2 (Fig. 3E). Furthermore, only AKT-I + FGF?2 significantly
decreased KIT expression relative to FGF2 alone (Fig. 3E).
Thus, from this perspective, AKT-I + FGF2 was the most ef-
fective combination favoring uSPG over dSPG. However, cell-
count analysis revealed that triple-combination treatment (with
either GNDF + AKT-I + FGF2 or BMP8 + AKT inhibitor +
FGF?2) significantly increased cell counts relative to FGF2 alone,
whereas AKT-I + FGF2 did not (Fig. 3F). Quadruple-
combination treatment (BMP8 + GNDF + AKT-I1 + FGF2)
also significantly increased cell number compared to FGF2 alone
(Fig. 3F). None of the combinations we tested had a significant
effect on either apoptosis or necrosis (Fig. 3F). We conclude that
the AKT-I selectively favors the culture of uSPG, and when it is
used in combination with other factors, it is able to support
proliferative expansion of uSPG, even during short-term culture.

To further test the efficacy of the AKT-I in promoting the
culture of primitive uSPG, we extended the culture period to 1
mo. This revealed that AKT-I supplementation increased the
expression of primitive uSPG markers (by approximately four-
fold, when compared with FGF2 alone) (Fig. 3G), indicative of
expansion of primitive uSPG over the 1-mo culture period. The

Tan et al.

increase in primitive uSPG markers was more modest when the
cultures were also supplemented with GDNF or supplemented
with GDNF alone (Fig. 3G). AKT-I supplementation also per-
mitted cell expansion over a 1-mo period (SI Appendix, Fig.
S2E). While cell expansion was no better in response to the
AKT-I than in response to FGF2 alone (SI Appendix, Fig. S2E),
this is not surprising for two reasons. First, given that our evi-
dence suggests that the AKT-I acts by suppressing SSC differ-
entiation, one would not expect this inhibitor to necessarily also
promote growth. Second, SSCs normally divide slowly (presum-
ably to reduce the mutational load to the male germline), and
thus if the AKT inhibitor acts to prevent conversion of SSCs to
form more rapidly dividing progenitors, this predicts that cul-
tures supplemented with the AKT-I would proliferate slowly.
Indeed, when we instead supplemented the cultures with GDNF,
there was a greater increase in cell number than in response to
the AKT-I (SI Appendix, Fig. S2E). This is consistent with our
finding that GDNF favors progenitors over SSCs.

scRNA-Seq Analysis Reveals That the AKT-l Elicits a SPG Subset
Switch. To scrutinize—in detail—the effects of the AKT-I on
human SPG subsets, we turned to scRNA-seq analysis. We
compared human SPG cultured with FGF2 alone vs. AKT-I +
FGF2, as we found the former is essential for cell survival (S
Appendix, Fig. S2C), and the latter is the only condition that
preferentially favors primitive uSPG over dSPG (Fig. 3 B-E). We
purified ITGA6™ testicular cells from two fertile adults (aged 32
and 37y) and cultured them under these two conditions for 2 wk,
followed by scRNA-seq analysis. After filtering out poor-quality
cells, 8,916 cells remained for downstream analysis. Quality pa-
rameters are summarized in SI Appendix, Fig. S34 and Table S1.
The two replicates had highly correlated expression patterns (S/
Appendix, Fig. S3B).

We identified cell clusters corresponding to the major cell
types in the cultures using well-established cell type-specific gene
markers (Fig. 44 and SI Appendix, Fig. S3C and Table S2). As
expected, the major cell population was SPG: 51% and 60% of
all cells in the FGF2 group and AKT-I + FGF2 group, respec-
tively. There were also small numbers of later-stage germ cells
(spermatocytes and spermatids), as well as stromal cells and
blood cells. No cell clusters corresponding to Sertoli cells, Leydig
cells, or peritubular myoid cells were observed.

To determine the impact of these two culture conditions on
SPG subsets, we reclustered only the SPG. This revealed the
existence of five distinct SPG subclusters: C1 to C5 (Fig. 4B). All
five subclusters expressed uSPG marker genes, albeit at varying
levels (SI Appendix, Fig. S3D and Dataset S1), suggesting they
represent distinct uSPG states, as described below. Consistent
with this, none of the subclusters were enriched for the dSPG
marker KIT (SI Appendix, Fig. S3D). Indeed, scRNA-seq analysis
only detected 198 KIT™ cells of a total of 5,001 SPG (4.0%). The
notion that these in vitro cultures had few dSPG was further
substantiated by the finding that another well-established dSPG
marker, STRAS (55), was detectably expressed in <1% of the
cultured SPG cells (SI Appendix, Fig. S3D). There were modestly
fewer KIT" cells in the AKT-I + FGF2 cultures than FGF2
cultures (3.8% vs. 4.3%, respectively), which is consistent with
the reduction in KIT mRNA expression measured by qPCR
analysis of the bulk cultures (Fig. 3B). The KIT mRNA Ct values
in these bulk cultures were high (~30 to 33 in FGF2 alone and
AKT-I + FGF2 cultures, respectively), consistent with few KIT™*
cells, as detected by our scRNA-seq analysis. One explanation
for why there are few dSPG in these cultures is that they tend to
die in culture; dead dSPG would not have been detected as we
removed dead cells prior to scRNA-seq analysis.

Interestingly, we observed that the two conditions we tested
dramatically altered the proportion of cells in the C1 and C2
subclusters. The AKT-I + FGF2 condition yielded a much
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greater proportion of C1 cells than did FGF2 alone (36.6% vs.
20.8%, respectively) (Fig. 4B). Conversely, FGF2 alone yielded a
much greater proportion of C2 cells than did AKT-I + FGF2
(20.9% vs. 6.9%, respectively) (Fig. 4B). To understand the
significance of this C1/C2 shift, we investigated the nature of the
C1 and C2 subclusters.

Cl1 is primarily composed of primitive uSPG, based on several
lines of evidence. First, several human primitive uSPG markers
recently defined by scRNA-seq analysis—PIWIL4, TSPAN33,
PLPPR3, UTF1, EGR4, FSD1, CELF4, and CIl9orf84 (12,
14)—were preferentially expressed in Cl as compared to the
other subsets (Fig. 4D and Dataset S1). Second, GO analysis
revealed that genes preferentially expressed in the C1 subcluster
overlapped with those enriched in primitive uSPG obtained di-
rectly from human testes (14). Overlapping biological functions
include “establishment of protein localization to endoplasmic
reticulum,” “protein targeting to membrane,” “transcription,”
“RNA catabolic process,” and “peptide biosynthetic process”
(Dataset S1). A third line of evidence came from Monocle tra-
jectory analysis, which showed that C1 is at one end of the tra-
jectory, while the other end is primary composed of cells from
the more differentiated C3 and C4 subclusters (Fig. 4C). C1
preferentially expresses primitive uSPG markers (Fig. 4D), while
C3 and C4 preferentially expresses genes associated with dif-
ferentiation, including CCND2, GADD45B, HIST1HIA, IFRDI,
PUM1I, and SOX4 (Fig. 4E).

The C2 subcluster has a differentiation status intermediate
between C1 and C3/C4/CS, based on the following lines of evi-
dence: 1) Several stem cell self-renewal and maintenance genes
preferentially expressed in Cl are down-regulated in C2 (S
Appendix, Fig. S3E); 2) several genes preferentially expressed in
C2 are associated with cell differentiation (SI Appendix, Fig.
S3F); and 3) C3, C4, and C5 are primarily composed of more
differentiated cells than C1 and C2, based on their preferential
expression of SOHLHI, SMCIA, SMC3, H3F3B, and SOX4
(Dataset S1), which encode proteins involved in SPG differen-
tiation, mitosis, meiosis, and spermatocyte development (56-58).
Fig. 4G provides a list of enriched functions in each of the
subclusters, as defined by Ingenuity pathway analysis.

That the addition of the AKT-I to the SPG cultures increased
the proportion of C1 cells and decreased the proportion of C2
cells (Fig. 4B) is consistent with the finding that the AKT-I in-
creases the expression of uSPG markers (Fig. 3B) and it provides
a mechanism by which primitive uSPG are favored in response to
AKT signaling inhibition. In particular, our scRNA-seq results
suggest that AKT pathway inhibition reduces the ability of C1 to
differentiate into C2, resulting in an accumulation of C1 sub-
cluster cells. While it is also possible that the AKT-I acts by
promoting the proliferation of C1 cells, we regard this as un-
likely, as the AKT-I did not increase the expression of cell-cycle
genes (Fig. 4F), a reliable means to infer cell cycle status (14, 59,
60). Coupled with our evidence that the AKT-I also does not act
by promoting SPG survival (Fig. 3D), our data instead favor that
the AKT-I increases the proportion of primitive uSPG by
inhibiting their differentiation. This is interesting in light of the
many studies suggesting that AKT inhibition has the opposite
role in mice, where it prevents SSC self-renewal and thus drives
SPG differentiation (61, 62). This raises the possibility that
mouse and human SPG fundamentally differ in their response to
AKT signaling.

Our scRNA-seq analysis also allowed us to compare the cell-
cycle frequency of our in vitro SPG cultures vs. SPG in vivo. To
achieve this, we compared our in vitro and in vivo scRNA-seq
datasets described herein and in Sohni et al. (14), respectively,
for the expression of a large array of cell-cycle genes. This
analysis indicated that the cells in our in vitro cultures supple-
mented with AKT-I + FGF?2 are actively cycling more often than
uSPG in vivo (SI Appendix, Table S3). Thus, while the growth
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rate of our cultures supplemented with the AKT-I is relatively
slow relative to immortalized cell lines (ST Appendix, Fig. S2E),
the cells are proliferating as rapidly as can be expected for cul-
tures enriched for primitive uSPG.

Conclusions

Previous studies have reported conditions for culturing human
SSCs from either dissociated cells obtained from whole testes or
from purified testicular cell populations (63-65). While these
studies were promising, they defined SSCs based on morphology
and a limited number of broadly expressed SPG markers. Fur-
thermore, the culture conditions necessary to favor different
SPG stages, including SSCs, progenitors, and dSPG was not ex-
plored in these past studies.

In our study, we identified the cell-surface protein PLPPR3 as
a tool to purify primitive human uSPG highly enriched for SSC
activity. Using RNA-seq, which has far greater read depth than
scRNA-seq, we identified the full complement of genes
expressed in these enriched human SSCs, as well as thousands of
genes up- and down-regulated as these cells progress to form
dSPG. The datasets we generated will be valuable for the field to
define the molecular mechanisms underlying SSC self-renewal
and differentiation.

Among the statistically enriched categories of genes differen-
tially expressed in primitive uSPG vs. dSPG were several sig-
naling pathways. This prompted us to test the functional role of
these signaling pathways, which led to the identification of sig-
naling pathway manipulations that alter the fate of SPG in vitro.
Most significantly, we found that the AKT-inhibitor MK-2206
2HC significantly increases the proportion of primitive uSPG in
culture, as defined by both conventional approaches and scRNA-
seq analysis. To our knowledge, this defining of conditions that
favor the culture of human primitive uSPG has the potential to
be used to culture human SSCs for clinical applications.

Materials and Methods

Human Testis Samples Preparation. The experiments with human material
were approved by the University of California, San Diego Human Research
Protections Program council. Informed consent was obtained from all of the
human subjects. Testicular biopsies were obtained from 29 fertile men aged
between 30 and 50 y, undergoing vasectomy reversal at the University of
California, San Diego Medical Center, following Institutional Review Board-
approved protocol #120471.

The biopsies were transported to the research laboratory on ice in Mini-
mum Essential Medium Alpha Medium (¢dMEM) + 10% FBS. The samples were
then immediately cut into smaller portions and cryopreserved using freezing
media composed of 10% DMSO + 40% «MEM + 50% FBS under controlled
cooling conditions in a freezing container (Thermo Fisher Scientific)
at —80 °C. The samples were subsequently transferred to liquid nitrogen
storage until use.

Single testicular cells were isolated using a two-step enzymatic digestion
protocol described previously (14, 42). In brief, testicular tissue was
mechanically disrupted and enzymatically digested with 1 mg mL™" colla-
genase type IV (Worthington Biochemical) in HBSS (Gibco) at 37 °C. The
tubules were sedimented and washed with HBSS and digested in 0.25%
Trypsin-EDTA (ThermoFisher) and DNase | (Worthington Biochemical). The
suspension was triturated vigorously 10 times, incubated at 37 °C for 5 min,
followed by repeat trituration and incubation. The digestion was stopped by
adding the same volume of aMEM + 10% FBS medium and the cells were
size-filtered through 70-um and 40-pm strainers (ThermoFisher) and pelleted
by centrifugation at 300 x g for 5 min.

Additional Experimental Procedures. The procedures for xenograft germ-cell
transplantation analysis, immunofluorescence analysis, bulk RNA-seq, hu-
man SPG culture, Annexin V/PI staining and flow cytometry, gRT-PCR, and
10x Genomics scRNA-seq and analysis are presented in S/ Appendix.

Data Availability. The RNA-seq and scRNA-seq data generated in this study

has been deposited in the National Center for Biotechnology Information’s
Gene Expression Omnibus database under the accession no. GSE144085.
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