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Reactive oxygen species (ROS) produced by NADPH1 oxidase 1 (NOX1) are thought to drive spermatogonial stem
cell (SSC) self-renewal through feed-forward production of ROS by the ROS-BCL6B-NOX1 pathway. Here we report
the critical role of oxygen on ROS-induced self-renewal. Cultured SSCs proliferated poorly and lacked BCL6B ex-
pression under hypoxia despite increase in mitochondria-derived ROS. Due to lack of ROS amplification under
hypoxia, NOX1-derived ROS were significantly reduced, and Nox1-deficient SSCs proliferated poorly under hypoxia
but normally under normoxia. NOX1-derived ROS also influenced hypoxic response in vivo because Nox1-deficient
undifferentiated spermatogonia showed significantly reduced expression of HIF1A, a master transcription factor for
hypoxic response. Hypoxia-induced poor proliferation occurred despite activation of MYC and suppression of
CDKN1A by HIF1A, whose deficiency exacerbated self-renewal efficiency. Impaired proliferation of Nox1- or Hif1a-
deficient SSCs under hypoxia was rescued by Cdkn1a depletion. Consistent with these observations, Cdknla-
deficient SSCs proliferated actively only under hypoxia but not under normoxia. On the other hand, chemical
suppression of mitochondria-derived ROS or Top1mt mitochondria-specific topoisomerase deficiency did not in-
fluence SSC fate, suggesting that NOX1-derived ROS play a more important role in SSCs than mitochondria-derived
ROS. These results underscore the importance of ROS origin and oxygen tension on SSC self-renewal.
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Stem cells are characterized by a unique ability to undergo
self-renewal division. Compared with more actively divid-
ing progenitor cells, division of stem cells is generally
slow and requires a special microenvironment with the
necessary self-renewal factors (Scadden 2006). The analy-
sis of stem cells is hampered by their small number and
the lack of specific markers. The interactions of stem cells
with their environment also complicate analysis because
the niche is composed of several somatic cell types. Al-

Corresponding author: tshinoha@virus.kyoto-u.ac.jp
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.339903.120.

though stem cells are biologically unique and show prom-
ise for clinical application, little progress has been made in
our understanding of the role of niche and its regulation of
stem cells.

Stem cells are typically sensitive to environmental
changes and lose their stem cell potential after in vitro
culture. However, spermatogonial stem cells (SSCs) can

© 2021 Morimoto et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License (Attri-
bution-NonCommercial 4.0 International), as described at http://creative-
commons.org/licenses/by-nc/4.0/.

250 GENES & DEVELOPMENT 35:250-260 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/21; www.genesdev.org


mailto:tshinoha@virus.kyoto-u.ac.jp
http://www.genesdev.org/cgi/doi/10.1101/gad.339903.120
http://www.genesdev.org/cgi/doi/10.1101/gad.339903.120
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml

proliferate in vitro for more than 5 yr (Kanatsu-Shinohara
etal. 2019). In the presence of GDNF and FGF2, germ cells
from postnatal testes form grapelike clusters of spermato-
gonia, which, upon microinjection into the seminiferous
tubules, restart spermatogenesis (Kanatsu-Shinohara
et al. 2003). These cells, designated germline stem (GS)
cells, can be genetically manipulated to produce knockout
(KO) animals and have a stable karyotype and DNA meth-
ylation pattern (Kanatsu-Shinohara and Shinohara 2013).
Although much remains unknown about SSC self-renew-
al mechanism (Meistrich and van Beek 1993; de Rooij
2017), we showed that reactive oxygen species (ROS)
play an important role in driving self-renewal (Lee et al.
2009; Morimoto et al. 2019). Compared with Agingle (As)
spermatogonia that divide only once per 10 d, doubling
time of GS cells is 2.5 d (Kanatsu-Shinohara et al. 2003).
This suggests that in vitro culture significantly enhances
proliferation. Adding GDNF and FGF2 increased the ROS
levels, while ROS depletion compromised SSC self-re-
newal, suggesting that the ROS levels have a close rela-
tionship with self-renewal division.

The major sources of ROS are NADPH oxidases (NOXs)
and mitochondria. The involvement of Nox1 in SSC self-
renewal was demonstrated using Nox1 KO mice (Mori-
moto et al. 2013). NOXs catalyze the generation of O,
by single-electron transfer from NADPH to O,. NoxI
KO mice have smaller testes and a significantly reduced
number of GFRA1" undifferentiated spermatogonia.
Transplantation experiments showed that self-renewal
division of Nox1-deficient SSCs is less efficient than
that of wild-type (WT) SSCs. Subsequent studies revealed
that “ROS amplification” drives SSC self-renewal in vitro
(Morimoto et al. 2019). Upon stimulation with GDNF and
FGF2, MAPK14 and MAPK?7 are phosphorylated, promot-
ing the nuclear translocation of BCL6B and subsequent in-
duction of Nox1 for ROS generation. Because addition of
ROS not only induced phosphorylation of MAPK14 and
MAPKY? but also promoted BCL6B nuclear translocation
and Nox1 induction, we proposed that the ROS-BCL6B-
NOXI1 pathway creates a positive feedback loop to sustain
self-renewal division. Because ROS are considered harm-
ful to spermatogenesis, enhancement of SSC self-renewal
by ROS was unexpected.

Our recent study implicated a role for mitochondria-de-
rived ROS in GS cells. GS cells cultured for 5 yr showed
enhanced proliferation (Kanatsu-Shinohara et al. 2019).
Although aged GS cells expressed Nox1 more abundantly
than young GS cells, the ROS levels were significantly
lower in aged GS cells. We found that excessive activation
of self-renewal division in aged GS cells significantly re-
duced mitochondrial activity by increasing WNT7B ex-
pression. These results raised questions on whether
mitochondria-derived ROS influences SSCs and their rela-
tionship with NOX1-derived ROS. In fact, much remains
unknown about the functional role of mitochondria-de-
rived ROS in tissue-specific stem cells (Bigarella et al.
2014).

Here, we evaluated the effect of Nox1 in GS cells by gen-
erating Nox1 KO GS cells. Contrary to our expectation,
proliferation of Nox1 KO GS cells was comparable with
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that of WT GS cells when cultured under normoxic condi-
tions. This observation led us to study the role of oxygen
and HIF1A in SSC self-renewal. HIF1A is a key transcrip-
tion factor that mediates hypoxic response. Although pre-
vious in vitro studies suggested that hypoxia is beneficial
for SSCs (Kubota et al. 2009; Helsel et al. 2017), HIF1 A ex-
pression is controversial in both mouse and human sper-
matogonia (Marti et al. 2002; Depping et al. 2004;
Takahashi et al. 2016), and the role of oxygen in SSCs
has remained unknown. Our study revealed that the hyp-
oxia modulates NOX1-derived ROS levels and increases
the expression of CDKN1A via MYC down-regulation.

Results

Defective proliferation of Nox1 GS cells under hypoxia

We previously reported that Nox1 was important for SSC
self-renewal in vivo (Morimoto et al. 2013). To confirm
this, we generated NoxI KO GS cells. Nox1 KO testes
were dissociated into single cells, and the SSC self-renew-
al factors GDNF and FGF2 were added to enhance self-re-
newal division and establish GS cells. However, GS cell
colonies appeared normal and their proliferation was com-
parable with that of WT GS cells (Fig. 1A). To explain this
discrepancy between in vivo and in vitro, we analyzed fac-
tors potentially involved in the phenotypic change. The
factors analyzed included temperature, self-renewal factor
or serum concentrations, culture substrate, etc. We even-
tually found out that oxygen concentration (1%) induces a
marked difference in proliferation between Nox1 KO and
WT GS cells (Fig. 1B). Although low-oxygen culture
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Figure 1. Proliferation of NoxI KO GS cells. (A) Appearance of
Nox1 KO GS cells. (B) Proliferation of Nox1 KO GS cells (n=3).
Cells were cultured under 1% or 20% O, for 8 d. Relative increase
of cell recovery after culture initiation is shown. (C) Culture of
green pup testis cells under 1%, 5%, and 20% O, for 7 d on
MEPFs. (D) Appearance of recipient testes after transplantation
of pup testis cells under hypoxia. (E) Colony counts (n=12). (F)
Offspring born after microinsemination using sperm derived
from GS cells cultured under hypoxia. Scale bars: A,C, 200 pum;
D, 1 mm. Asterisk indicates statistical significance (P <0.05).
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suppressed the proliferation of both Nox? KO and WT
cells, the difference between cell types becoming evident
when oxygen concentration was lowered to 1% O, (Fig.
1B). However, expression of several markers of undifferen-
tiated spermatogonia and differentiating spermatogonia
showed only modest changes by real-time polymerase
chain reaction (PCR) (Supplemental Fig. S1). Neverthe-
less, the results of the hypoxic cultures suggested that ox-
ygen tension plays a role in the changes observed in Nox1
KO GS cells.

To examine the impact of hypoxia on SSCs, we per-
formed spermatogonial transplantation using fresh testis
cells (Brinster and Zimmermann 1994), because abnormal-
ities in SSCs are difficult to evaluate by morphological
analysis. Testis cells from immature C57BL6/Tgl4(act-
EGFP-OsbYO01) (designated green) pups, which express
Egfp ubiquitously, were cultured under 1%, 5%, and
20% O,. After 1 wk of culture, germ cell colonies were
found in 20% O, cultures (Fig. 1C). In contrast, such colo-
nies were rare when the cells were cultured under lower
oxygen concentrations. We microinjected cultured cells
into the seminiferous tubules of busulfan-treated infertile
mice. Analysis of recipient mice showed increased colony
formation in cultures maintained under 20% O, (Fig. 1D).
The number of colonies generated from 1%, 5%, and 20%
O, cultures was 0.2, 0.8, and 10.0 per 10° transplanted
cells, respectively (Fig. 1E). Although the number of colo-
nies did not differ significantly between 1% and 5% O,,
the differences between 20% O, and 1% or 5% O, were
significant.

Because the results suggested a growth-suppressive ef-
fect of hypoxia, we analyzed the long-term impact of hyp-
oxia on the proliferation of WT GS cells. GS cells were
maintained under 1% O, and transplanted into the semi-
niferous tubules of infertile mouse testes at different time
points. GS cells cultured under 20% O, expanded by 1.8 x
10°-fold over 43 d, whereas GS cells cultured under 1% O,
expanded by 2.9 x 103-fold during the same period, indicat-
ing a 62.1-fold enhancement of proliferation under nor-
moxia (Supplemental Fig. S2A). The doubling times
under 20% and 1% O, were 2.5 and 3.7 d, respectively.
Analysis of recipient testes showed that the SSC concen-
tration under 20% O, was significantly higher than that
under 1% O, (Supplemental Fig. S2B,C).

Because these results suggested the poor quality of GS
cells under hypoxia and hypoxia can cause genomic insta-
bility in some cell types (Rodriguez-Jiménez et al. 2008),
we examined the full developmental potential of GS cells
cultured under hypoxia. We cultured GS cells for 77 d in vi-
tro and transplanted them into the seminiferous tubules of
congenitally infertile WBB6F1-W/W" (W) mice. Within 3
mo, the testes became larger (Supplemental Fig. S2D), and
immunostaining of recipient testes showed production of
peanut agglutinin (PNA)* haploid cells (Supplemental Fig.
S2E). Elongated spermatids or spermatozoa were retrieved
and microinjected into oocytes. A total of 92 embryos
were created, and 69 two-cell embryos were transferred
into pseudopregnant mothers. Twenty-one offspring were
born by cesarean section (Fig. 1F). These results confirmed
that GS cells cultured under hypoxia are fertile.

252 GENES & DEVELOPMENT

Increased mitochondria-derived ROS under hypoxia

To evaluate the mechanism of hypoxia-induced growth
suppression, we examined the ROS levels in WT and
Nox1 KO GS cells by flow cytometry. Despite the lack
of Nox1, Nox1 KO GS cells showed increased ROS levels
under normoxia. When cultured under hypoxic condi-
tions (1% O,), their ROS levels were comparable with
those of WT cells (Fig. 2A). Although Nox1 deficiency in-
duced significant changes in other Nox gene expression
levels under normoxia, these changes were not observed
under hypoxia (Supplemental Fig. S3A). We next com-
pared the ROS levels in WT GS cells cultured under hyp-
oxic and normoxic conditions. Culture under hypoxic
conditions significantly increased the ROS levels in WT
GS cells (Fig. 2B). However, Nox1 expression in WT GS
cells was down-regulated upon transfer to hypoxic condi-
tions (Supplemental Fig. S3B). Because addition of H,O,
also increased ROS levels in NoxI KO GS cells (Fig. 2C),
these results suggested that ROS from sources other
than NOXI1 contributed to the increased ROS production
under hypoxia.

Because mitochondria are a major source of ROS (Zorov
et al. 2014), we reasoned that the increase in ROS levels
was a result of increased ROS production by mitochon-
dria. Therefore, we used MitoSox to assay mitochondria-
derived ROS. MitoSox staining showed a significant

200 200 200
20% 2 1% WT GS
.160%m Control (‘{ 160}’ Control / 1601 m 20% 4| /|
£120{= Nox1 KO £1204= Nox1KO/ £120{= 19 V\,\
380 2380 o 80 /
40 40 ,!I © 40 [/
S v et e et LY Bt iy et et T My T
ROS E
200 250 25079
1% Nox1 KO ,GS WT GS | 1%
.Eﬂso = Control i | £200im209, \ £200/=Cont ol
£120{= H,0. i | 3150i=19% ) 31501= Nox} KO
2 80 r1 | 8100 WA 8100
04‘? Wi \ 50 \ 50 /L
10 10 12 100 16 048 10 13 6 10 %18 10 16 10’ 10'
ROS MitoSOX MitoSO.

Mitotracker : 1% O2

§120{ = MitoTe
0 80
40

0
10" 10 10 m3 10"
RO

7
_160| e Nox1 K F&GS

o
%

|

o

Relative expression
(fold)
°
o

0
N
o N*‘

Figure 2. Oxygen-dependent changes in ROS levels. (A) Flow
cytometric analysis of ROS levels in Nox1 KO GS cells under hyp-
oxic and normoxic conditions by CellROX Deep Red. (B) Flow
cytometric analysis of ROS levels in WT GS cells under hypoxic
and normoxic conditions by CellROX Deep Red. (C) Flow cyto-
metric analysis of ROS levels in Nox1 KO GS cells by CellROX
Deep Red 2 d after H,O, supplementation under hypoxia. (D,E)
Flow cytometric analysis of mitochondria-derived ROS levels in
WT (D) or Nox1 KO (E) GS cells using MitoSox. (F) Flow cytomet-
ric analysis of ROS levels in Nox1 KO GS cells by CellROX Deep
Red 2 d after H,O, treatment. (G,H) Mitotracker staining (G) and
quantification (H) of its staining intensity in GS cells (n=10).
Scale bar in G, 20 um. Stain in G is Hoechst 33342.. Asterisk indi-
cates statistical significance (P <0.05).
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increase in the mitochondria-derived ROS levels in WT
cells under hypoxia (Fig. 2D; Supplemental Table S1). Al-
though mitochondria-derived ROS activate NOX proteins
and create a feed-forward cycle in somatic cells (Dikalov
2011), Nox1 deficiency further enhanced mitochondria-
derived ROS levels under hypoxia (Fig. 2E), suggesting
that NOX1-derived ROS suppress mitochondria-derived
ROS in GS cells. To directly examine the effect of mito-
chondrial ROS on GS cells, we treated GS cells with Mito-
Tempo, a mitochondrion-targeted antioxidant (Trnka
et al. 2008). As expected, MitoTempo treatment down-
regulated ROS levels in Nox1 KO GS cells under hypoxia
(Fig. 2F). Moreover, the Mitotracker staining intensity was
stronger in NoxI KO GS cells under hypoxia (Fig. 2G,H).
These results suggested that hypoxia increases ROS pro-
duction by mitochondria and that Nox1 suppresses mito-
chondria-derived ROS.

Because an increase in ROS levels induces NoxI and
promotes GS cell proliferation by ROS amplification
(Morimoto et al. 2019), impaired proliferation under hyp-
oxia was likely caused by decreased ROS production by
Nox1. Therefore, we examined the effect of exogenous
ROS on GS cells under hypoxic conditions. As expected,
the addition of hydrogen peroxide significantly increased
the number of GS cells under hypoxia (Supplemental
Fig. S3C). However, mitochondria-derived ROS also play
a role in normoxic cultures because treatment with Mito-
Tempo significantly reduced the proliferation of WT GS
cells cultured under normoxia (Supplemental Fig. S3D).
Down-regulation of ROS levels was also confirmed by
MitoTempo treatment (Supplemental Fig. S3E). Because
these results suggested that mitochondria-derived ROS
also contribute to GS cell proliferation, we carried out
spermatogonial transplantation to assess the effect of mi-
tochondria-derived ROS on normoxic GS cell cultures.
The numbers of colonies generated by MitoTempo-treat-
ed and control GS cells did not change significantly (Sup-
plemental Fig. S3F,G). Therefore, mitochondria-derived
ROS affect GS cell proliferation but do not influence the
SSC concentration.

SSCs in Toplmt KO mice

The results in the preceding section suggested that mito-
chondria-derived ROS have relatively little impact on SSC
fate determination. This observation agrees with our re-
cent study that showed robust SSC activity of GS cells
that have significantly fewer mitochondria after 5 yr of
normoxic culture (Kanatsu-Shinohara et al. 2019). To
study the impact of defective mitochondria on SSCs
directly in vivo, we next examined TopImt KO mice
(Khiati et al. 2015). TopIlmt is the only mitochondria-spe-
cific topoisomerase and plays a role in mitochondrial
DNA maintenance and topology. TopImt KO mouse em-
bryonic fibroblasts (MEFs) exhibit activation of the DNA
damage repair pathway and hyperpolarization of mito-
chondrial membrane (Douarre et al. 2012).

Toplmt KO mice were initially fertile and showed com-
plete spermatogenesis (data not shown). However, they
gradually lost spermatogenesis, and their testes were sig-
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nificantly smaller at >1 yr old (Fig. 3A,B). Histological
analysis showed almost complete lack of spermatogenesis
at this stage (Fig. 3C,D). When immunostaining was car-
ried out using relatively young adult testes (<3 mo) with
complete spermatogenesis, the number of KIT* differenti-
ating spermatogonia was significantly reduced (Supple-
mental Fig. S4A), suggesting impaired spermatogonial
differentiation. In contrast, the number of GFRAL" (A,,
Apaired, and some A,jigned) and CDHI™ (total undifferenti-
ated) spermatogonia slightly increased in Toplmt KO
mice (Supplemental Fig. S4B).

We derived GS cells from Toplmt KO mice to examine
the impact of this gene. TopImt KO GS cells proliferated
normally under normoxia. However, hypoxic culture
showed a modest but significant proliferative defect (Sup-
plemental Fig. S4C). Flow cytometric analysis showed that
these cells have reduced ROS levels under hypoxia (Fig.
3E). MitoSox staining revealed that this reduction in
ROS levels was caused by a decrease in mitochondria-de-
rived ROS (Fig. 3F). To understand the mechanism of
poor GS cell proliferation, we carried out RNA sequencing
(RNA-seq) and found that 59 genes were differentially ex-
pressed in TopImt KO GS cells under hypoxia (Supple-
mental Fig. S5A; Supplemental Table S2). One of the
down-regulated genes was Gfral, which is a critical com-
ponent of the GDNF receptor and influences GS cell prolif-
eration (Supplemental Fig. S5A). Because real-time PCR
confirmed this result (Supplemental Fig. S1), we also
checked expression of GFRA1 by flow cytometry and
found significant down-regulation of GFRA1 expression
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Figure 3. Functional analysis of SSCs in TopImt KO mice.
(A) Appearance of Toplmt KO mouse testis. (B) Testis weight
(n =6). (C) Histological appearance of TopImt KO mouse testis.
(D) Number of seminiferous tubules with spermatogenesis. At
least 504 tubules were counted. (E,F) Flow cytometric analysis
of ROS levels in Topimt KO GS cells by CellROX Deep Red
(E) and MitoSox (F). (G) Appearance of recipient testes. (H) Colo-
ny counts in primary recipients (n=10). (I) Total increase in col-
ony number (total regenerated colony number x 10)/(primary
colony number used for serial transplantation) (n=6). Scale
bars: A,G, 1 mm; C, 50 um. Stain in C is hematoxylin and eosin.
Asterisk indicates statistical significance (P <0.05).
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(Supplemental Fig. S4D). Therefore, GFRA1 down-
regulation might have caused slow proliferation under
hypoxia.

Because SSCs comprise only a small population in
GFRAL1" undifferentiated spermatogonia and in GS cells,
we carried out spermatogonial transplantation to examine
the effect of TopImt deficiency on SSCs. The number of
colonies generated by Toplmt KO and control cells did
not show statistical difference (Fig. 3G,H). To confirm
the impact on SSC self-renewal in the niche, we carried
out serial transplantation. Although the exact location
of the niche is unclear in vivo, transplantation analysis
of SSC activity in the primary recipient allows evaluation
on the impact of the microenvironment on self-renewal
activity because self-renewal division is thought to occur
in the niche. We used these primary recipient testes for se-
rial transplantation. Analysis of the secondary recipients
also failed to show significant changes in the number of
germ cell colonies (Fig. 3I). Because serial transplantation
of Nox1 KO testis showed impaired colonization (Mori-
moto et al. 2013), these results suggested that Nox1-de-
rived ROS are more important than mitochondria-
derived ROS in SSC fate determination.

Hifla deficiency compromises self-renewal division

To identify the mechanism of slow proliferation under
hypoxia, we next analyzed Hif genes because they are es-
sential mediators of hypoxic response. Although the
Hifla and Epas1 (Hif2a) mRNA levels were not influenced
by the oxygen level (Supplemental Fig. S6A), Western blot
analysis showed that only HIF1 A was up-regulated under
hypoxia (Fig. 4A). Because Epas1 KO mice did not show a
phenotype in spermatogonia (Gruber et al. 2010), we
reasoned that Hif1a plays an important role in the hypoxic
response. To examine the degree of hypoxia in spermato-
gonia, we first used pimonidazole, which forms covalent
bonds with cellular macromolecules at oxygen levels
<1.3% (Varia et al. 1998). Immunostaining of WT testis
with spermatogonia markers showed that a larger number
of CDH1" undifferentiated spermatogonia exhibit pimo-
nidazole staining compared with EPCAM"* (whole sper-
matogonia) or KIT" (differentiating spermatogonia) cell
populations (Fig. 4B,C).

Because these results suggested that hypoxia plays an
important role in SSC maintenance, we analyzed the in-
volvement of ROS and mitochondria by examining
HIF1A expression in Nox1 and TopImt KO mouse testes.
Compared with control testes, Nox1 KO testes showed re-
duction in spermatogonia numbers (Supplemental Fig.
S6B,C). Also, the expression of HIF1A in GFRA1" and
CDHI1" spermatogonia was low in Nox1 KO testes (Supple-
mental Fig. S6D). In contrast to undifferentiated spermato-
gonia, very few KIT" spermatogonia expressed HIF1 A, and
there was no significant difference in the number of cells
expressing the two antigens between WT and Nox1 KO
mice. These results suggested that ROS produced by
NOX1 enhance HIF1 A expression in undifferentiated sper-
matogonia. On the other hand, the numbers of HIF1 A-ex-
pressing spermatogonia in TopImt KO mouse testes were
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Figure 4. Functional analysis of Hif1a in SSCs. (A) Western blot
analysis of HIF1A and EPASI in WT GS cells. (B,C) Immunos-
taining (B) and quantification (C) of WT testis with pimonidazole
and spermatogonia markers. At least 10 tubules were counted. (D)
Appearance of recipient testes. (E) Colony counts in primary re-
cipients (n=16). (F) Total increase in colony numbers (total regen-
erated colony number x 10)/(primary colony number used for
serial transplantation) (n=7 for Hifla KO; n=11 for control).
Scale bars: B, 20 pum; D, 1 mm. Stain in B is Hoechst 33342. Aster-
isk indicates statistical significance (P <0.05).

significantly reduced in both undifferentiated spermatogo-
nia and differentiating spermatogonia stages (Supplemen-
tal Fig. S4E,F). Therefore, mitochondrial activity also
influences HIF1 A expression.

To examine the impact of Hifla in vivo, Hifla"" mice
were crossed with green mice to introduce a donor cell
marker (Ryan et al. 2000). Testes were collected from im-
mature Hifla’f green mice and cells were exposed to a
Cre-expressing adenovirus (AxCANCre) before transplan-
tation (Takehashi et al. 2007). Deletion efficiency, as esti-
mated by southern blot analysis, was 75.7 % at the time of
transplantation (Supplemental Fig. S6E). Analysis of recip-
ient mice showed a significant reduction in the number of
colonies from Hifl1a KO donor cells (Fig. 4D,E). Histologi-
cal analyses of recipient testes showed a significantly re-
duced number of seminiferous tubules with Hifla KO
testes (Supplemental Fig. S6F). These results suggested
that loss of Hifla impairs SSC activity.

To examine the role of Hifla in self-renewal division,
we carried out serial transplantation. Analysis of the sec-
ondary recipients showed a complete lack of secondary
colonies from Hifla KO testes (Fig. 4F). However, control
testis cells generated normal appearing secondary colo-
nies by serial transplantation. These results suggested
that loss of Hifla significantly impairs self-renewal divi-
sion in vivo.

£/t

Analysis of GS cell phenotype under hypoxia

To understand the molecular impact of hypoxia in GS
cells, we carried out RNA-seq analysis of WT GS cells cul-
tured under hypoxia. The RNA-seq analysis identified 228
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genes whose expression levels were up-regulated or down-
regulated under hypoxic conditions (Supplemental Fig.
S5B; Supplemental Table S3). Next, we performed ingenu-
ity pathway analysis (IPA) to identify transcriptional regu-
lators linked to the hypoxia-induced changes in gene
expression profiles. This analysis revealed several tran-
scription regulators that were significantly enriched up-
stream of the hypoxia-regulated genes (Supplemental
Table S4). They included HIF1A, EPAS1, VHLI1, and CIT-
ED2, all of which are involved in the oxygen response in
somatic cells. Of these candidate genes, we focused on
MYC/MYCN because they enhance spermatogonial pro-
liferation (Kanatsu-Shinohara et al. 2016). Both real-time
PCR analysis confirmed down-regulation of Mycn/Myc
under hypoxia (Supplemental Fig. S7A). Western blot
analysis showed that both MYC and MYCN proteins are
down-regulated under hypoxia (Fig. 5A; Supplemental
Fig. S7B).

We also derived GS cells from Hifla”f mice and deleted
Hifla by AxCANCre. Consistent with the transplanta-
tion experiments, these cells proliferated poorly under
hypoxia (Fig. 5B). However, real-time PCR analysis of
spermatogonia markers did not show apparent changes
that might explain this phenotype (Supplemental Fig.
S1). Therefore, we carried out RNA-seq analysis to under-
stand the mechanism of poor proliferation by Hifla defi-
ciency (Supplemental Fig. S5C; Supplemental Tables S5,
S6). Under normoxic culture, we found only three genes
that are expressed differentially between WT and Hifla
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Figure 5. Induction of MYC/MYCN by ROS. (A) Western blot
analysis of MYC/MYCN in WT (20% and 1% O,), Hifla KO
(1% O,), and Nox1 KO (1% O,) GS cells (n=23). (B) Proliferation
of Hifla KO GS cells (n=3). Cell recovery was determined after
culturing under hypoxia for 3 d. (C) Western blot analysis of
MYC/MYCN in WT GS cells after exposure to H,O,, apocynin
or LPA (n=3). (D) Flow cytometric analysis of ROS levels by Cell-
ROX Deep Red after Mycn overexpression in WT GS cells 11 d af-
ter transfection (n = 3). (E) Flow cytometric analysis of ROS levels
in Myc DKO GS cells by CellROX Deep Red. (F) Proliferation of
Myc DKO GS cells (n=3). Cells were recovered after 4 d. (G) Pro-
liferation of Myc DKO GS cells transfected with Mycn (n=23).
Cells were recovered 8 d after transfection. Asterisk indicates
statistical significance (P <0.05).
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KO GS cells, which is consistent with the fact that
HIF1A was absent in normoxic culture (Fig. 4A). On the
other hand, we noted 534 genes that are expressed differ-
entially under hypoxia. As expected, Myc was one of the
top candidate transcription factors by IPA analysis (Sup-
plemental Table S7). Western blot analysis showed signif-
icant down-regulation of MYC/MYCN in Hifla KO GS
cells (Fig. 5A; Supplemental Fig. S7C). We also confirmed
that MYC is down-regulated in Nox1 KO GS cells, al-
though MYCN did not show statistical significance (Fig.
5A; Supplemental Fig. S7D). These results suggested
that down-regulation of MYC is responsible for poor pro-
liferation of Hifla and Nox1 KO GS cells.

To identify the mechanism of the increased MYC/
MYCN expression under normoxia, we examined the im-
pact of ROS. Although ROS suppression by chemical
agents, such as lipoic acid (LPA) and apocynin, decreased
MYC/MYCN expression, hydrogen peroxide significantly
increased MYC expression (Fig. 5C; Supplemental Fig.
S7E). In contrast, Mycn overexpression under normoxia
increased the ROS levels (Fig. 5D). Because these results
suggested a close relationship between ROS and MYC/
MYCN, we analyzed Myc/Mycn double KO (Myc DKO)|
GS cells and analyzed their ROS levels by flow cytometry
(Kanatsu-Shinohara et al. 2016). As expected, Myc DKO
GS cells exhibited significant down-regulation of ROS
(Fig. 5E). Moreover, the rate of proliferation of Myc DKO
GS cells did not change under hypoxia (Fig. 5F). However,
transfection of Mycn rescued the defective proliferation of
Myc DKO GS cells (Fig. 5G). Taken together, these results
suggested that HIF1A enhances the proliferation of GS
cells under hypoxia via MYC/MYCN.

Lack of ROS amplification and increased CDK inhibitor
expression under hypoxia

Although these results suggested that ROS promote
MYC/MYCN expression under normoxia, we focused
our analysis under hypoxia to understand the mechanism
of self-renewal in vivo. Because our results suggested that
down-regulation of MYC/MYCN is responsible for slow
proliferation under hypoxia, it was likely that GS cells
lack expression of genes involved in ROS amplification
under hypoxia. We found by our RNA-seq analysis that
Bcl6b and Etv5, both of which act downstream from
MAPK7 and MAPKI14 (Morimoto et al. 2019), were
down-regulated (0.4-fold and 0.66-fold, respectively) un-
der hypoxia. We confirmed down-regulation of Bcl6b
and Etv5 by real-time PCR (Fig. 6A). Western blot analysis
also showed a significant reduction in the phosphoryla-
tion level of MAPK7 and MAPK14 (Fig. 6B; Supplemental
Fig. S8A). These results suggested that ROS amplification
does not occur under hypoxia.

Because nuclear translocation of BCL6B was critical for
Nox1 expression and ROS amplification (Morimoto et al.
2019), we carried out immunostaining of BCL6B. Al-
though BCL6B was localized predominantly in the cyto-
plasm in GS cells, the amount of nuclear BCL6B was
significantly decreased in Hifla KO GS cells (Fig. 6C,D).
We also checked the distribution of BCL6B in WT GS cells
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Figure 6. Lack of ROS amplification and increased CDKN1A ex-
pression under hypoxia. (A) Real-time PCR analysis of Etv5 and
Bcl6b expression (n=3). (B) Western blot analysis of MAPK7
and MAPK14 in WT GS cells (n=3). (C,D) Immunostaining (C)
and quantification (D) of BCL6B in WT, Hifla, Nox1, and Myc
DKO KO GS cells. Relative staining intensity in the nucleus
was quantified (n=10). (E) Western blot analysis of CDKN1A
and CDKNI1C in WT GS cells (n=3). Scale bar in C, 10 um. Stain
in C is Hoechst 33342. Asterisk indicates statistical significance
(P<0.05).

(1% vs. 20% O,), Nox1 KO GS cells (1% O,), and Myc
DKO GS cells (1% O,). As expected, WT GS cells down-
regulated BCL6B expression when the cells were cultured
under hypoxia. The amount of nuclear BCL6B under hyp-
oxia was further reduced in both NoxI KO and Myc DKO
cells. Because Bcl6b is indispensable for SSCs (Oatley
et al. 2006), these results suggested that reduced nuclear
BCLG6B expression is responsible for the poor proliferation
of GS cells under hypoxia.

To understand how a lack of nuclear BCL6B leads to
poor proliferation under hypoxia, we analyzed the expres-
sion of Ccnd2, which plays a critical role in GS cell prolif-
eration (Lee et al. 2009). Real-time PCR analysis of WT GS
cells showed down-regulation of Ccnd?2 (Supplemental
Fig. S8B). However, Myc DKO and Hifla KO GS cells ex-
pressed Ccnd?2 strongly, although Nox1 KO GS cells did
not show significant changes. Therefore, the expression
level of Ccnd2 was not necessarily correlated with GS
cell proliferation under hypoxia. We next focused on
CDK inhibitors and reanalyzed RNA-seq data of WT and
Hifla KO GS cells. Analysis revealed significant increase
in Cdknlc and Cdknla by hypoxia treatment. Western
blot analysis showed that CDKN1C was down-regulated
in WT cells, whereas CDKN1A was significantly up-regu-
lated (Fig. 6E). These results suggested that CDKNIA is
responsible for the slow proliferation of GS cells.

Cdknla deficiency increases GS cell proliferation
under hypoxia

Based on these observations, we analyzed the expression
of Cdknla in Myc DKO GS cells. Irrespective of the oxy-
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gen concentration, Myc DKO GS cells showed increased
expression of Cdknla (Supplemental Fig. SOA). Because
proliferation of Myc DKO GS cells was not influenced
by oxygen levels (Fig. 5F), we reasoned that up-regulation
of Cdknla might be responsible for the hypoxia-induced
proliferative defect. As expected, Western blot analysis
showed that Myc DKO, Hifla KO, and Nox1 KO GS cells
expressed CDKNI1A strongly (Fig. 7A; Supplemental Fig.
S9B). Based on these results, we carried out knockdown
(KD) experiments using short hairpin RNA (shRNA). As
expected, Cdknla depletion rescued Hifla KO and Nox1
KO GS cells. However, Myc DKO GS cells still showed
poor proliferation, which suggested that additional target
genes are involved in the poor proliferation of Myc DKO
GS cells (Fig. 7B). Real-time PCR analysis confirmed
down-regulation of Cdknla by shRNA (Supplemental
Fig. S9C). These results suggested that up-regulation of
Cdknla is responsible for the defective proliferation of
WT GS cells under hypoxia.

To confirm the above, we derived Cdknila KO GS cells.
Cdknla KO mice have significantly larger testes than do
WT mice, which has been attributed to an increased num-
ber of Sertoli cells (Holsberger et al. 2005). Indeed, Cdkn1la
KO GS cells appeared very similar to WT cells in terms of
morphology or proliferation (Fig. 7C). However, because
hypoxia induced a phenotype in Nox1 KO GS cells, we
cultured Cdknla KO GS cells under hypoxia. As expected,
Cdknla KO GS cells proliferated more efficiently than
WT cells under hypoxia (Fig. 7D). These results suggested
that CDKNI1A inhibits GS cell proliferation under
hypoxia.

Discussion

Several previous studies highlight the beneficial effects of
hypoxic culture, including spermatogonia. For example,
Kit-deficient spermatogonia proliferated only when cul-
tured under hypoxia (Kubota et al. 2009). Proliferation of
bull spermatogonia was also promoted under hypoxia
(Oatley et al. 2016). Although these results suggested
that hypoxia is beneficial for SSC cultures, these experi-
ments were carried out under 10% O, However, the oxy-
gen level in the seminiferous tubules is estimated to be
<1.5% (Gruber et al. 2010). Therefore, our analysis of cells
under 1% O, probably more closely reflects the in vivo en-
vironment. Because doubling time of A spermatogonia in
vivo is significantly longer than that of GS cells (10 d vs.
2.5 d) (de Rooij 2017), it was likely that the current GS
cell culture conditions are significantly different from
the physiological environment. We initiated this study
by analyzing the apparently normal proliferation of
Nox1 KO GS cells.

Our analysis revealed significant changes in mitochon-
dria-derived ROS under hypoxia. Using MitoTempo and
Toplmt KO mice, however, we showed that mitochon-
dria-derived ROS do not have a significant impact on the
SSC fate. The involvement of mitochondria in differenti-
ating spermatogonia was suggested in a recent study using
mice deficient in Mfn1/2, which mediate mitochondrial
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Figure 7. Improvement of GS cell proliferation by Cdkn1la defi-
ciency under hypoxia. (A) Western blot analysis of CDKN1A in
Myc DKO, Hifla KO, and Nox1 KO GS cells (n=3). (B) Rescue
of proliferative defect of KO GS cells after Cdknla KD. Cells
were counted 6 d (NoxI KO and Myc DKO) or 8 d (Hif1a KO) after
transfection. (C) Appearance of Cdknla KO GS cells. (D) Prolifer-
ation of Cdknla KO GS cells (n=6). Cells were cultured for 6
d. (E) Summary of experiments. Under hypoxic conditions,
NOXI1-derived ROS and mitochondria-derived ROS enhance ex-
pression of HIF1A, which induces MYC to inhibit CDKN1A ex-
pression, thereby promoting self-renewal. Under normoxia,
however, VHL degrades HIF1A, and the contribution of mito-
chondria-derived ROS is decreased under normoxia. Because
ROS induce MYC expression (Fig. 5C), GS cells can proliferate ac-
tively. How ROS stabilize MYC is still unknown, but FBXW7
may be involved. Scale bar in C, 200 pm. Asterisk indicates stat-
istical significance (P <0.05).

fusion (Varuzhanyan et al. 2019). These mice lacked dif-
ferentiating spermatogonia and exhibited a meiotic
defect. However, because impairment of mitochondrial
function was analyzed only in Stra8-expressing germ
cells, the impact on SSCs was unclear. These results sug-
gest that mitochondria-derived ROS are likely more im-
portant for proliferation of committed progenitor cells.
Although one might think that mitochondria are dispen-
sable for SSCs, they are still required for SSCs because add-
ing MitoTempo or rotenone inhibited GS cell
proliferation (Kanatsu-Shinohara et al. 2019). It also
should be noted that the impact of TopImt deficiency
was caused by the lack of mitochondria-derived ROS
alone because it is difficult to distinguish the impact of
mitochondria-derived ROS from the basic function of mi-
tochondria that would have been impaired by Toplmt
deficiency. However, because Toplmt KO SSCs are still
capable of undergoing self-renewal with reduced mito-
chondria-derived ROS generation, NOX1-derived ROS
play more important roles in SSC self-renewal. The two
ROS-producing systems are not totally independent
because NOXI1 inhibited mitochondria-derived ROS pro-
duction (Fig. 2E). Thus, contribution of ROS from the
two different sources change dynamically during sperma-
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togenesis, and disturbance of this balance results in
infertility.

The seminiferous tubules are poorly vascularized and
are under low oxygen tension, and previous studies have
suggested the importance of oxygen on spermatogenesis.
For example, Epas1 (Hif2a) deficiency compromises sper-
matogenesis (Gruber et al. 2010). In these testes, defects
were found in spermatids and spermatozoa, but not in
spermatogonia. Impaired spermatogenesis is considered
to be caused by a defective blood-testis barrier formed be-
tween Sertoli cells. Likewise, loss of VhI, which degrades
HIF1A and EPASI proteins, also inhibits spermatogenesis
(Ma et al. 2003). In these testes, very few spermatozoa
were found in the lumen of seminiferous tubules with se-
verely reduced numbers of germinal cells. Because Vhi
was mutated in both germ cells and somatic cells and
the number of Sertoli cells was reduced in these experi-
ments, it is not clear whether the defects are caused by
germ cells.

Our analysis of Hif1a KO mice revealed that Hif1a plays
a critical role in self-renewal division. Compared with
Nox1 KO SSCs, defects in Hifla KO SSCs were more
severe because no secondary colonies were generated
upon serial transplantation. Because no defect was ob-
served in spermatogonia of VhI KO mice, increased
HIF1A expression may not hinder self-renewal, but its
deficiency has a strong impact on SSCs. Importantly,
Nox1 KO and Top1mt KO mice showed decreased expres-
sion of HIF1A in GFRAI1" spermatogonia. This suggests
that the amount of HIF1A is not simply determined by
the oxygen level but is also influenced by the ROS levels.
HIF1A regulation by oxidative stress has been suggested
(Movafagh et al. 2015), but the mechanism is unclear.
Therefore, while oxygen tension changes the ROS levels
in SSCs, ROS are also influencing hypoxic response.
Thus, our results suggest that the amount of HIF1A is reg-
ulated in a sophisticated manner involving ROS and oxy-
gen levels.

Our analysis of the hypoxic response in GS cells re-
vealed significant changes in gene expression. Of the sev-
eral candidate genes, we focused on Myc/Mycn because
MYC binds to the promoter of many genes that showed
significant changes in expression under hypoxia. In addi-
tion, Myc/Mycn promoted SSC self-renewal in our previ-
ous studies (Kanatsu-Shinohara et al. 2016). Our analysis
revealed ROS-dependent expression of MYC/MYCN; ad-
dition of HyO, increased the MYC/MYCN level, whereas
MYCN overexpression up-regulated ROS levels, suggest-
ing that Myc/Mycn are critical for increases in ROS under
normoxia. Moreover, Etvs and Bcl6b, both of which are
important in SSC self-renewal (Simon et al. 2007; Lee
et al. 2009), were down-regulated under hypoxia. There-
fore, ROS amplification is severely compromised under
hypoxic conditions, which may explain the poor prolifer-
ation of Myc DKO GS cells even under normoxia.

In our analysis of poor proliferation under hypoxia, we
found that increased CDKN1A expression is responsible
for poor proliferation under hypoxia. Cdknlahas beenim-
plicated in spermatogonial proliferation. Although
Cdkn1a KO mice do not show fertility defects (Holsberger

GENES & DEVELOPMENT 257



Morimoto et al.

et al. 2005), the impact of Cdknla in germ cells became
evident when the same number of WT and Cdknla KO
testis cells were cotransplanted simultaneously. This
competitive spermatogonial transplantation revealed
that offspring were derived exclusively from Cdknla KO
SSCs (Kanatsu-Shinohara et al. 2010). Although the mech-
anism of the increased germline transmission efficiency of
Cdknla KO SSCs has long remained unexplained, the en-
hancement of Cdknla KO GS cell proliferation under
hypoxia suggests that Cdknla KO spermatogonia out-
competed WT spermatogonia in the hypoxic seminiferous
tubules and produced more progenitors, thus contributing
to fertilization. However, depletion of Cdknla alone may
not be sufficient for promoting Myc DKO GS cells. While
it is possible that Cdknla depletion efficiency might not
have been sufficient, it is likely that Myc DKO GS cells
failed to stimulate expression of positive drivers of cell cy-
cles, such as Cdk4 or Cdc25a. Alternatively, they might
show increased expression of other CDK inhibitors.

Our analysis of ROS-mediated self-renewal uncovered
an unexpected role of hypoxia in modulating ROS levels
in SSCs. To our knowledge, this is the first report of a di-
rect link between ROS regulation and oxygen tension in
self-renewal division (Fig. 7E). Modulation of ROS ampli-
fication under hypoxia is reasonable because ROS can
damage DNA (Lu et al. 2001), which needs to be mini-
mized to prevent transmission of de novo mutations to
the next generation. Given the lack of a phenotype of
Nox1 and Cdknla KO GS cells in vitro and considering
that HIF1A is degraded under normoxia, the regulation
of MYC/MYCN under normoxia is apparently different.
Although much remains unknown about how ROS stabi-
lize MYC/MYCN under normoxia, Fbxw7 may be in-
volved because Fbxw?7 deficiency significantly increased
MYC, but not MYCN, under normoxia (Kanatsu-Shino-
hara et al. 2014a). Considering the significant difference
of phenotypes of KO GS cells under hypoxia, caution is
necessary when SSCs are analyzed under normoxic condi-
tions. Because increased HIF1A expression inhibits sper-
matogenesis and ROS induce de novo mutations (Lu
et al. 2001; Ma et al. 2003), further analysis of oxygen
and ROS metabolism in the germline will increase our
knowledge of the molecular basis of male infertility.
Thus, the current study provides new insight into the
mechanism of SSC self-renewal and has important impli-
cations for treating male infertility.

Materials and methods

Cell culture

Green GS cells were derived from C57BL6/Tgl4(act-EGFP-
OsbYO01) transgenic mice on a DBA/2 background (Kanatsu-Shi-
nohara et al. 2003). We also derived GS cells from 7- to 10-d-old
Nox1 KO, B6.129-Hif1a"3*9°l or Cdknla KO mice, as de-
scribed previously (Kanatsu-Shinohara et al. 2014b). Myc DKO
GS cells have been described (Kanatsu-Shinohara et al. 2016).
For hypoxic culture, GS cells were placed into plastic bags and
gassed with 1% 0,/5% CO,/94% N,. When cells were cultured
under 5% or 10% O,, the CO, level was maintained at 5%, but
the N, level was reduced to 90% or 85%, respectively. Where in-
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dicated, GS cells were cultured with 30 uM hydrogen peroxide
(Wako), 100 uM MitoTempo, 2 mM LPA (both from Sigma), and
1 mM apocynin (Tokyo Chemical Industry).

For Cdknla and KD, p21-shRNA-1, p21-shRNA-2, and empty
control vectors were used (Dr. Sally Temple, Albany Medical Col-
lege, NY) (Fasano et al. 2007). A mixture of lentiviral particles was
used for transfection. For cDNA overexpression, mouse Mycn
cDNA was inserted into the CSII-Efla-IRES-Venus vector. Virus
particles were prepared as described previously (Shinohara and
Kanatsu-Shinohara 2020). The multiplicity of infection was ad-
justed to 10.0. AxCANCre was used for CRE-mediated deletion
of target genes in GS cells (MOI=2.0).

Statistical analysis

Results are presented as the means = SEM. Data were analyzed by
Student’s t-test. Multiple comparison analyses were performed
by ANOVA followed by Tukey’s HSD test.

Accession numbers

All the sequencing data in this study have been deposited in the
GEO (GSE148706).
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