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Abstract

Niche-derived growth factors support self-renewal of mouse spermatogonial stem and progenitor cells through ERK MAPK signaling and other
pathways. At the same time, dysregulated growth factor-dependent signaling has been associated with loss of stem cell activity and aberrant
differentiation. We hypothesized that growth factor signaling through the ERK MAPK pathway in spermatogonial stem cells is tightly regulated
within a narrow range through distinct intracellular negative feedback regulators. Evaluation of candidate extracellular signal-regulated kinase
(ERK) mitogen-activated protein kinase (MAPK)-responsive genes known to dampen downstream signaling revealed robust induction of specific
negative feedback regulators, including Spry4, in cultured mouse spermatogonial stem cells in response to glial cell line-derived neurotrophic
factor or fibroblast growth factor 2. Undifferentiated spermatogonia in vivo exhibited high levels of Spry4 mRNA. Quantitative single-cell analysis
of ERK MAPK signaling in spermatogonial stem cell cultures revealed both dynamic signaling patterns in response to growth factors and
disruption of such effects when Spry4 was ablated, due to dysregulation of ERK MAPK downstream of RAS. Whereas negative feedback
regulator expression decreased during differentiation, loss of Spry4 shifted cell fate toward early differentiation with concomitant loss of stem
cell activity. Finally, a mouse Spry4 reporter line revealed that the adult spermatogonial stem cell population in vivo is demarcated by strong
Spry4 promoter activity. Collectively, our data suggest that negative feedback-dependent regulation of ERK MAPK is critical for preservation of
spermatogonial stem cell fate within the mammalian testis.

Summary sentence
The Spry4 is a novel ERK-dependent negative feedback regulator of FGF and GDNF signaling that is critical for preservation of stem cell activity
in cultured adult mouse spermatogonia and serves as a marker for adult SSCs in vivo.
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Introduction

Stem cells in adult tissues are essential for maintaining
homeostasis. In contrast to classical hierarchical models,
accumulating data suggest phenotypic plasticity within
undifferentiated cell populations, depending upon the
condition of the tissue and whether it is subject to stress
[1–5]. Environmental stress together with cell-autonomous
deregulation of signaling during aging also alters stem cell and
tissue function [6–8]. Yet, the dynamics of signaling pathways
that control stem cell fate are opaque.

Spermatogonial stem and progenitor cells (SSCs) of the
mammalian testis, which are responsible for perpetuating
male gamete production even into advanced paternal age,
represent an attractive model to study the mechanisms that
regulate stem cell behavior in an adult solid organ with
robust cellular turnover. Glial cell line-derived neurotrophic
factor (GDNF) and fibroblast growth factors (FGFs) are
critical for homeostasis of adult SSCs, a subpopulation of the
GFRA1+ undifferentiated spermatogonia (Spgundiff) in vivo
[9–12]. Spgundiff comprise isolated single cells (Asingle) and
cells in pairs (Apair) or chains of varying lengths (Aaligned).
Beyond static, morphologic features, evidence from both func-
tional and molecular studies suggests that the adult stem
pool is dynamic and not strictly hierarchical [1, 12–14]. The
ability to block transduction of niche-mediated signals (e.g.
downstream of Wnt/beta-catenin) is thought to be a critical
feature within a subset of the GFRA1+ Spgundiff [15].

Techniques to reliably propagate adult mouse SSCs in vitro
have led to key insights into their self-renewal, despite the fact
that only a minority of cells in culture function as stem cells
in transplantation assays [16] and that putative hierarchical
relationships within the SSC pool may be abrogated in vitro
[14]. Hereafter, we employ the term cultured SSCs to refer
to both the adult stem and progenitor populations in vitro,
mindful that transplantable stem cells constitute only a small
fraction of the population. While it is accepted that GDNF
supports mouse SSC self-renewal [9, 17–19], contradictory
evidence exists regarding SSC fate outcomes in response to
FGF exposure and ERK MAPK pathway activation. Some
results indicate that FGF supports self-renewal [20–22], while
others suggest that FGF can impair the SSC phenotype [14,

23, 24]. In vivo, FGF availability is a major determinant of
the set-point for SSC density [21]. Furthermore, differential
responses to GDNF vs. FGF2 are particularly apparent in
experiments using cultured SSCs, which are highly dependent
upon exogenous GFs [20, 24].

Among the myriad signals that impinge on ERK MAPK,
the significance of cytoplasmic negative feedback regulators in
stem cells has only recently been explored in depth [6, 25, 26].
Studies in other stem cell model systems indicate that home-
ostasis is controlled more by the fine-tuning of ERK MAPK
signaling downstream of GFs rather than simply whether the
pathway is turned on vs. off [27, 28]. Observations from
the male germline support the conclusion that expression of
negative feedback regulatory genes (e.g., members of the dual
specificity protein phosphatase [DUSP] and Sprouty [SPRY]
gene families) is associated specifically with SSC-like cell pop-
ulations across multiple species [14, 21, 29–34]. Yet, relatively
sparse attention has been given to the mechanisms of negative
feedback control on the MAPK pathway in SSCs and the
specific genes involved. Notably, a recent report implicated
Dusp4 in modulation of JNK signaling [35]. Also, aberrant
ERK MAPK upstream of mTORC1 was shown to compro-
mise SSCs lacking Tsc22d3/GILZ [36].

Members of the SPRY gene family (Spry1–4 in mammals)
were originally identified based on their shared C-terminal
cysteine-rich domain and ability to inhibit GF-induced ERK
MAPK signaling during development [37, 38]. Mammalian
SPRY proteins are thought to form cooperative homo- and
hetero-oligomers [39]. While multiple potential sites of action
of SPRY proteins within the GF-signaling cascade have been
reported (e.g., at the level of RAF), some appear to be cell
type specific and/or GF specific [38, 40]. In particular, SPRY4
suppresses ERK MAPK activity induced by FGF, but also
by vascular endothelial cell growth factor and nerve growth
factor in some cell types, and acts at the level of RAS and/or
RAF1 depending on the type of GF [40–42].

Herein, we uncovered a growth factor-responsive negative
feedback response in SSCs, dependent upon Spry4, which is
selectively expressed in a subset of undifferentiated spermato-
gonia in vivo. Following exposure to FGF2 or GDNF, SPRY4
was critical to maintain stem cell activity of cultured SSCs
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and modulated the ERK MAPK pathway at the level of RAS
or above. Interrogation of a Spry4H2B-Venus transcriptional
reporter mouse line demonstrated that Spry4 expression is a
hallmark of adult SSCs.

Materials and methods

Ethics statement

This study was approved by the Weill Cornell Medical College
IACUC (#2010-0028). Ketamine/xylazine was used for anes-
thesia in combination with buprenorphine and meloxicam for
analgesia. For euthanasia, mice were exposed to CO2 followed
by cervical dislocation.

Animals

The Gfra1-creERT2 mice were a gift from Dr. Sanjay Jain [12,
43]. LSL-tdTomato reporter mice (#007914) were obtained
from the Jackson Laboratory [44]. The ERK-KTR reporter
mice (HprtCAG-ERK-KTR-mClover;Rosa26CAG-3xNLS-mKate2) [45],
Spry4H2B-Venus mice [46], and Spry4fl mice [47] were
described previously. Tamoxifen (T5648, Sigma-Aldrich)
was administered to animals by intraperitoneal injection at
a dose of 100 mg/kg of body weight once every 24 h for
3–4 consecutive days per week for 2 weeks total.

SSC lines and cell culture

Primary SSC lines were derived from adult mouse testes and
maintained on mitotically inactivated JK1 feeders [48]. Adult
donor animals included C57Bl6, mixed C57Bl6/129 mice,
and the following strains on a mixed backg-
round: HprtCAG-ERK-KTR-mClover;Rosa26CAG-3xNLS-mKate2,
Spry4H2B-Venus, Spry4fl/fl, and GCRT;Spryfl [45, 46]. SSC
cultures were established from freshly dissected testes by
two-step enzymatic digestion [48]. Briefly, detunicated testes
collected in a sterile fashion were minced and digested at
37◦C in two subsequent steps with collagenase I (0.03%
wt/vol; CLS-1, Worthington Biochemical) followed by porcine
pancreas trypsin (0.05% wt/vol; 27250-018, Gibco). Cell
suspensions were plated in six-well plates coated with gelatin
(G1890-100G; Sigma-Aldrich) at a density of 1/8 testis per
well in 2 ml final volume of cell culture medium (see below)
at 37◦C in 5% CO2. Depending on the age and mouse strain,
plating densities were varied as needed. Half of the medium
was changed after 72 h and every 48 h afterwards preserving
at least 1 ml of conditioned medium in each passage. One to
four weeks after plating, SSC colonies were manually picked
and plated into mitotically inactivated JK1 feeder cells for
long-term culture and expansion (Supplementary Figure 1)
[49]. Cell culture medium for SSC maintenance (i.e., growth
medium) consisted of StemPro-34 (10640, Thermo Fisher
Scientific) with nutrient supplement (10641, Thermo Fisher
Scientific) plus additional supplements and growth factors at
the following concentrations: 20 ng/ml GDNF (PHC7041,
Life Technologies, USA), 10 ng/ml FGF2 (PHG0024, Thermo
Fisher Scientific), 25 μg/ml human insulin (I9278, Sigma-
Aldrich), and 20 ng/ml EGF (PHG0313, Thermo Fisher
Scientific). For feeder-free experiments, SSCs and feeders were
trypsinized and incubated in plates coated with 4% gelatin
(G1890, Sigma-Aldrich) at 37◦C/5% CO2 for 2 h, which
enabled collection of the SSCs (floating in the medium),
whereas feeders adhered to the plates and were discarded.
SSCs, free of feeders, were then re-plated in wells coated

with 4% gelatin (G1890, Sigma-Aldrich) or 1% Matrigel
matrix (354234, Corning) and maintained in standard cell
culture medium (i.e., growth medium) or starving medium
(i.e., without FBS and GFs) prior to experiments (see below).

In vitro treatment with growth factors, inhibitors,

cytokines, retinoic acid, and tamoxifen

For GF stimulation, feeder-free SSCs were first starved
overnight. Treatments were performed for the time points
indicated below in starving medium containing the indicated
growth factors, cytokines, and/or inhibitors. SSCs were
treated for 6 h (Figure 1A and B), 12 h (Figure 1C), 30 min
(Figure 2C), 30 or 60 min (Figure 2D), up to 3 h (Figure 2E),
2 days (Figure 3A), 3 days (Figure 3B), 6 days (Figure 3C),
up to 6 days (Figure 3D), 3 days (Figure 3F–H), 4 h
(Figure 4A), up to 3 h (Figure 4B), 2 h (Figure 4C and D),
2 days (Figure 5A–C), 3 days (Figure 5D and E), 2 days
(Supplementary Figure 2A and B), 4 h (Supplementary Figure
3), up to 3 h (Supplementary Figures 5 and 6), or 2 days
(Supplementary Figure 8). All experiments except for in vitro
differentiation (Figure 5; see below) were performed at 37◦C.
For differentiation experiments, SSCs were either maintained
in growth medium or plated onto gelatin-coated wells without
feeders with or without 1 μM retinoic acid (RA; R2625,
Sigma-Aldrich) or vehicle control (DMSO; D2650, Sigma-
Aldrich) for the time points as indicated above and in figure
legends. For Figure 5A–C, SSCs with feeders were switched
to 34◦C incubator for 2 days (prior to RNA collection)
or 3 days (prior to immunostaining) in growth medium or
10% growth medium diluted in 90% Earle’s balanced salts
solution (E2888, Sigma-Aldrich) [50]. The differentiation
medium (“cocktail”) included 1 μM RA with 25 ng/ml
NRG1 (396-HB-050, R&D Systems) and 50 ng/ml Kit ligand
(455-MC-010, R&D Systems), as indicated. For tamoxifen
treatment, SSC lines were maintained in growth medium or
plated onto gelatin-coated wells without feeders in growth
medium and treated with 7 μM 4-hydroxytamoxifen (4-OHT;
H7904, Sigma-Aldrich) or corresponding vehicle control for
3–4 days. For testing of pathway inhibitors (Figure 4A),
cells were starved overnight and pre-treated for 1 h with
the following compounds at the indicated concentrations:
PD0325901 MEK inhibitor (1 μM; S1036, Selleckchem),
PI3K inhibitor LY294002 (50 μM; 9901S, Cell Signaling),
PKC inhibitor GF109203X (5 μM; S7208, Selleckchem), P38
inhibitor SB203580 (10 μM; S1076, Selleckchem), and JNK
inhibitor SP600125 (10 μM; S1460, Selleckchem).

Lentiviral transduction

Lentivirus transduction was performed in feeder-free SSC
cultures overnight in growth medium containing polybrene (5
μg/ml; TR-1003-G, Millipore), after which cells were trans-
ferred onto fresh feeder cells for expansion. CRISPR/Cas9-
mediated targeting of SSCs was performed as described
previously [51]. The following lentiviruses were purchased
from Vectorbuilder, Inc. and handled as per manufacturer’s
instructions: CRISPR/Cas9 lentivirus targeting mSpry4 (pLV-
U6-sgRNA [mSpry4 1673]-EFS-Cas9-2A-puro and pLV-
hCas9:T2A:Neo-sgRNA [mSpry4 1673]), scramble controls
(pLV-hCas9:T2A:Neo-sgRNA [scramble]), mSpry4 cDNA
(pLV-Puro-hPGK>mSpry4 [NM 011898.2]), and Stra8-
H2B-BFP2 (pLV-Neo-Stra8-hH2BC3 [NM 021062.3]∗linker/
TagBFP2). The target sequence for mSpry4 sgRNA 1673 is
AGCAGGAAGGTAACGTCCGA and the scramble sgRNA

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad089#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad089#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad089#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad089#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad089#supplementary-data
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target sequence is GTGTAGTTCGACCATTCGTG. The latter
served as an infection control. Cells were expanded following
transduction and subject to selection with puromycin
(400 ng/ml; P8833, Sigma-Aldrich) or neomycin (400 ng/ml;
21810031, Thermo Fisher Scientific) for 1 week. Pooled
antibiotic-selected CRISPR/Cas9-targeted were then subject
to the T7 endonuclease assay and single cell cloning/expansion
for further analysis by PCR and DNA sequencing. CDNA
encoding Cre-ERT2 (Addgene #22776) was cloned into
pCCL-PGK to generate a pCCL-PGK-Cre-ERT2 lentivirus.
Transduction efficiency of vectors was monitored by qRT-
PCR and immunoblot.

Quantitative reverse transcription polymerase
chain reaction

Total RNA was extracted from feeder-free cultured SSCs or
sorted spermatogonia isolated by FACS using RNeasy Plus
microextraction kit (74034, Qiagen) or Arcturus Pico Pure
with on-column DNA digestion (KIT0204, Thermo Fisher
Scientific), respectively. RNA was reverse transcribed using
qScript cDNA SuperMix (101414-106, Quanta Biosciences).
Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) was performed in triplicate in a LightCycler 480II
Real-Time System (Roche Molecular Systems) using PerfeCta
SYBR Green FastMix (4472919, Thermo Fisher Scientific).
Primers were validated for use based on efficiency and inspec-
tion of melting curves. For quantification, each technical
triplicate was normalized to endogenous Actb and Gapdh
and relative transcript expression was calculated using the
comparative CT method (2−��Ct method) using one of the
technical triplicates of the control condition as the reference
value. Data presented correspond to Gapdh normalization.

Fluorescence-activated cell sorting

To generate samples for cell profiling and transplanta-
tion experiments, Gfra1-CreERT2 mice were first crossed
with Rosa26-LSL-tdTomato reporter mice [12, 43] and
Spry4H2B-Venus mice [46]. For fluorescence-activated cell sort-
ing (FACS) for MCAM, a marker of SSCs and
spermatogonia [52, 53], testes from Gfra1-CreERT2; Rosa26-
LSL-tdTomato mice were dissociated ≥3 months after tamox-
ifen administration. Single-cell suspensions were generated
from testes of adult mice by two-enzymatic digestion as
described above. Cell suspensions were incubated with Alexa
Fluor 647 anti-MCAM antibody (ME-9F1, BioLegend, San
Diego, CA, USA) at 6 mg/ml for 45 min at 4◦C. Cell
suspensions with immunocomplexes were subject to FACS
with a BD FACS Aria II instrument (Beckman Coulter,
USA). DAPI (D1306, Thermo Fisher Scientific) was used for
live/dead cell discrimination. RNA was extracted from sorted
cells for QRT-PCR (see below). For analysis of STRA8 and
phospho-ERK in cultured SSCs, single-cell suspensions were
fixed with 4% paraformaldehyde (158127-500G, Sigma-
Aldrich) at 37◦C for 10 min. Cells were permeabilized with
90% methanol for 30 min on ice, and incubated with rabbit
anti-STRA8 (ab49405, Abcam) at 1:200 dilution or rabbit
anti-phospho-p44/42 (ERK1/2,Thr202/Tyr204) antibody
(9101, Cell Signaling Technology) at 1:100 for 1 h at room
temperature. Cells were resuspended in buffer with donkey
anti-rabbit Alexa-488 conjugate antibody (711-545-152,
Jackson ImmunoResearch Labs) at 1:1000 dilution for 30 min

at room temperature. Cells were analyzed on an Accuri C6
flow cytometer (BD Biosciences).

SSC transplantation

The SSC transplantation assays were performed as described
previously using busulfan-conditioned mice [54]. Briefly,
C57BL/6J male mice at 6–8 weeks of age were treated with
40 mg/kg of busulfan (B2635, Sigma-Aldrich) and used
4–8 weeks later as recipients by microinjection into the
efferent ducts. Fluorescent positive colonies were counted
using a fluorescent stereoscope (Nikon, USA) 6–8 weeks
after transplantation. For determination of Spry4H2B-Venus

stem cell activity, a constitutive, ubiquitous tdTomato mouse
line was generated by treating Gfra1-CreERT2;Rosa26-LSL-
tdTomato males with tamoxifen and breeding them with
C57Bl6 females. Then, Spry4H2B-Venus;tdTomato animals
were generated by crossing Spry4H2B-Venus mice with
the constitutive tdTomato mouse line. Testes from adult
Spry4H2B-Venus;tdTomato or GCRT;Venus mice were disso-
ciated as described above to produce single-cell suspensions
[46]. A BD FACS Aria II instrument (Beckman Coulter, USA)
was used to sort Venus-positive and unselected (control)
cells from Spry4H2B-Venus;tdTomato mice and Venus-bright
Spgundiff and Venus-negative germ cells from tamoxifen-
induced GCRT;Venus mice. Briefly, cells were gated for
singlets using forward and side scatter, collected, and
transplanted (500 000–700 000 cells injected for unselected
vs. 10 000–15 000 cells injected for Venus-positive) into
busulfan-treated C57Bl6 recipients as above. The TdTomato-
positive colonies were counted using a stereo fluorescent
microscope at ∼2 months after transplantation. Transplant
experiments were repeated three times.

Immunofluorescence staining

Cultured SSCs were fixed with 4% paraformaldehyde (PFA;
158127, Sigma-Aldrich) for 10 min at room temperature
(RT, hereafter). Cells were blocked with 3% bovine serum
albumin (A1470, Sigma-Aldrich)/phosphate-buffered saline
before incubation with 2 μg/ml rabbit anti-SYCP3 (NB300-
232SS, Novus Bio), 0.25 μg/ml rat anti-MCAM antibody
(134702, BioLegend) or 2 ug/ml normal rabbit IgG (011-000-
003, Jackson ImmunoResearch) overnight at 4◦C in a humidi-
fied chamber. Detection of primary antibodies was performed
using Alexa-647 conjugated Anti-Rabbit IgG (711-065-152,
Jackson ImmunoResearch) at 1 μg/ml or biotin-SP donkey
anti-rat secondary (712-065-153, Jackson ImmunoResearch)
then SA-DyLight 405 fluorophore (016-470-084, Jackson
ImmunoResearch), respectively, at 1 μg/ml or for 60 min at
RT. Slides were counterstained and mounted with Vectashield
HardSet Antifade Mounting Medium with DAPI (H-1500,
Vector Laboratories, Burlingame, CA, USA) and analyzed
using a Zeiss LSM 800 confocal microscope (Carl Zeiss Inc.,
Thornwood, NY, USA).

For staining of spermatogonia in vivo, testes were freshly
collected and fixed in 4% PFA overnight at 4◦C and then
washed with 1× DPBS (SH30013.03, Thermo Fisher) before
being incubated in 30% sucrose (S7903, Sigma-Aldrich) for
48 h at 4◦C. Testes were then embedded in Clear Frozen
Section Compound (95057-838, VWR, USA) and stored at
−80◦C before use. Tissue cross-sections at 6 μm thickness
were generated using the Leica CM3050S cryostat (Leica
Biosystems, Buffalo Grove, IL, USA). Sections were processed
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a standard immunofluorescence detection protocol. Briefly,
sections were incubated with primary antibody against anti-
rat GFRA1 (2.5 μg/ml; AF560, R&D Systems) and detected
with Biotin-SP-Donkey Anti-Rat IgG (712-065-153, Jackson
ImmunoResearch) at 1 μg/ml for 90 min at RT followed
with Streptavidin Alexa Fluor 647 (016-600-084, Jackson
ImmunoResearch) at 1 μg/ml for 30 min at RT. For MCAM
staining, sections were incubated overnight at 4◦C with rat
anti-MCAM antibody (134702, Biolegend) at 0.25 μg/ml
followed by Biotin-SP Anti-Rat IgG (712-065-153, Jackson
ImmunoResearch) at 1 μg/ml for 90 min at RT and then
Streptavidin Alexa Fluor 555 (S-21381, Thermo Fisher
Scientific) at 1 μg/ml for 30 min at RT. Sections were then
mounted and counterstained with VECTASHIELD HardSet
Antifade Mounting Medium with DAPI (H-1500, Vector
Laboratories). For whole-mount immunofluorescence of
seminiferous tubules, freshly collected testes were fixed in
cold 4% PFA without tunica albuginea for 14 h. The tubules
were isolated, blocked in 3% BSA/PBS with 0.1% Tween-
20 (P7949, Thermo Fisher Scientific), and incubated with
anti-GFRA1 antibody (2.5 μg/ml; AF560, R&D Systems)
overnight. Biotinylated secondary antibodies followed by
Alexa647-streptavidin were used for detection (see below).

Confocal image acquisition, live imaging,
and quantification

Imaging of fixed tissue and live cells was performed on
a Zeiss LSM800 confocal microscope. Time-lapse imaging
experiments were performed in 35-mm glass-bottomed dishes
(627975, Greiner). To improve cell adherence and viability,
before plating, the bottom of each well was pre-treated with
a solution of 1% Matrigel matrix (354234, Corning). Then
feeder-free ERK-KTR-SSCs were seeded at 600 000–800 000
cells/well in 600 μl SSC medium. The cells were allowed to
adhere overnight before imaging. All time-lapse images were
captured with a 488-nm laser for ERK-mClover and a 561-nm
laser for NLS-mKate2 using a 20× objective in a humidified
incubation chamber with 5% CO2 at 37◦C. The C/N (cyto-
plasmic to nuclear ratio) of ERK-mClover intensity served
as the primary read-out of ERK activity using this reporter.
Nuclear and cytoplasmic regions of each cell were segmented,
tracked, and measured computationally with Imaris (Bitplane)
using the cell module function to calculate the C/N ratio at
a single-cell level. First, the NLS-mKate channel was used to
define cells as objects and perform nuclear segmentation. Cells
and nuclei were classified by manually setting the threshold
of the expected diameter and intensity. Next, the cell bodies
and cytoplasmic regions were detected using the arithmetically
combined NLS-mKate and ERK-mClover channels. Cells were
then classified by adding filters to restrict the set based on
cell size, nuclear size, one nucleus per cell, and track length.
Finally, tracking filters were set, including the track length
and the maximum distance, and then the nuclei and cells
were tracked over the entire course. All measurements of the
nuclear and cytoplasmic regions for each single cell in each
tracked time point were exported for further analysis.

Analysis of dynamic time course live imaging data
using Matlab

The ERK pulsatile analysis was performed in Matlab R2018a.
Peaks were identified using findpeaks module with the time
course quantified traces dataset by the above Imaris. After the

traces were smoothened using smoothdat to reduce noise for
peak calling, the threshold for the peak prominence was set
based on values obtained from negative controls, including a
MEK inhibitor-treated condition (to suppress ERK signaling)
and a starved condition (without FBS and GFs) to detect
background ERK-dependent pulses. Prominence was defined
as the peak value maxima relative to the nearest local minima.
The amplitude was defined as local peak value between local
minima. Duration was the width at half prominence. Finally,
all the measurements of the peak amplitude, prominence,
duration in each identified peak, and the peak number or fre-
quency in the single-cell trace level were exported for analysis.

Immunoblot and active RAS detection

Feeder-free SSCs were suspended in lysis buffer RIPA Buffer
(89900, Thermo Fisher Scientific) and protease and phos-
phatase inhibitors cocktails (P5726, Thermo Fisher Scientific).
Total cell lysates were separated by SDS-PAGE and transferred
into a PVDF membrane (162-0177, BioRad Laboratories).
Membranes were blocked in Tris-buffered saline containing
0.1% Tween-20 (TBST) with 5% BSA and incubated with the
following primary antibodies: SPRY4 (PA5-26959, Thermo
Fisher); phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204)
(#9101) and p44/42 MAPK (ERK1,2) (#9102) from Cell
Signaling Technology; DUSP6 (ab76310, Abcam), GAPDH
(ab9484, Abcam), PPIB (PA1-027A, Thermo Fisher), and
TUBULIN (2146S, Cell Signaling) were used as loading
controls. Blots were washed with TBST and incubated at
room temperature with the appropriate secondary antibody
conjugated to horseradish peroxidase. Chemiluminescent
immunodetection was performed with ECL system (32209,
GE Healthcare BioSciences), and membranes were exposed
to X-ray film and digitized scans of the blots were analyzed
using ImageJ (National Institutes of Health) for densitometry.
Active RAS was specifically pulled down from lysates from
cultured SSCs using the Active RAS Pull-Down and Detection
Kit with the GST-fusion protein of the RAS-binding domain
of RAF1 along with glutathione agarose resin according to the
manufacturer’s protocol (16117, Thermo Fisher) and detected
by immunoblot as described previously [55].

Single-cell mRNA sequencing

Spermatogenic stem cells (SSCs) were isolated from Gfra1-
CreERT2;Rosa26-LSL-tdTomato;Spry4H2B-Venus mice as fol-
lows. Three adult males were sacrificed 18 days after the
first dose of tamoxifen, which was given four consecutive
days per week for two consecutive weeks (100 mg/kg of body
weight once every 24 h). Dissociated cells from bilateral testes
were isolated by flow cytometry and gated based on double
positivity for tdTomato and Venus. An input sample (∼16 500
cells; expected recovery rate ∼65%, excluding non-viable cells
and doublets) was captured in droplet emulsions using a
Chromium Single-Cell instrument (10x Genomics), and the
library was prepared using the 10x Genomics 3′ single-cell V3
protocol. The 10x libraries were pooled and sequenced on an
Illumina NovaSeq 6000 instrument.

Reads from single cells were aligned to the mouse refer-
ence genome mm10-2020-A (GENCODE vM23/Ensembl 98)
using Cell Ranger (version 3.0.2, 10x Genomics) as follows.
The raw sequencing data generated from the scRNA-seq
experiment were first demultiplexed using the cell barcodes
and unique molecular identifiers (UMIs) to assign reads to
individual cells, using CellRanger Single-Cell Software Suite
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(V3.1.0). Next, the demultiplexed reads were aligned to the
reference genome using the STAR aligner, which mapped the
reads to the genome and accounted for splicing events and
gene isoforms. After alignment, the UMIs and cell barcodes
were used to generate counts for each gene in each cell.
This involved collapsing identical UMIs within a cell and
discarding any UMIs that mapped to multiple genes. The
resultant raw expression data identified a total of 9996 cells,
with 20 294 mean reads per cell. Quality filtering was per-
formed Seurat 4.0.0 [56] and scater 1.20.0 [57]. First, we
removed outlier cells at 3 median absolute deviations (MADs)
below the median gene number per cell, the median transcript
number per cell, and at 3 MADs above the median mitochon-
drial RNA percentage. Then, we excluded low-quality cells
with <1000 detected genes or <3000 detected transcripts, or
>15% mitochondrial RNA percentage. After removing low-
quality cells, 9455 high-quality cells remained, with a mean of
10 048 transcripts per cell and 3316 genes per cell.

Dimension reduction of single-cell mRNA
sequencing data

Gene expression counts were normalized, log-transformed by
SCTransform in the R software package Seurat 4.0.0 [56].
The top 2000 variable genes were used to prepare the scaled
data and used to calculate the principal components. The top
25 principal components were selected to generate a Uniform
Manifold Approximation and Projection (UMAP). Clusters of
similar cells are detected using the original Louvain algorithm
and UMAP coordinates to construct a shared nearest neighbor
graph by “FindNeighbors” function.

Cell-type identification in scRNA-seq data

A two-step cell-type identification was performed to annotate
every single cell. First, the SingleR package [58] was leveraged,
using single-cell spermatogonial and spermatocyte data
[59] as a reference database to annotate each cell. SingleR
calculated the Spearman coefficient between every single-
cell gene expression and each pure cell-type reference
data set. This process was performed iteratively until only
one cell type remained with the highest coefficient. This
allowed us to identify 9265 spermatogonia cells, 21 early
spermatocytes, 60 round spermatids, 36 spermatocytes, 34
spermatids, 17 other cell types, and 22 unknown cells.
Second, later developmental stage cells and others were
removed, only keeping the spermatogonia. Two cell cycle
scores were calculated—S.Score and G2M.Score—for each
cell. Scaled data were then prepared by regressing out
the cell cycle scores. Then, the above dimension reduction
procedure was repeated and new UMAPs regenerated with
the same settings. Then, each subtype of spermatogenic
stem cells was manually annotated based on markers.
In total, 1842 early SSCs (MCAMhigh/Id4high/Gfra1high),
2048 late SSCs (MCAMmedium/Id4medium/Gfra1medium), and
5349 MCAMlow/Id4low/Gfra1low spermatogonia, compris-
ing 1862 Spg1 (Sox3low/Nanos3low/Kitlow/Stra8low), 1570
Spg2 (Sox3high/Nanos3high/Kitlow/Stra8low), and 1917 Spg3
(Sox3low/Nanos3low/Kit high/Stra8high), were obtained as
described in Figure 6D and E.

Constructing cell development trajectories

To investigate the developmental trajectories of cells across
multiple time points, and order them in pseudotime, the

algorithms implemented in the Monocle3 package were
used [60]. Monocle3 applied a reversed graph embedding
algorithm to learn the sequence of gene expression changes
and construct single-cell trajectories then reconstructed a
“branched” trajectory if there were multiple outcomes of
the dynamic biological process. These branches correspond
to cellular “decisions.” The k = 13 nearest neighbor graph was
carefully selected for Leiden community detection. The scripts
used for analysis and generating figures are available online
(https://github.com/nyuhuyang/scRNAseq-SSC).

Statistical analyses

Results are presented as means ± SD or means ± SEM
as indicated in the figure legends. At least three biological
replicates and three technical replicates were performed for
each experiment unless otherwise indicated in the text. The
statistical significance was determined with GraphPad Prism
(GraphPad Software, La Jolla, CA, USA), version 7.0, using
the indicated test in each figure. Results were considered
significant at p value <0.05.

Primer sequences for QRT-PCR

Mouse Actb
Fwd 5′-GAGAAGATCTGGCACCACACC-3′
Rev 5′-GGTCTCAAACATGATCTGGGTC-3′
Mouse Gadph
Fwd 5′-CTAACATCAAATGGGGTGAGG-3′
Rev 5′-CGGAGATGATGACCCTTTTG-3′
Mouse Gfra1
Fwd 5′-AGCAACAGTGGCAATGACCTG-3′
Rev 5′-AGTGGTAGTCGTGGCAGTGG-3′
Mouse Stra8
Fwd 5′-TCCCAGTCTGATATCACAGC-3′
Rev 5′-TCCCATCTTGCAGGTTGAAGG-3′
Mouse Kit
Fwd 5′-GCCAGTGCTTCCGTGACATT-3′
Rev 5′-TGCCATTTATGAGCCTGTCGTA-3′
Mouse Sohlh1
Fwd 5′-TCAGAGCTGCTGGAGAGACC-3′
Rev 5′-CCAGGAACAATGTCACTTGC-3′
Mouse Ret
Fwd 5′-GGCTGTCCCGAGATGTTTATG-3′
Rev 5′-GACTCAATTGCCATCCACTTGA-3′
Mouse Id4
Fwd 5′-ACTACATCCTGGACCTGCAG-3′
Rev 5′-TGCTGTCACCCTGCTTGTTC-3′
Mouse Sohlh1
Fwd 5′-TCAGAGCTGCTGGAGAGACC-3′
Rev 5′-CCAGGAACAATGTCACTTGC-3′
Mouse Dusp2
Fwd 5′-GTGTGCTTCTTGCGAGGCGG-3′
Rev 5′-TCCACAGGACCACCCTGGTC-3′
Mouse Dusp3
Fwd 5′-GTGGGCAACGCGTCTGTGGC-3′.
Rev 5′-TAGGTGATGCCAGAATCCTCG-3′.
Mouse Dusp4
Fwd 5′-CCATCGAGTACATCGACGCAG-3′
Rev 5′-AAGCCTCCTCCAGCCTCACC-3′
Mouse Dusp6
Fwd 5′-TCATAGATGAAGCCCGAGGC-3′
Rev 5′-GTCGTAAGCATCGTTCATGGAC-3′
Mouse Dusp9
Fwd 5′-TCATTGATGAGGCCTTGTCGC-3′

https://github.com/nyuhuyang/scRNAseq-SSC
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Rev 5′-TCGTTGAGTGAGAGGTGAAGC-3′
Mouse Nf1
Fwd 5′-TGTCAACAGGAAGAGCAGCGC-3′
Rev 5′-TCTGCAGCCTGGCCATCTTCC-3′
Mouse Spry1
Fwd 5′-CAAGATCAGCCGGCGTGGCG-3′
Rev 5′-CCCGCTCCACAGCACCGTCC-3′
Mouse Spry2
Fwd 5′-GCCGCGATCACGGAGTTCAG-3′
Rev 5′-ACC TGC TGG GTA AGG GCA TC-3′
Mouse Spry4
Fwd 5′-TGCGTCAAGCTGGCCCAGCG-3′
Rev 5′-CAG ACC TGC TGG TCT TGG TG-3′
Mouse Spred1
Fwd 5′-TCTCTAGGGTGCCCAGCGTC-3′
Rev 5′-GCTGACTGAATGGTATCTGGC-3′
Mouse Dmc1
Fwd 5′-ATCGGGATTCCAAGATGATG-3′
Rev 5′-TGCAGAGGGCTCTTCTTGTT-3′
Mouse Sycp3
Fwd 5′-ACATGGAAAGAAAAGATCTGCTG-3′
Rev 5′-CTGGCTTTGAAAGAAGCTTTG-3′

Results

Selected negative feedback regulators of ERK
MAPK are induced in cultured adult SSCs in
response to FGF2 and GDNF

SSCs in vitro comprise a heterogeneous population within
which a minority of cells retain regenerative capacity upon
transplantation and for which self-renewal depends upon
exogenous factors, including recombinant FGF2 and GDNF
[61, 62]. To understand how the ERK MAPK signaling axis
is regulated in SSCs, we explored negative feedback genes
that maintain signaling within a narrow physiological range
[63]. Candidate genes were selected from a pool of known
ERK MAPK negative regulators, based on previously reported
expression in SSCs [14, 29, 31, 64], as well as from the
GEO Profiles database, including genes for which expression
was stimulated in self-renewal conditions (i.e., in response
to GDNF; https://www.ncbi.nlm.nih.gov/geoprofiles/). Such
NFRs typically act rapidly to prevent pathway hyperacti-
vation and also are transcriptionally induced by the same
upstream signals [65]. For these experiments, we employed
SSC lines derived from adult mice as described previously [51].
Among the genes tested, Spry4 and Dusp6 were significantly
induced by FGF2 stimulation in a cell-autonomous manner
(i.e., in the absence of feeder cells; Figure 1A). These results
are consistent with a recent report that described the FGF-
dependent gene expression program of SSCs [21]. Whereas
epidermal growth factor (EGF) failed to induce Spry4 or
Dusp6, treatment with GDNF, the prototypical driver of
mouse SSC self-renewal, also induced both transcript and pro-
tein (Figure 1B and C). Our findings raised the possibility that
Spry4 and Dusp6 comprise a growth factor-stimulated neg-
ative feedback system unique to the SSC population among
adult germ cells.

Spry4 expression marks undifferentiated
spermatogonia in vivo

To determine whether expression levels of negative feedback
regulators correlate with specific populations of germ
cells in vivo, we isolated undifferentiated spermatogonia

(Spgundiff) from freshly dissociated mouse testicular cells
(Figure 1D). Robust cell-surface MCAM expression has been
employed previously to select Spgundiff [52, 53]. However,
we noted that MCAM is detectable by immunofluorescence
not only in germ cells but also somatic cells, which
could contribute mRNA to MCAM-positive sorted pools
(Figure 1E). In order to obtain a population of MCAM-
positive germ cells, devoid of somatic cells, we combined
MCAM labeling with adult lineage tracing in vivo by means
of a Spgundiff promoter-driven inducible Cre [12]. To that
end, we first crossed Gfra1-CreERT2 mice with Rosa26-
lox-stop-lox(LSL)-tdTomato animals (referred to hereafter
as GCRT mice) [55]. As expected, tamoxifen-treated GCRT
offspring had robust tdTomato expression only in germ
cells within the testis and served as a source of donor cells
for MCAM staining to isolate the MCAMbright phenotypic
Spgundiff by FACS (Figure 1F and G). Quantitative RT-
PCR showed that this approach exponentially enriched for
Gfra1 expression in the MCAMbright fraction, validating
the cell phenotype generated by this strategy (Figure 1H).
Robust expression of Spry4, as well as Dusp6, was found
in the MCAMbright phenotypic Spgundiff, compared to
MCAMmedium or MCAMdim populations. Furthermore, when
we compared our data with a previously published dataset
(GEO: GSE75532, 15), we confirmed significantly higher
levels of Spry4 (and Dusp6) transcripts in the GFRA1+
population in vivo, in comparison to the Ngn3+/KIT− and
Ngn3+/KIT+ populations (Figure 1I). Taken together, these
data indicate that Spry4 and Dusp6 mRNA levels are inversely
correlated with the degree of differentiation of Spgundiff.

An ERK kinase translocation reporter enables
quantification of ERK dynamics in single live
spermatogonia

NFRs, such as Spry4 and Dusp6, are defined in the literature
based on several features: (i) transcriptional inducibility by
specific pathways (e.g., ERK MAPK) and (ii) inhibitory effects
on those same pathways [66]. However, ERK MAPK has been
challenging to measure in single SSCs, and most studies have
provided only population-averaged measures of signal (e.g.,
by immunoblot). Flow cytometry has also been used to cor-
relate increasing phospho-ERK levels as SSCs progress from
quiescent to active to very early differentiating states [34].
In contrast to immunolabeling, genetic biosensors, including
kinase translocation reporters (KTRs), can be used to quantify
signaling over time in single cells [67]. We sought to utilize an
ERK-KTR to measure fine-scale changes in ERK signaling in
SSCs over time, as an alternative to comparatively insensitive
antibody-based approaches. Thus, we derived adult SSC lines
from HprtCAG-ERK-KTR-mClover;Rosa26CAG-3xNLS-mKate2 mice
[45] (referred to as ERK-KTR SSCs), bearing ubiquitous
expression of both a stable nuclear-localized marker and a
dynamic reporter of ERK that shuttles from the nucleus to the
cytoplasm in response to phosphorylation by ERK (Figure 2A
and B). As with other adult SSC lines in this study, the presence
of stem cell activity in long-term cultures was confirmed
by transplantation into busulfan-treated recipients (data not
shown). To validate the function and specificity of the ERK-
KTR in SSCs, cells were re-plated in feeder-free conditions,
starved, and treated with FGF2. Whereas FGF2 induced a
rapid translocation of the KTR from nucleus to cytoplasm,
this was blocked only by an inhibitor of MEK (upstream of

https://www.ncbi.nlm.nih.gov/geoprofiles/
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Figure 1. The GF-driven negative regulators of the ERK pathway mark undifferentiated spermatogonia. (A) Representative qRT-PCR showing expression
levels of candidate negative feedback genes in response to FGF2 (10 ng/ml), after 6 h of stimulation in comparison to control (mean ± SD of technical
replicates; Spry4, Dusp6, and Dusp4 vs. control: p < 0.001; unpaired t-test; n = 3 biological replicates). (B) Pooled QRT-PCR data showing induction of
Spry4 and Dusp6 at 6 h in response to FGF (10 ng/ml), GDNF (10 ng/ml), and EGF (20 ng/ml; mean ± SD; n = 3 experiments; Spry4: FGF2 and GDNF vs.
control: ∗∗p < 0.01; EGF, n.s.; Dusp6: FGF2 and GDNF vs. control ∗p < 0.05; EGF, n.s.). (C) SPRY4 and DUSP6 protein expression by immunoblot in
starved or GF-stimulated SSCs after 12 h of stimulation. Arrows indicate molecular weight markers. One representative immunoblot out of three
experiments is shown. (D) Schematic of lineage tracing/MCAM FACS strategy to enrich Spgundiff from fresh testis. Adult Gfra1-CreERT2;
Rosa26-lox-stop-lox-tdTomato animals were pulsed with tamoxifen and sacrificed >3 months later to obtain tdTomato-labeled germ cells of all stages.
(E) MCAM immunostaining (red) of mouse testis. Arrowheads = MCAM-positive spermatogonia. Arrows = MCAM-positive somatic cells.
Asterisk = interstitial space. Inset = IgG control. Size bar = 20 μm. (F) Histologic image depicts efficient tdTomato labeling of only germ cells (arrowheads)
since the Gfra1 promoter is inactive in somatic cells. Inset = unlabeled somatic cells (arrows) as internal control. Size bar = 50 μm. (G) Cell suspensions
were labeled with anti-MCAM and sorted into tdTomato-positive fractions with varying MCAM intensity (P1–P3 and P4[MCAM-negative]). (H) qRT-PCR
showing gene expression in MCAMbright vs. MCAMmedium or MCAMdim germ cells normalized to MCAMnegative germ cells (mean ± SD of technical
replicates; n = 3 biological replicates; unpaired t-tests). (I) Relative expression of Spry4 (left) and Dusp6 (right) mRNA from Tokue et al. [15] in sorted
GFRA1pos vs. NGN3pos/KITneg and NGN3pos/KITpos populations. Spry4 adjusted p-val = 0.0036522; Dusp6 adjusted p-val = 0.00000759.
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Figure 2. KTR biosensor enables quantification of ERK dynamics in single live spermatogonia. (A) Schematic of ERK-KTR biosensor in SSCs, showing
predominant signal in nucleus (inactive) vs. cytoplasm (active). (B) Representative colonies of ERK-KTR SSCs in maintenance culture on feeders
(green = mClover ERK biosensor; red = mKate nuclear marker). (C) Representative micrographs of starved SSCs with or without treatment for 30 min
with FGF2 1 ng/ml. (D) Time course images of ERK-KTR SSCs following treatment with FGF2 1 ng/ml in the presence or absence of indicated pathway
inhibitors, showing inhibition of translocation only by an inhibitor of MEK (upstream of ERK). (E) Representative single-cell tracings green (and population
averages [red]) in time course experiments following treatment with FGF2 or GDNF. (F) Summary, population-averaged data for entire time course (all
cells and time points) for data from panels shown in (E). (G) Representative single-cell tracing of C/N ratio after smoothing, showing duration (i.e., width
[horizontal orange lines]) of annotated peaks (red circles) defined as having prominence (i.e., height) >0.1. Data were then used to calculate pulse period
(frequency) and fraction of time spent by each cell pulsing out of the total cell track length. (H) Histogram showing ranked index of pulsing time for the
entire time course for all cells following acute stimulation with GFs (starved control, FGF2 [10 ng/ml], or GDNF [20 ng/ml]). (I) Acute stimulation:
summary data for pulsing time averaged over all cells/time points (Student’s t-test, p < 0.005 vs. starved). (J–L) Summary data averaged over all
cells/time points for chronic stimulation (i.e., maintenance of cell without starvation) in media with FGF2 or GDNF at indicated doses (panel J shows C/N
ratio; K, pulse period; and L, pulse prominence).
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Figure 3. ERK signaling patterns are altered as spermatogonia transition during early differentiation. (A) qRT-PCR for indicated genes following treatment
with RA (1 μM) for 2 days (mean ± SD; n = 3 biological replicates). (B) qRT-PCR for indicated genes following treatment with RA at 0.5, 1.0, and 5.0 μM
for 3 days (mean ± SD; n = 3 biological replicates). (C) Schematic of lentiviral Stra8-H2B-BFP2 differentiation reporter construct. (D) BFP2 intensity in the
presence of RA (1 μM) or vehicle (DMSO) over 6 days of treatment. (E) Representative images showing BFP2 and mClover intensities in the presence
of RA (1 μM) or vehicle (DMSO) at day 3 of treatment. (F, G) Scatterplots showing BFP2 fluorescence intensity vs. The ERK C/N ratio in single cells
treated with FGF2 (1 ng/ml), GDNF (5 ng/ml), and either DMSO (F) or RA (G) for 3 days. (H) Summary data averaged over all cells/time points following
3 days of treatment with RA (1 μM) for KTR C/N ratio (left), pulse period (middle), and pulse prominence (right).

ERK) but not by inhibitors of other major pathways (i.e.,
PKC or JNK), consistent with findings from other cell types
(Figure 2C and D) [45, 67].

To obtain quantitative, dynamic measurements of the acute
ERK MAPK response to FGF2 and GDNF for statistical
analysis, we collected high-frequency measurements (i.e.,
∼1 image/minute) following starvation and GF treatment
(Figure 2E and F). After automated nuclear and cytoplasmic
segmentation of cell images, these data revealed robust
activation of ERK in response to either GF, expressed as the

ratio of cytoplasmic:nuclear signal (C/N ratio). Notably, traces
of ERK-KTR behavior in single cells revealed substantial
fluctuations over time, raising the possibility of pulsatile
ERK activity in SSCs, as reported in other cell types [28,
68]. To analyze ERK waveforms, we employed peak-calling
scripts and collected data on multiple parameters, including
pulse period, duration (width), prominence (height), and
percentage of time spent pulsing (Figure 2G). Broadly similar
dynamic profiles were obtained at doses of either FGF2 or
GDNF that yielded maximal ERK MAPK activity, though
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Figure 4. SPRY4 functions as a negative feedback regulator downstream of RAS/RAF/MEK/ERK cascade. (A) Representative qRT-PCR on SSCs
(ERK-KTR line) showing Spry4 induction following starvation and stimulation for 4 h with FGF2 (1 ng/ml) or GDNF (10 ng/ml) in the presence or absence
of indicated pathway inhibitors (mean ± SD of technical replicates; n = 3 experiments). T -test for comparisons± indicated inhibitors: FGF2 vs. FGF2/MEK
(∗p < 0.05), FGF2 vs. FGF2 with all other inhibitors (p = not significant [n.s.]), GDNF vs. GDNF/MEK (∗p < 0.05), GDNF vs. GDNF/PI3K (∗p < 0.05), and
GDNF vs. GDNF with all other inhibitors (p = n.s.). (B) C/N ratio in CRISPR/Cas9 Spry4 KO or wildtype (WT) control ERK-KTR SSCs following starvation
and acute stimulation with FGF2 (1 μg/ml). Inset shows immunoblot confirming loss of SPRY4 in ERK-KTR SSC subclones (scr = wildtype scramble
control). Two Spry4 KO clones and one WT control (scramble gRNA) clone were tested (one representative experiment out of three is shown; t-test,
∗∗∗∗p < 0.0001 for 60-, 120-, and 180-min time points). (C) Representative anti-RAS immunoblot showing active RAS pull-down using RAS-binding domain
of RAF1 after treatment for 2 h with vehicle, FGF2 (1 μg/ml), or GDNF (10 μg/ml) in SSCs (C57Bl6): control (“Spry4 +”), Spry4 deficient SSCs (“Spry4
−”), or Spry4 overexpressing SSCs (“Spry4 ++”). Graphs at bottom depict relative intensity of RAS normalized to TUBB (one representative experiment
shown; n = 2 biological replicates). (D) Immunoblot on CRISPR/Cas9 Spry4 KO SSCs (C57Bl6) showing anti-p-ERK (Thr202/Tyr204) after treatment for 2 h
with vehicle, FGF2 (1 μg/ml), or GDNF (10 μg/ml) in control SSCs (“Spry4 +”), Spry4 KO SSCs (“Spry4 −”), or Spry4 overexpressing SSCs (“Spry4
++”). Graphs at bottom depict relative intensity of RAS normalized to TUBB (one representative experiment shown; n = 2 biological replicates).

GDNF exhibited a more robust average C/N ratio and greater
time spent pulsing (Figure 2H–L). These data demonstrate
the utility of the ERK-KTR sensor for revealing detailed
dynamics of ERK behavior in both individual cultured SSCs
and populations.

ERK signaling patterns are altered during early
differentiation

Retinoic acid (RA) has been shown to drive differentiation
commitment in the subset of Spgundiff in vivo that possess
the ability to respond to RA and also drives early in vitro
differentiation [69–72]. Given the association between ERK
MAPK activity and SSC self-renewal and our observation
that Spry4 and Dusp6 transcripts were correlated with the
Spgundiff phenotype in vivo, we tested the response of cultured
SSCs to RA. As expected, mRNAs for Spry4, Dusp6, and SSC
marker gene Ret, along with phospho-ERK1/2, decreased in
cultured SSCs after RA treatment, while Stra8 transcript levels
increased (Figure 3A and B; Supplementary Figure 2). To
explore whether ERK activity changes during early spermato-
gonial differentiation, we developed a lentiviral differentiation

reporter in ERK-KTR SSCs using a Stra8 promoter fragment
(Figure 3C) [69]. Reporter expression was barely detectable
in the absence of RA but increased up to 4 days following
treatment (Figure 3D and E). Whereas ERK activity was
negatively associated with expression of the differentiation
reporter prior to treatment, this correlation was lost after 3
days of exposure (Figure 3F and G). Average ERK activity
was decreased in the presence or absence of RA, and we
observed a shortened pulse period and decreased prominence
in differentiating cells (Figure 3H). These data indicate that
the dynamic pattern of the ERK signal is altered during in vitro
differentiation, concurrent with reduced expression of NFRs.

Spry4 functions as a negative feedback regulator
downstream of the RAS/RAF/MEK/ERK cascade

Spry family members have cell type-specific effects on signal-
ing, including negative feedback control of the ERK MAPK
and PKC pathways [40, 65]. However, the functional sig-
nificance of Spry4 in germ cells is unknown. To address
this and link Spry4 specifically to ERK MAPK in SSCs,
we first examined the upstream regulation of Spry4. At the

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad089#supplementary-data
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Figure 5. Spry4 loss leads to a differentiated phenotype in vitro. (A–C) qRT-PCR showing upregulation of indicated genes in Spry4 KO SSCs (displayed as
fold-change relative to DMSO-treated scramble control values) following incubation for 2 days with DMSO (A), 1 μM RA (B), or differentiation cocktail
(C). One representative experiment shown. Bars denote mean ± SD of technical replicates (n = 3 experiments). Unpaired t-test on delta CT values:
∗∗p < 0.01, ∗∗∗∗p < 0.0001. (D) Immunostaining for anti-SYCP3 (white) and anti-MCAM (blue) in Spry4 KO or wildtype scramble control SSCs after 3 days
of incubation with DMSO or differentiation cocktail. Red = DNA. Scale bar = 20 μM. N = 3 experiments. (E) Quantification of nuclear anti-SYCP3 signal
using image analysis (n = 248 cells/group; unpaired t-test: WT control vs. KO control, p < 0.0005, WT cocktail vs. KO cocktail, p < 0.001, WT control vs.
WT cocktail, p < 0.001, and KO control vs. KO cocktail, p < 0.01). (F) SSC transplantation data for Spry4 KO or WT control SSCs (left; unpaired t-test,
p < 0.0001, bars denote mean ± SEM; pooled data from 3 experiments). Fluorescent stereomicrographs of representative whole-mount testes are
shown on the right, with selected colonies encircled (dashed lines) in the WT (top) and none visible in the KO (bottom).
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Figure 6. Spry4 promoter activity marks adult SSCs. (A, B) Adult Spry4H2B-Venus testis cryosections were stained with (A) anti-GFRA1 (red) or (B)
anti-MCAM (red). Venus fluorescence is false-colored green. Arrowheads = Spgundiff (enlarged in insets). Asterisks = Spry4H2B-Venus-positive somatic
cells in the interstitial space. (C) Whole-mount immunostaining of Spry4H2B-Venus tubules for GFRA1, depicting a singlet (i), a pair (ii), and a chain of four
(iii, dashed outline). Very faint Spry4H2B-Venus is visible in Sertoli nuclei, identifiable by distinctive nuclear morphology and DAPI-intense satellite
karyosomes. (D) UMAP clustering from scRNA-seq analysis of sorted Venus-positive Spgundiff following regression-out of the cell cycle signature
(pooled, sorted cells from 3 tamoxifen-induced GCRT;Venus mice). (E) Heatmap clustered by gene, showing scaled gene expression for each annotated
UMAP cluster. (F) UMAP clustering based on pseudotime analysis. (G, H) Spry4H2B-Venus mice were crossed with ubiquitous Tomato mice (to obtain
Tomato+ testicular cells) or GCRT mice (to obtain exclusively Tomato+ germ cells after tamoxifen induction). (G) Representative scatterplot showing
gating of Venus+ fraction of FACS-sorted testicular cells from Spry4H2B-Venus;tdTomato mice. (H) Left: transplantation assay showing log-scale increase
in SSC activity in the total Venus+ cell fraction (n = 16 testes) vs. the sorted, ungated control (“unselected”; from Tomato mice; n = 14) and in
Venus-bright (n = 21) vs. Venus-negative (n = 17) germ cells from GCRT; Spry4H2B-Venus mice (unpaired t-test: ∗∗∗∗p < 0.0001; pooled data from 3
experiments for [Venus-bright vs. -negative] and 2 experiments [for Venus+ vs. unselected]). Right: representative whole-mount recipient testis from
Venus+ group (arrowheads = colonies; red = tdTomato).
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transcriptional level, induction of Spry4 by FGF2 or GDNF
was completely abrogated by a chemical inhibitor of MEK1/2
but not by inhibitors of other canonical pathways (i.e., PI3K,
PKC, p38 MAPK, or JNK MAPK), indicating relative speci-
ficity for the ERK MAPK pathway (Figure 4A, Supplemen-
tary Figure 3). To examine Spry4 downstream function, we
disrupted the Spry4 coding sequence in ERK-KTR SSCs via
CRISPR/Cas9 gene editing, leading to a 4-bp deletion, frame-
shift, and early stop codon (Figure 4B, inset; Supplementary
Figure 4). Compared to non-edited SSC clones, those with
Spry4 loss exhibited increased ERK activity, based on KTR
localization, within minutes of exposure to FGF2 (Figure 4B,
Supplementary Figure 5). These data suggest that even low,
basal levels of SPRY4 (i.e., in starved cells) are sufficient
to regulate ERK MAPK. Analysis of dynamic ERK results
in Spry4 KO clones vs. wildtype controls did not reveal
significant alterations in the patter of pulsatile ERK behavior
in the absence of SPRY4 (Supplementary Figure 6). Spry4 has
been reported to suppress ERK signaling through either RAS-
dependent or RAS-independent mechanisms depending on cell
type [40]. To address this, we detected GTP-RAS using a
RAF1 RAS-binding domain (RBD) pull-down assay. We found
elevated active RAS in GF-treated cells, which although not
statistically significant, trends toward enhancement of RAS
activity in cells with reduced Spry4 and diminution in cells
with Spry4 overexpression (Figure 4C). This was consistent
with corresponding immunoblot data demonstrating slightly
increased p-ERK in Spry4-deficient cells compared to controls
or those with constitutive overexpression of Spry4 (Figure 4D;
Supplementary Figure 7). Collectively, these data indicate that
Spry4 is a negative feedback regulator of the ERK MAPK
pathway in germ cells.

Spry4 loss leads to a differentiated phenotype in
vitro

Since Spry4 is expressed in a cell population in vivo with the
potential to self-renew and regulates ERK MAPK, which has
been linked to SSC self-renewal, we next studied the pheno-
typic consequences of Spry4 depletion. Cells were cultured in
growth medium with DMSO or RA or in an RA-containing
medium formulation with additional cytokines (i.e., Kit lig-
and and NRG1) designed to enhance differentiation (Sup-
plementary Figure 8A). Compared to wildtype controls, cells
lacking Spry4 exhibited increased expression of a panel of
differentiation markers (Stra8, Kit, Sohlh1, Dmc1, and Sycp3)
in all conditions (Figure 5A–C). Consistent with this, Spry4
KO cells exhibited increased protein expression for SYCP3,
which was most apparent in growth medium (Figure 5D–E).
No consistent effects were seen on expression of SSC markers
Gfra1 and Id4 (Supplementary Figure 8B). Finally, trans-
plantation analysis revealed decreased stem cell activity in
Spry4 KO cultures compared to WT controls (Figure 5F). To
address whether the regenerative capacity of SSCs depends
on Spry4 in vivo, we crossed GCRT mice with mice bearing
conditional Spry4 alleles (Spry4flox mice) [73] and induced
recombination with tamoxifen. Following transplantation of
total testicular cells and enumeration of tdTomato+ colonies
in recipient animals, we found no difference in stem cell activ-
ity between GCRT;Spry4+/+ controls or GCRT;Spry4flox/flox

cells (Supplementary Figure 9). Taken together, these data
suggest that the effect of Spry4 loss is apparent in vitro but not
in vivo.

Spry4 promoter activity marks adult SSCs

To visualize Spry4-expressing cells in situ, a nuclear-
localized Spry4 reporter was recently developed, in which
an H2B-linked Venus fluorophore fusion protein cDNA
was knocked into the endogenous Spry4 locus (referred
to as Spry4H2B-Venus), comprising a highly sensitive, FGF-
responsive, transcriptional read-out of Spry4 promoter
activity [46]. To determine whether Spry4H2B-Venus expression
marks phenotypic SSC-like cells, we performed immuno-
staining on adult Spry4H2B-Venus testis tissue to detect
GFRA1 or MCAM protein, respectively (Figure 6A and B).
Spry4H2B-Venus was co-expressed with GFRA1+ and was also
found in MCAM-bright cells, whereas Spry4H2B-Venus was
undetectable in other germ cells. In order to quantify the
extent to which the GFRA1 immuno-positive population
overlaps with the Venus+ germ cell population, we scored
intratubular cells as positive or negative for GFRA1, Venus,
and DAZL (as a germ cell marker), using imaging by confocal
microscopy (Supplementary Figure 10). This revealed that the
GFRA1+ and Venus+ germ cell pools were substantially but
not completely overlapping, with 79 ± 2% of GFRA1+ cells
positive for Venus and 95 ± 5% of Venus+ cells positive for
GFRA1. We then performed whole-mount immunostaining
for GFRA1+ and confirmed that Spry4H2B-Venus is expressed
not only in Apair and Aaligned undifferentiated spermatogonia
but also in Asingle spermatogonia, considered to be the primary
SSC cell-containing population (Figure 6C). Of note, most
of the Venus+ population in the testis comprised a wide
variety of somatic cell types (e.g., putative peritubular, Leydig,
endothelial, and Sertoli cells) that expressed bright or faint
Spry4H2B-Venus (Figure 6A–C, Supplementary Figure 10).

We also explored the expression profiles of Venus-positive
germ cells. To this end, we bred Gfra1-CreERT2;Rosa26-LSL-
tdTomato;Spry4H2B-Venus mice (referred to as GCRT;Venus
mice) in which Spgundiff (but not somatic cells) exhibit
tdTomato expression after tamoxifen induction. Sorted
tdTomato-positive/Venus-positive germ cells were subject to
single-cell RNA sequencing (10x Genomics platform). As
expected, this strategy yielded an extremely pure population
of spermatogonia (98.2% [9265/9431 cells]). Small numbers
of presumptive contaminants were also found, including later-
stage germ cells (1.6%; spermatocytes and spermatids), as well
as (<0.2%) of somatic cells (endothelial and hematopoietic
cells). Non-spermatogonia were excluded from subsequent
analyses. Upon initial clustering using UMAP, five major
populations could be defined, spanning from early SSC-like
cells to early Spgundiff (Supplementary Figure 11A). However,
initial examination of the gene expression profiles of these
clusters suggested that a portion of the SSC-like population
was co-mingled with cells with more differentiated features.
We hypothesized that such conflation of populations was
due to a strong shared signature of mitotic activity. On
this basis, we analyzed the data after regressing out the
cell cycle signature (Figure 6D) [74]. The regressed UMAP
clusters closely aligned with expected expression profiles
for SSCs (two clusters with the highest levels of canonical
stem cell marker genes and absent or low expression of
progenitor or Spgundiff markers) vs. spermatogonia (three
clusters with lower SSC markers and robust Spgundiff markers;
Figure 6D and E). We superimposed the initial (i.e., non-
regressed) cluster color coding upon the cell cycle-regressed
UMAP clusters; this confirmed that the cell cycle signature
hindered separation of mitotic SSCs from spermatogonia
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(Supplementary Figure 11B). Using the cell cycle-regressed
data going forward, we designated the two clusters of SSC-
like cells as “early SSCs” (highest levels of SSC markers, e.g.
Id4, Pdx1, Eomes, T, and Gfra1) and “late SSCs” (lower
levels of SSC markers; Figure 6D; Supplementary Figure 12A).
Among the remaining clusters of spermatogonia, all exhibiting
low expression of SSC markers, we designated these three
as “Spg1,” “Spg2,” and “Spg3,” based on increasing levels
of mRNA corresponding to late Spgundiff markers (e.g., Kit
and Stra8; Supplementary Figure 12B). As expected from
our data on MCAM+ germ cells (see Figure 1H), early SSCs
exhibited the most robust expression of Spry4 and Dusp6.
We then visualized the data based on pseudotime analysis
and confirmed that the early SSC cluster represented the
most primitive population (Figure 6F). Color coding of these
clusters according to cell cycle signature revealed that a subset
of SSCs and of spermatogonia, especially Spg1 and Spg3,
were enriched for hallmarks of proliferation, while Spg2
appeared notably quiescent and also exhibited the greatest
expression of Sox3 and Neurog3, suggestive of distinct
early committed progenitor population (Supplementary
Figure 12B and C) [1, 75]. Spg3 cells were notable for the
highest levels of later differentiation markers Kit and Stra8.
Gene set enrichment analysis comparing the two combined
SSC and three combined spermatogonia clusters revealed
enrichment for “KRAS signaling up” (NES 1.57, nominal
p = 0, FDR q-val = 0.034), consistent with the significance of
growth factor/RAS pathway signaling in SSCs (Supplementary
Figure 12D) [76, 77]. In addition, a substantial number
of differentially expressed genes was identified, whose
functions in SSCs remain obscure (Supplementary Figure
12E). Concordant with our expression data above (see
Figure 1H), Spry4 expression progressively decreased from
early SSCs to Spg3 (Supplementary Figure 12F). Taken
together, these data indicate that strong Spry4 promoter
activity marks phenotypic adult SSCs in vivo.

To determine whether Spry4H2B-Venus marks functional
adult stem cells in vivo, we performed SSC transplantation
using selected cells from offspring from two different types of
mouse crosses. First, Spry4H2B-Venus;tdTomato animals were
generated by breeding, as a source of cells that ubiquitously
express tdTomato, for the purpose of visualizing transplanted
colonies derived from unselected vs. total Venus+ testicular
cell pools (Figure 6G). Second, we used GCRT;Venus mice
described above, in which Spgundiff exclusively exhibit
tdTomato expression at early time points (i.e., days 9–10)
after tamoxifen induction. Using these two different sets of
donors, singlet, freshly dissociated adult tdTomato+ testicular
cells were flow-sorted into four groups: (i) the parental
cell pool from Spry4H2B-Venus;tdTomato mice (referred
to as “unselected”), (ii) the Venus+ subpopulation from
Spry4H2B-Venus;tdTomato mice, (iii) Venus-bright Spgundiff
from induced GCRT;Venus mice, and (iv) Venus-negative
germ cells from induced GCRT;Venus mice. Following
transplantation into busulfan-treated recipients, tdTomato+
colonies were counted 2 months later, revealing that Venus+
total testicular cells were ∼60-fold enriched for SSC activity
(Figure 6H). As expected, the unselected control cells yielded
∼2.0 colonies (95% CI: 1.4–2.6) per 100 000 cells, similar
to historical controls [78]. Moreover, the highest stem cell
activity was observed using Venus-bright Spgundiff, yielding
an average of 814 colonies (95% CI: 571–1058) per 100 000
cells. Stem cell activity in the Venus-negative Spgundiff group

was below the detection limit, despite transplantation of a
∼5-fold excess of cells compared to the Venus-bright Spgundiff
group. These data indicate that the vast majority of stem
cell activity was contained within the Venus-bright Spgundiff
population. Assuming ∼5–10% transplantation efficiency
[78–80], the data suggest that ∼8–16% of Venus-bright adult
germ cells in vivo function as SSCs in this assay. Taken
together, the transplantation and scRNA sequencing data
indicate that strong Spry4 promoter activity marks adult SSCs
in vivo.

Discussion

The faithful integration of different extracellular cues depends
upon myriad intracellular regulatory mechanisms, acting at
various nodes in a given pathway. Here, we identified a
Spry4-driven negative feedback mechanism that controls the
signaling output from GF-dependent receptor tyrosine kinases
in SSCs. Spry4 was selectively induced in vitro by GFs that
support self-renewal (i.e., FGF2 and GDNF). Interrogation
of MCAM+ germ cells revealed that robust expression of
negative feedback regulators of ERK MAPK signaling is a
unique feature of Spgundiff in vivo. Functionally, ERK MAPK
signaling induced Spry4 expression, leading to suppression of
the pathway, in part, through effects on RAS activity. Cultured
SSCs exhibited pulsatile ERK responses to GFs and a negative
correlation of ERK activity with increasing differentiation
status. Through gene expression profiling and transplantation
of germ cells expressing a Spry4H2B-Venus reporter, we found
that Spry4 expression effectively delineates SSCs in vivo.
Normal Spry4 function was critical for SSC maintenance in
vitro since Spry4 loss caused upregulation of differentiation
markers and loss of stem cell activity.

While previous lines of evidence indicated that cell-
autonomous regulation of GF-mediated signaling is critical
for maintaining homeostasis of spermatogonia and can
be achieved in part through robust intracellular negative
feedback control [15, 35, 36, 81], the significance of Spry
family genes in SSCs has been unclear. Our results support
Spry4 as a marker for adult SSCs in vivo, but cultured
SSCs were uniquely dependent on Spry4 for ERK MAPK
negative feedback in order to maintain stem cell activity. The
latter result contrasts to SSCs in vivo that can apparently
withstand Spry4 loss based on transplantation of testicular
cells from induced GCRT;Spry4flox/flox mice. A potential
explanation could be that SSCs in vivo but not cultured
SSCs might compensate for Spry4 loss through upregulation
of other Spry family members (i.e., Spry1 and Spry2) or
other NFRs such as Dusps. In addition, we speculate that
the GF-rich medium required for SSC culture may expose
limits to the inherent feedback mechanisms that collectively
prevent excessive ERK MAPK activation. Other data from
studies that experimentally alter upstream ligand-dependent
or ligand-independent ERK MAPK signaling are consistent
with the existence of such limits. For example, self-renewal
of SSCs in vitro can be abrogated by high doses of FGF [23],
which can also enhance the differentiated gene expression
program [14, 24]. However, given the technical challenges
in measuring both ambient levels of GFs in the niche in
vivo and corresponding ERK MAPK activity, it is unclear
what comprises the physiologically relevant range of GF
concentrations detected by SSCs in situ. Such data would
be needed in order to elucidate how GFs control SSC
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homeostasis. One study found that SSC gene expression was
globally unaltered by reduction in FGF dosage, but expression
of the negative feedback regulator Dusp6 was decreased in
GFRA1-expressing cells from FGF5−/− animals, suggesting
that intracellular ERK MAPK negative feedback might be
somewhat alleviated under GF-reduced conditions [21]. A
recent study also indicated that the ambient GF environment
of homeostatic SSCs is quite constrained but that GF signaling
is significantly enhanced during cytotoxic stress-induced
regeneration [82].

In our study, we found a strong correlation between Spry4
expression (either at the mRNA level or using transplantation
of germ cells from Spry4H2B-Venus mice) and the SSC pheno-
type. The Spry4H2B-Venus mouse provides a validated measure
of p-ERK [46]. Therefore, our findings lend further credence
to the idea that active ERK MAPK signaling is a central
feature of the stem cell but not the progenitor population
in vivo [14, 24, 83]. While it is possible that transcriptional
changes during early differentiation could activate negative
feedback genes other than Spry4 (or Dusp6) to undertake
analogous functions, we did not find evidence of this in our
scRNA-seq data (Supplementary Figure 12F). It should be
noted, also, that the SSC population is increasingly thought
to comprise cells within multiple potentially inter-convertible
states [1, 12–14, 34], yet the relevant time scales for such cell-
state transitions are enigmatic. Future studies that integrate
gene expression and real-time measurement of signaling could
capture these transitions. Our extrapolations indicate that
SSCs comprise ∼1–2 in 8 of the Venus-bright germ cells in the
adult testis, but a remaining question is whether any substan-
tial amount of stem cell activity resides in the Venus-dim or
Venus-negative fractions of germ cells. One caveat, though, is
that the transplantation assay itself may reflect a regenerative
setting in the mouse testis more than a homeostatic one since
committed progenitors may display colonization ability upon
transplantation [1].

An emergent feature of Spry4 function is cell type specificity
with respect to upstream ligand/receptor pairs and down-
stream targets. Consistent with reports in other cell types, we
found that Spry4 is strongly induced by FGF but not EGF,
despite the ability of the latter to induce ERK MAPK signaling
in SSCs [81]. To our knowledge, Spry4 has not been previously
reported as a GDNF-responsive gene in any cell type. This
feature is, however, perhaps unsurprising given the role of
Spry1 in GDNF/Ret signaling [47]. While GDNF and FGF2
both exert strong effects on expression of Spry4 (and also
Dusp6), it is also possible that other upstream ligand–receptor
interactions could be relevant. Similarly, we speculate that
future studies will reveal analogous functions for other GF-
dependent negative regulators uniquely in SSCs. In contrast to
Dusp6, which acts largely on ERK, the detailed mechanisms
by which Spry proteins modulate the pathway in different
cell types remain unclear [65]. Spry proteins exert repressive
actions by targeting various nodes, and their inhibitory inter-
actions occur downstream of RTKs but upstream of ERK,
including with GRB2, RAF1, DYRK1A, and other effectors
[40, 84–86]. SPRY4 itself is reported to interact directly with
RAF1 and TESK1 [40, 87]. While our data demonstrate that
SPRY4 in SSCs acts at or above the level of RAS, further exper-
iments will be required to demonstrate the specific binding
partners and rule out the possibility of additional downstream
interactions.

Despite the fact that ERK MAPK supports SSC self-renewal,
our data imply that pathway activity must be maintained
within a narrow range in vitro to prevent precocious differ-
entiation. This concept is reminiscent of prior results showing
that hyperactivation of mTORC1 downstream of GFs in
Zbtb16/Plzf - or Tsc2-deficient SSCs leads to loss of self-
renewal and precocious differentiation through a negative
feedback mechanism [81, 88]. An analogous paradigm exists
in tumor models in which subtle variations in MAPK signal-
ing determine cell fate outcome, such as transformation vs.
cellular toxicity [89, 90] or proliferation vs. differentiation
[91]. Such dichotomous cell fates, dependent on intrinsic neg-
ative feedback, may extend to other ERK MAPK-dependent
pathologies, given that deregulation of this pathway under-
lies many cancers and developmental diseases. However, our
data also present an apparent paradox that relates to a
class of paternal age-associated congenital disorders driven by
weakly activating mutations in genes upstream of the ERK
MAPK pathway. For example, gain-of-function mutations
in FGFR2 drive self-selection of SSC clones during aging
through mild hyperactivation of ERK MAPK [61, 92]. Evi-
dently, the presence of endogenous negative feedback regula-
tors in SSCs, such as Spry4 and Dusp6, cannot fully mitigate
such phenotypes in the human testis associated with GF-
driven selfish selection. This is surprising, given the rela-
tively modest magnitude of pathway activation thought to
be conferred by point mutations that drive paternal age-
associated congenital disorders compared to oncogenic muta-
tions [93]. Furthermore, even strong-acting somatic cancer
mutations in GF receptor components can elicit sufficient neg-
ative feedback in tumor cells to suppress downstream signal-
ing [94]. Further investigation will be required to understand
this paradox and whether it could be related to species-specific
differences.

In conclusion, we show here that a Spry4-mediated nega-
tive feedback loop fine-tunes the response to niche-derived
self-renewal factors in adult SSCs. While this study focused
on Spry4, other feedbacks have been identified in different
model systems and biological contexts that function to limit
ERK MAPK activity. These include not only genes that are
transcriptionally upregulated by ERK MAPK (e.g., Dusp6)
but also cross-talk from parallel pathways that may serve
to modulate ERK MAPK output. Future studies will need
to address the integrated effects of such signals in a holistic
fashion, not only to improve techniques for long-term culture
of SSCs from humans and other species but also to develop
therapeutic strategies to address infertility.
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