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ABSTRACT
Myotubularin related protein 7 (MTMR7), a key member of the MTMR family, depicts phosphatase
activity and is involved in myogenesis and tumor growth. We have previously identified MTMR7 in
the proteomic profile of mouse spermatogonial stem cell (SSC) maturation and differentiation,
implying that MTMR7 is associated with neonatal testicular development. In this study, to further
explore the distribution and function of MTMR7 in mouse testis, we studied the effect of Mtmr7
knockdown on neonatal testicular development by testicular and SSC culture methods. Our
results revealed that MTMR7 is exclusively located in early germ cells. Deficiency of MTMR7 by
morpholino in neonatal testis caused excessive SSC proliferation, which was attributable to the
aberrant PI3K/AKT signaling activation. Altogether, our study demonstrates that MTMR7 maintains
SSC homeostasis by inhibiting PI3K/AKT signaling activation.
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Introduction

Spermatogonial stem cells (SSCs) belong to undiffer-
entiated germ cells that have the potential to self-
renew and differentiate into committed progenitors
that maintain the life-long spermatogenesis [1].
Undifferentiated spermatogonia can be subdivided
into spermatogonial type A single (As; isolated single
cells), A paired (Apr; chains of two cells) and
A aligned (Aal; chains of 4–16 cells) [2]. Based on
live imaging and mathematical modeling, recent stu-
dies have emphasized the roles of As, Apr and Aal
spermatogonia to the SSC population [3,4].
Postnatally, SSCs arise from more undifferentiated
gonocytes, which are derived from primordial germ
cells (PGCs). The transition of gonocytes into SSCs
takes place between 0 and 6 d postpartum (dpp) in
mice, with the first appearance of SSCs occurring at
3–4 dpp [5]. Similar to other stem cells, SSCsmaintain

prolonged tissue homeostasis by continuously self-
renewing, proliferating, and differentiating.
However, the molecular mechanisms underlying
their regulation remain largely unknown [6].

Myotubularin related proteins (MTMRs) are
a highly conserved family that includes 15 members,
namely Myotubularin 1 and MTMR1 to MTMR14,
each possessing distinct functions [7–9]. According to
previous studies, MTMR7 displays phosphatase activ-
ity that specifically dephosphorylates the D-3 position
of phosphatidylinositol 3-phosphate (PI(3)P) and
phosphatidylinositol 1,3-bisphosphate (PI(1,3)P2),
generating PI and PI(5)P, which are the primary sub-
strates for phosphatidylinositol-3, 4, 5-trisphosphate
(PIP3) synthesis [10,11]. PIP3 is a key messenger in
PI3K/AKT signaling, which plays a multifunctional
role in cellular processes such as cell proliferation,
migration, differentiation and apoptosis [12].
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Depletion of MTMR7 reportedly enhances Th17 cell
differentiation, accompanied by an increase in AKT
phosphorylation [13]. In addition, MTMR7 is known
to inhibit AKT-ERK1/2 signaling and proliferation in
human colorectal cancer cell lines [14]. Further, Yuan
et al. recently reported that knocking down MTMR7
promotes myoblast proliferation via AKT signal-
ing [15].

In our previous work, we successfully identified
MTMR7 in the proteomic profile of neonatal
mouse testis [16]. Bioinformatic analysis in our
study suggested that MTMR7 is related to germ
cell development. In the present study, we aimed
to study the distribution of MTMR7 in neonatal
mouse testis, and study the effects of its knock-
down in vitro. Our research supported that
MTMR7 plays a pivotal role in the SSC prolifera-
tion via PI3K/AKT signaling.

Materials and methods

Animals

Pregnant ICR mice were maintained in
a controlled environment under a 12/12-h light/
dark cycle at 20–22°C and 50–70% humidity with
food and water available ad libitum. All mouse
experiments were conducted in conformity with
the guidelines of the Ethics Committee of
Nanjing Medical University.

Immunofluorescence

Mouse testis tissues and explants were fixed in 4%
(w/v) paraformaldehyde, embedded in paraffin
and sectioned into 5-μm thick sections. For immu-
nofluorescence, sections were deparaffinized in
xylene and rehydrated in a graded ethanol series.
Following antigen retrieval in sodium citrate buf-
fer (pH 6.0) at 100°C for 10 min and blockage of
nonspecific sites with 1% BSA (w/v), tissues were
incubated overnight at 4°C with primary antibo-
dies (Supplementary Table S1). Sections were
washed with phosphate-buffered saline-Tween
and reacted with Alexa-Fluor secondary antibodies
(Thermo Scientific, Waltham, USA) for 1 h at
room temperature, and the nucleus was stained
with DAPI. Images were acquired using
a confocal laser microscope (Zeiss LSM710, Carl

Zeiss, Oberkochen, Germany). For SSCs immuno-
fluorescence, SSCs were cultured in a Millicell EZ
slide (Merck Millipore Corporation, Darmstadt,
Germany). Cells were fixed in 4% (w/v) parafor-
maldehyde, blocked with 1% BSA (w/v) and then
reacted overnight at 4°C with primary antibodies
(Supplementary Table S1). After subsequent
washes, the samples were incubated with Alexa-
Fluor secondary antibodies (Thermo Scientific,
Waltham, USA). All samples were examined
under a confocal laser microscope (Zeiss
LSM710, Carl Zeiss, Oberkochen, Germany).

Western blot analysis

Western blot was carried out as described pre-
viously with minor modifications [17]. In short,
tissue lysates were separated by electrophoresis on
polyacrylamide and electrotransferred to polyviny-
lidene difluoride membranes (Bio-Rad, Hercules,
USA). The membranes were then blocked with 5%
(w/v) non-fat dried milk and incubated overnight
at 4°C with the indicated primary antibodies
(Supplementary Table S1). Blots were then washed
with phosphate-buffered saline-Tween and incu-
bated at room temperature for 1 h with horserad-
ish peroxidase-conjugated secondary antibodies
(Thermo Scientific, Waltham, USA). The immu-
nocomplexes signals were visualized by enhanced
chemiluminescent (Thermo Scientific, Waltham,
USA). Image Pro Plus analysis of the resultant
band was subsequently performed.

TUNEL assay

Apoptotic cells were assayed using TUNEL
BrightRed Apoptosis Detection Kit (Vazyme,
Nanjing, China), according to the manufacturer’s
instructions. Briefly, sections were deparaffinized
and rehydrated in a graded ethanol series and
incubated with 20 μg/ml proteinase K for 10 min.
The sections were then treated with equilibration
buffer for 30 min at room temperature, followed
by BrightRed Labeling Buffer for 60 min at 37°C.
After washing with phosphate-buffered saline-
Tween for 3 times, samples were stained with
DAPI. Images were captured using a confocal
laser microscope (Zeiss LSM710, Carl Zeiss,
Oberkochen, Germany).
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Neonatal testis culture

Testes from 3.5-d mice were decapsulated and
gently separated into several 2- to 4-mm-
diameter pieces. The tissue explants were placed
on stands made of 1.5% (w/v) agarose gel stands
(10 × 10 × 5 mm[3] in size and placed in 24-well
plates), and cultured as previously described [18].
The amount of medium was half to four-fifth of
the height of the agarose gel. Totally 3–5 testes
explants were placed on the medium/air interface
of each stand and incubated in 5% carbon dioxide
in air and maintained at 34°C. Medium was
replaced every 2 d. The culture media consisted
of α-minimum essential medium (α-MEM), with
10% KnockOut serum replacement (KSR), 1%
non-essential amino acid solution (NEAA), 0.1%
β-mercaptoethanol, as well as 1% penicillin-
streptomycin solution. MTMR7-translation-
blocking-vivo-Mo (oligo Sequence: CGTG
CGGATGTGCTCCAT) and its negative control
(oligo Sequence: CCTCTTACCTCAGTTA
CAATTTATA) were obtained from Gene Tools
(Philomath, Oregon, USA).

RNA extraction and quantitative PCR

Total RNA was isolated using the RNeasy Plus
Micro Kit (Qiagen, Duesseldorf, Germany),
according to the manufacturer’s instructions.
cDNA was reverse transcripted and then subjected
to real-time quantitative PCR assay in an ABI 7300
real-time PCR system (Applied Biosystems, Foster
City, CA, USA). The primers used are listed in
Supplementary Table S2. Gene expression was cal-
culated using 2−ΔΔCt method, with 18s rRNA as an
internal control.

SSC culture

Long-term culture of mouse SSCs was performed
according to our previous described using
StemPro-34 SFM [19]. Shortly, testes from
2-d neonatal mice were digested with 1 mg/ml
collagenase (type IV; Sigma-Aldrich, St. Louis,
MO, USA) for 15 min at 37°C, followed by
0.25% trypsin (Thermo Scientific, Waltham,
USA) with 1.4 mg/ml DNase (Sigma-Aldrich,
St. Louis, MO, USA) for 10 min at 34°C.

Dispersed testicular cells were cultured on a 0.2%
(w/v) gelatin-coated plate overnight. Floating cells
were passaged to secondary plates. These cells
were then passaged two or three times before
they were transferred to a medium containing
feeder cells. The cells were cultured in 5% carbon
dioxide in air and maintained at 37°C. SSCs were
cultured for 5–6 d, either with 10 μM MTMR7 or
Ctr morpholinos.

Statistical analysis

Experiments were repeated at least three times.
Quantitative results are presented as mean ± standard
deviation (SD). The statistical significance of the data
was determined by either an unpaired Student’s t-test
or one-way ANOVA followed by the post-hoc tukey’s
test with * p < 0.05; **p < 0.01; ***p < 0.001.

Results

MTMR7 expression pattern during
spermatogenesis in mice

We performed immunostaining to analyze the dis-
tribution of MTMR7 at 3.5-d, 2-wk, 4-wk, and
adult mouse testis during the first wave of sper-
matogenesis. As promyelocytic leukemia zinc fin-
ger (PLZF) has a well-defined role in SSC
maintenance, herein, it was used as a marker of
undifferentiated SSCs [16]. We observed that
MTMR7 was exclusively expressed in the cyto-
plasm of SSCs of 3.5-d testis (Figure 1(a)), as
well as in cultured SSCs (Figure 1(b)). The above
expression data suggest that MTMR7 is associated
with the development of neonatal testes and SSCs.

MTMR7 knockdown and SSC development

To investigate the function of MTMR7 in neonatal
testis, we used morpholino (Mo) oligo to knock-
down MTMR7 in the cultured testis explants
(Figure 2(a)). Western blot analysis showed 58%
silence efficiency of MTMR7 by Mo in vitro
(Figure 2(b,c)).

The cultured testis explants incubated with
Mo for 4 d were assayed by immunostaining,
and the results revealed a significant elevation
of LIN28-labeled SSCs [20] (Figure 3(a,b)) and
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DDX4-labeled germ cells [21] in the Mo group
(Figure 3(c,d)). LIN28- and DDX4-positive
cells showed 1.56-fold (from 78.0 ± 9.3/
105μm2 to 121.4 ± 14.1/105μm2) and 1.41-fold
(from 120.8 ± 11.7/105μm2 to 171 ± 15.9/
105μm2) increase in Mo testes, respectively,
compared with the negative control (Ctr)
(Figure 3(b,d)). In agreement with this finding,
we observed 2.03-fold (from 28.1 ± 6.2/105μm2

to 57.2 ± 11.3/105μm2) and 2.25-fold (from

10.9 ± 3.9/105μm2 to 24.5 ± 7.6/105μm2)
increase of proliferative marker of KI67 [22]-
and PH3 [23]-labeled SSC proliferation (Figure
3(e-h)) in Mo testes, while the apoptotic sig-
nals remained unchanged between the two
groups (Supplementary Figure S1). These data
indicate that MTMR7 is pivotal for the regula-
tion of SSC proliferation. To further explore
the consequence of the excessive proliferation
of SSCs observed in Mo testes, testis explants

Figure 1. Expression of MTMR7 in testis and SSC. (a) Co-immunostaining of MTMR7 and PLZF (undifferentiated spermatogonia
marker) at 3.5-d, 2-wk, 4-wk and adult mouse testis. (b) Co-immunostaining of MTMR7 and PLZF in SSC. Scale bar: 20 μm.

Figure 2. Establishment of neonatal testis culture platform. (a) Schematic representation of neonatal testis culture. Neonatal testis
was cut into pieces and placed on the medium/air interface of agarose gel stand. The fragments were cultured for 4 d either with 20
μM Mo or its Ctr. (b,c) Western blot analysis showed high knockdown efficiency of MTMR7 by Mo. (**p < 0.01, Student’s t-test,
sample number = 3).
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from 3.5-d were cultured for 11 d, which cor-
responded to the spermatocyte stage. In con-
trast to Ctr, the number of spermatocytes
(labeled by γH2AX [24]) in Mo testes displayed

markedly decreased (from 159.6 ± 24.8/105μm2

to 20.6 ± 6.2/105μm2) (Supplementary Figure
S2), revealing that MTMR7-deficent SSCs lose
the function to enter meiosis.

Figure 3. MTMR7 is required for germ cell development. (a,b) Representative images of LIN28 (undifferentiated spermatogonia
marker) immunostaining in Ctr and Mo testes. (c,d) Representative images of DDX4 (germ cell marker) immunostaining in Ctr and
Mo testes. (e,f) Co-immunostaining of KI67 (cellular proliferation marker) and PLZF in Ctr and Mo testes. (g,h) Co-immunostaining of
PH3 (cellular proliferation marker) and PLZF in Ctr and Mo testes. Dotted lines indicate seminiferous tubule. White arrows indicate
proliferating SSC. (*p < 0.05, **p < 0.01, Student’s t-test, sample number = 6). Scale bar: 20 μm.
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Integrity of seminiferous tubules and somatic
cells after MTMR7 knockdown

To assess the integrity of seminiferous tubules after
MTMR7 knockdown, we labeled the basal laminae of
testes by laminin [25], and the results revealed that the
seminiferous tubules appeared intact in theMo group
(Figure 4(a)). Moreover, we also performed immu-
nostaining of Sertoli and Leydig cells using SOX9 [26]
and 3β-HSD [27], respectively, and the results implied
that the number of Sertoli and Leydig cells did not
appear to differ between the two groups (Figure
4(b-e)).

Depletion of MTMR7 triggers PI3K/AKT signaling,
along with cell cycle progression

Previous studies have demonstrated that knockdown
of MTMR7 promotes cell proliferation via AKT sig-
naling [15]. The AKT signaling cascade is originally
activated by the production of PIP3, which serves as
docking phospholipids to subsequently induce phos-
phorylation of AKT at Thr308 and Ser473 sites [12].
Here, PIP3 and phosphorylated AKT levels weremea-
sured by ELISA and western blot, respectively. And
the results exhibited that AKT signaling was dramati-
cally activated in the Mo group, in comparison to Ctr

Figure 4. MTMR7 knockdown does not disrupt the integrity of seminiferous tubules and somatic cells. (a) Representative images of
Laminin immunostaining in Ctr and Mo testes. (b,c) Representative images of SOX9 (Sertoli marker) immunostaining in Ctr and Mo
testes. (d,e) Representative images of 3β-HSD (Leydig marker) immunostaining in Ctr and Mo testes. (Student’s t-test, sample
number = 6).Scale bar: 20 μm.
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(from 1.0 ± 0.2 to 2.45 ± 0.34 for PIP3; from 1.0 ± 0.15
to 1.9 ± 0.16 for p-AKT(S473); from 1.0 ± 0.11 to 1.8 ±
0.14 for p-AKT(T308)) (Figure 5(a-g)). Cell cycle is
tightly regulated by Cyclin-dependent kinases (CDKs)

[28] and their opponents, Cyclin-dependent kinase
inhibitor proteins (CDKIs) [29]. In linewith the exces-
sive cellular proliferation found in Mo testes, Cyclin-
dependent kinases inhibitor proteins (CDKIs), p21,

Figure 5. Aberrant activation of PI3K/AKT signaling in MTMR7-deficient testes. (a) ELISA assay of the PIP3level in Ctr and Mo testes.
(b) Western blot analysis of the expression levels of p-AKT(S473), p-AKT(T308), total AKT, Cyclin D, Cyclin E and p-RB1 in Ctr and Mo
testes. (c-g) Quantification of (b). Real-time PCR analysis of the expression levels of p21 (h), p27 (i), p15 (j) and p16 (k) in Ctr and Mo
testes. (*p < 0.05, **p < 0.01, Student’s t-test. For (b-g) sample number = 3; for (h-k), sample number = 6).
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p27, p15 and p16 were apparently depressed (from 1.0
± 0.07 to 0.31 ± 0.09 for p27; from 1.0 ± 0.05 to 0.42 ±
0.09 for p27; from1.0 ± 0.1 to 0.51 ± 0.05 for p15; from
1.0 ± 0.07 to 0.41 ± 0.08 for p16) (Figure 5(h-k)),
whereas cell cycle positive regulators, Cyclin D,
Cyclin E, as well as phosphorylated retinoblastoma
tumor suppressor protein (p-RB1) displayed obvious
elevation (from 1.0 ± 0.13 to 1.92 ± 0.17 for Cyclin D;
from 1.0 ± 0.25 to 1.72 ± 0.18 for Cyclin E; from 1.0 ±
0.11 to 1.93 ± 0.17 for p-RB1) in Mo testes (Figure
5(b-g)).

Inhibition of PI3K/AKT signaling can party rescue
the altered phenotypes in MTMR7-deficient
testes

To verify whether aberrant activation of the PI3K/
AKT pathway was a vital contributor to the excessive
proliferation of SSCs observed in this study, we
treated cultured testicular cells with the PI3K/AKT
pathway inhibitor, LY294002 (10 μM) [30]. Western
blot results indicated that LY294002 inhibited the
AKT pathway with a high efficiency (Figure 6(a-c)).
Immunostaining results revealed that the number of
germ cells labeled by LIN28 and DDX4 in the
LY294002-treated Mo group showed a 19.2% (from
130.4 ± 9.3/105μm2 to 105.3 ± 3.2/105μm2) and
23.5% (from 169.5 ± 6.6/105μm2 to 129.6 ± 4.3/
105μm2) decline, respectively, compared with the
Mo group (Figure 6(d-g)). Accordingly, proliferating
SSC labeled by KI67 and PH3 in the LY294002-
treated Mo group displayed a 32.5% (from 45.5 ±
3.2/105μm2 to 30.7 ± 4.1/105μm2) and 35.2% (from
31.8 ± 2.0/105μm2 to 20.6 ± 1.2/105μm2) reduce,
respectively, in comparison to the Mo group
(Figure 6(h-k)). In line with the above findings, the
amount of Cyclins, p-RB1 and CDKIs in LY294002-
treated Mo group exhibited reversed expressions,
compared with the Mo group (Supplementary
Figure S3(a-h)).

Deficiency of MTMR7 promotes SSC proliferation
in vitro

To further confirmwhetherMTMR7 knockdownwas
a direct contributor of the observed SSC proliferation,
we incubated SSC culture with Mo. As shown in
Figure 7(a-d), the proliferation signals in theMo treat-
ment group were apparently increased, compared

with Ctr. Also, the SSC colony size in the Mo group
was obviously larger than that in the Ctr group (from
2939 ± 430μm2 to 4841 ± 170μm2) (Figure 7(a,c,e)).
Furthermore, we treated cultured SSCs with 10 μM
LY294002 in Mo group, immunostaining results
showed that the proportion of proliferating SSCs
labeled by PH3 and KI67 in the LY294002-treated
Mo group depicted 45% (from 38.9 ± 4.5% to 21.6 ±
1.9%) and47.5% (from62±7.4% to 32.5± 4.6%) drop,
respectively, in comparison to Mo (Figure 7(a-d)). As
expected, Mo group evinced measurable decreased
amounts of CDKIs, whereas treatment of LY294002
in Mo showed reverse expression (Figure 7(f-i)). To
further show morpholino specificity, cultured SSCs
were successfully transfected with
pcDNA3.0-MTMR7 overexpression vector
(Supplementary Figure S4(a,b)). Consistent with
LY294002 rescuing SSC proliferation (Figure 7(a-e)),
MTMR7-treated Mo group exerted antiproliferative
effects as well (Supplementary Figure S4(c-f)).
Altogether, the excessive cell proliferation observed
in MTMR7-deficient SSCs (Figure 7(a-i) and
Supplementary Figure S4(a-f)) was highly consistent
with findings pertinent to MTMR7-deficient testes
(Figure 3(a-h)).

Discussion

Our study is the first to address the question of the
distribution and function of MTMR7 in mammalian
SSCs and testis. We found that MTMR7 was exclu-
sively located in SSCs. Pioneering study by Sato et al.
first obtained functional sperm in cultured neonatal
mouse testis [18], we as well as other researchers
have widely used this culture method as a platform
to gain mechanistic understanding of spermatogen-
esis [31–34]. As for SSC culture, it is also a reliable
model to explore the development of SSCs and intri-
cate mechanisms of spermatogenesis [19,35,36]. By
neonatal testis and SSC culture, we noted that knock-
down of MTMR7 by Mo caused excessive SSC pro-
liferation and PI3K/AKT pathway activation.
Moreover, treatment with the PI3K/AKT pathway
inhibitor, LY294002, could partly rescue the altered
phenotypes. Our results demonstrate that MTMR7
regulates SSC development, mainly via influencing
PI3K/AKT signaling.

SSCs have unique properties to self-renew and
support spermatogenesis throughout their lifespan,
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Figure 6. PI3K inhibitor, LY294002, can partly rescue the altered phenotypes. (a,b,c) Western blot analysis showed p-AKT(S473),
p-AKT(T308) and total AKT levels in Ctr, Mo and Mo+ LY294002 testes. (d,e) Representative images of LIN28 immunostaining in Ctr,
Mo and Mo+ LY294002 testes. (f,g) Representative images of DDX4 immunostaining in Ctr, Mo and Mo+ LY294002 testes. (h,i) Co-
immunostaining of KI67 and PLZF in Ctr, Mo and Mo+ LY294002 testes. (j,k) Co-immunostaining of PH3 and PLZF in Ctr, Mo and Mo
+ LY294002 testes. Dotted lines indicate seminiferous tubule. White arrows indicate proliferating SSC. (*p < 0.05, **p < 0.01, ***p <
0.001, one-way ANOVA. For (a-c), sample number = 3; for (d-k), sample number = 6). Scale bar: 20 μm.
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and the pool of SSCs needs to be strictly maintained
with a dynamic balance [37]. More self-renewal than
differentiation could diminish the seminiferous

epithelium to only stem cells and a tumor might
form. If differentiation prevailed, stem cells would
deplete themselves, inducing seminiferous lumens

Figure 7. Influence of MTMR7 knockdown on SSC culture. (a,b) Co-immunostaining of PH3 and PLZF in Ctr, Mo and Mo+ LY294002
SSCs. (c,d) Co-immunostaining of KI67 and PLZF immunostaining in Ctr, Mo and Mo+ LY294002 SSCs. (e) Quantification of SSC clone.
Real-time PCR analysis of the expression levels of p21 (f), p27 (g), p15 (h) and p16 (i) in Ctr, Mo and Mo+ LY294002 SSCs. (*p < 0.05,
**p < 0.01, ***p < 0.001, one-way ANOVA, sample number = 4).Scale bar: 20 μm.
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with only the supporting Sertoli cells. Cumulating
evidence has demonstrated that GDNF, Lin28a,
Dmrt1, B7-H3 and miR-100 promote SSC prolifera-
tion [38–42], while miR-204 and Mir146a suppress
SSC proliferation [43,44]. During cell cycle, Cyclin-
dependent kinases (CDKs) and their regulatory
binding partners, cyclins, comprise the central
machinery and promote cell cycle progression.
Alternatively, Cyclin-dependent kinase inhibitor
proteins (CDKIs) inhibit CDKs activity, thus indu-
cing cell cycle arrest [45]. There are two classes of
CDKIs, namely inhibitors of CDK4 (INK4) and
kinase inhibitors proteins (KIPs), respectively.
INK4 members, p15, p16, p18 and p19, can specifi-
cally bind CDK4/6 and inhibit their link with Cyclin
D. Whereas p21, p27 as well as p57 from KIPs are
recognized as inhibitors of Cyclin E-CDK2 complex
[46]. During G1 to S phase transition, the retinoblas-
toma tumor suppressor protein (RB1) is phosphory-
lated by Cyclin D-CDK4/6 followed by Cyclin

E-CDK2, which in turn releasing transcriptional fac-
tor, E2F, and allowing E2F-mediated S phase gene
transcription [47,48]. In our study, depletion of
MTMR7 leaded to PI3K/AKT activation, followed
by the depression of CDKIs (p15, p16, p21 and p27)
and up-regulation of CDKs (Cyclin D and Cyclin E),
and finally causing RB1 hyperphosphorylation
(Figure 8). In all, we extrapolated that MTMR7
could negatively regulate cell cycle of SSCs in G1-S
phase transition.

PI3Ks form a family of kinases expressed in vir-
tually all mammalian cells with essential roles in cell
cycle progression, survival, migration, and cell growth
[49]. AKT is the most studied and universally acti-
vated molecule downstream of PI3Ks [50]. Previous
studies have proved that AKT activity is involved in
cell proliferation, metabolism, survival, and motility
by the phosphorylation of a myriad of downstream
effector molecules [51]. Early researchers have con-
firmed that the AKT pathway is associated with the

Figure 8. Schematic illustration of MTMR7 work model. MTMR7 acts as a negative regulator of cell cycle via depressing PI3K/AKT
signaling. Knockdown of MTMR7 leads to PI3K/AKT activation, followed by the inactivated of CDKIs (p21, p27, p15 and p16). Then,
cyclin D-CDK4,6 and cyclin E-CDK2 complex phosphorylate RB1, thus, contributing to E2F transcriptional activity and promoting G1-S
phase transition.
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growth of SSCs. For instance, Ma et al. suggested that
Lin28a activates the AKT signaling pathway to pro-
mote the proliferation and maintain the self-renewal
of dairy goat SSC [39]. Feng et al. reported that stem
cell factor (SCF)/C-kit promotes the proliferation of
type A spermatogonia by recruiting PI3K/AKT/p70
S6 kinase/cyclin D [52]. Moreover, Liu et al. indicated
that Setdb1 regulates the AKT pathway to inhibit SSC
apoptosis [53]. Consistent with these findings, our
present study reports excessive SSC proliferation, in
association with aberrant activation of the AKT path-
way in MTMR7-deficient neonatal testes and SSCs.
Moreover, treatment with an AKT pathway inhibitor
resulted in an apparent reverse of phenotypes in neo-
natal testis culture and SSC culture. Based on these
data, we conclude that the PI3K/AKT pathway is one
of the crucial targets of MTMR7 and that it plays
important roles in neonatal testicular and SSC devel-
opment in mice.

In summary, we identified a novel factor,
MTMR7, that could negatively regulate the prolif-
eration of mouse SSCs through PI3K/AKT path-
way. These findings will help to increase our
understanding of the self-renewal and differentia-
tion of SSCs.
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