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SUMMARY
At different stages of spermatogenesis, germ cell mitochondria differ remarkably inmorphology, architecture, and functions. However, it

remains elusive how mitochondria change their features during spermatogonial differentiation, which in turn impacts spermatogonial

stem cell fate decision. In this study, we observed that mitochondrial fusion and fission were both upregulated during spermatogonial

differentiation. As a result, the mitochondrial morphology remained unaltered. Enhanced mitochondrial fusion and fission promoted

spermatogonial differentiation, while the deficiency in DRP1-mediated fission led to a stage-specific blockage of spermatogenesis at

differentiating spermatogonia. Our data further revealed that increased expression of pro-fusion factorMFN1 upregulatedmitochondrial

metabolism, whereas DRP1 specifically regulated mitochondrial permeability transition pore opening in differentiating spermatogonia.

Taken together, our findings unveil how proper spermatogonial differentiation is precisely controlled by concurrently accelerated and

properly balanced mitochondrial fusion and fission in a germ cell stage-specific manner, thereby providing critical insights about mito-

chondrial contribution to stem cell fate decision.
INTRODUCTION

Sustainable production of functional sperm is essential for

maintaining proper male fertility (Mecklenburg and Her-

mann, 2016). Spermatogonial stem cells (SSCs), a rare sub-

set of undifferentiated spermatogonia, are the foundation

of continuous sperm production during spermatogenesis

(Mecklenburg and Hermann, 2016). Like other tissue

stem cells, SSCs can undergo both self-renewal and differ-

entiation. They maintain a pool of undifferentiated sper-

matogonia and the subsequent progenitor spermatogonia

that are poised for differentiation. Extrinsic factors such

as glial cell-derived neurotrophic factor and fibroblast

growth factor 2 are required for maintaining SSC self-

renewal, while signaling molecules such as retinoic acid

(RA) drive undifferentiated spermatogonia toward differen-

tiation (Kubota et al., 2004; Masaki et al., 2018). CD90 and

CD9 surface antigens are often used to enrich undifferenti-

ated spermatogonia and SSCs which express marker genes,

such as Gfra1, Id4, and Plzf, at high levels (Buaas et al.,

2004; Chan et al., 2014; Kanatsu-Shinohara et al., 2004).

In contrast, Kit and Stra8 are highly expressed in differenti-

ating spermatogonia and early-stage spermatocytes (An-

derson et al., 2008; Mecklenburg and Hermann, 2016). A

balanced SSC self-renewal and irreversible spermatogonial

differentiation are the key to maintaining the stem cell

pool while producing millions of sperm daily for sustain-

able male fertility.

Mammalian SSCs and spermatogonia are located at the

base of seminiferous tubules in the testis. However, it has

been implicated that SSCs reside in an avascular hypoxic

environment while progenitors and differentiating sper-
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matogonia preferentially locate adjacent to the interstitial

space where they have an easier access to oxygen (Chan

et al., 2014; Lord and Nixon, 2020). This differential oxy-

gen availability indicates distinct metabolic preferences be-

tween SSCs and differentiating spermatogonia. Indeed,

published reports have revealed that metabolism plays crit-

ical roles in maintaining the balance between SSC self-

renewal and spermatogonial differentiation (Chen et al.,

2020a; Helsel et al., 2017; Kanatsu-Shinohara et al.,

2016). SSCs and undifferentiated spermatogonia possess a

higher glycolytic capacity and prefer a low oxygen tension

environment (Helsel et al., 2017; Kanatsu-Shinohara et al.,

2016). Upon differentiation, spermatogonia shift toward

the more efficient aerobic mitochondrial respiration in

response to increased metabolic demands, accompanied

by an upregulated reactive oxygen species (ROS) level

(Chen et al., 2020a). Consistently, the inhibition of mito-

chondrial respiration blocks spermatogonial differentia-

tion (Chen et al., 2020a), thereby supporting the notion

that a metabolic shift from glycolysis to mitochondrial

respiration is required for spermatogonial differentiation.

These findings align with several transcriptome studies,

revealing that glycolytic enzymes and hypoxia-responsive

factors are highly expressed in human and mouse SSCs,

while regulators reflecting mitochondrial biogenesis, activ-

ities, and oxidative phosphorylation (OXPHOS) are upre-

gulated in differentiating spermatogonial progenitors

(Guo et al., 2017; Hermann et al., 2018; Lord and

Nixon, 2020).

Mitochondrial metabolism contributes to multiple bio-

logical processes such as cell signaling, stem cell differenti-

ation, and lineage commitment, well beyond its canonical
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role in energy production. Metabolites generated through

the mitochondrial tricarboxylic acid (TCA) cycle may serve

as enzymatic cofactors for epigenetic regulation (Cai et al.,

2011). For example, acetyl-coenzyme A (CoA) from the

TCA cycle provides the acetyl group to histone acetyltrans-

ferases for histone acetylation, while a-ketoglutarate serves

as cofactors for Ten Eleven Translocation family members

and Jumonji histone demethylases in demethylation of

DNA and histones (Klose et al., 2006). ROS from

OXPHOS may also alter protein stability and function via

oxidative protein modification or act as a secondary

messenger to trigger signaling cascades (Chandel et al.,

1998; Lo Conte and Carroll, 2013). It has been reported

that mitochondrial features differ significantly between

neural stem cells (NSCs) and committed progenitors, and

disrupting mitochondrial activities specifically impairs

NSC self-renewal via ROS-NRF2-mediated retrograde (mito-

chondria to the nucleus) signaling without disturbing ATP

generation (Khacho et al., 2016). Thus, mitochondria not

only provide bioenergy but also may alter the levels of

active metabolites and ROS in a cell type-dependent

manner, which in turn impacts gene transcription, protein

activity, and cell fate decision.

Mitochondrial metabolism is not only regulated by

mitochondrial enzyme levels but also affected by mito-

chondrial features and activities. Mitochondria are

highly dynamic organelles that undergo coordinated cy-

cles of fusion and fission, which are collectively known

as mitochondrial dynamics, to maintain their proper

morphology, distribution, metabolism, and function

(Chan, 2006). Mitochondrial fusion (mitofusion) is mainly

regulated by twoGTPases,Mitofusin 1 (MFN1) andMitofu-

sin 2 (MFN2), at the outer mitochondrial membrane

(Chan, 2006; Eura et al., 2003), as well as by Optic Atrophy

1 (OPA1) GTPase at the inner mitochondrial membrane

(Alexander et al., 2000). By contrast, GTPase dynamin-

related protein 1 (DRP1, also called DMN1L) and several

mitochondrial DRP1 adaptors (e.g., Mitochondrial Fission

1/FIS1 and Mitochondrial Fission Factor/MFF) play essen-

tial roles in mediating mitochondrial fission (Chan,

2006). Our previous study demonstrated that both

MFN1 and MFN2 are essential for proper germ cell

development (Chen et al., 2020b; Zhang et al., 2016). Con-

ditional deletion of eitherMfn1 orMfn2 in germ cells led to

a stage-specific blockage of spermatogenesis at differenti-

ating spermatogonia, supporting a critical requirement

of mitofusion in spermatogonial differentiation. In

Drosophila, Drp1 inhibition led to a loss of germline stem

cells and spermatogonia due to ROS accumulation and

epidermal growth factor receptor activation in adjacent so-

matic cells (Sênos Demarco and Jones, 2019). In addition,

several studies suggest that defects ofmitochondrial fission

severely jeopardize late spermatogenesis. For example,
conditional knockout of Fis1, a DRP1 adaptor, by a germ

cell-specific driver, Stra8-Cre, resulted in early spermatid ar-

rest with giant multinucleated cells containing dysfunc-

tional mitochondria and defects in mitophagy (Varuzhan-

yan et al., 2021a). Mice with deletion ofMff, another DRP1

adaptor, also had reduced fertility and sperm count (Varuz-

hanyan et al., 2021b). The remaining sperm inMffmutants

displayed aberrant morphology and motility with

decreased respiratory chain complex IV activity. The role

of mitochondrial fission in mammalian spermatogonial

formation however remains to be characterized; moreover,

it is unclear how mitochondrial dynamics impact the

balance of SSC self-renewal and spermatogonial differenti-

ation. In this study, we examined the functions of mito-

chondrial dynamics in undifferentiated and differenti-

ating spermatogonia. We found that regulators for

mitochondrial fusion and fission were upregulated in

differentiating spermatogonia. Enhanced mitochondrial

dynamics promoted spermatogonial differentiation, while

conditional Drp1 deletion from germ cells blocked sper-

matogenesis at the differentiating spermatogonial stage.

Our data further revealed the specific functional mecha-

nisms employed by different mitochondrial dynamics

players in regulating spermatogonial differentiation.
RESULTS

Mitochondrial dynamics are accelerated in

differentiating spermatogonia

In our previous study, we demonstrated that a bioenergetic

shift from glycolysis to mitochondrial respiration is

required for spermatogonial differentiation (Chen et al.,

2020a). In alignment with our data, published transcrip-

tome studies revealed that glycolytic enzymes were down-

regulated (Guo et al., 2017; Hermann et al., 2018). By

contrast, the regulators in mitochondrial functions were

increased, including MFN1 and MFN2, two GTPases that

promote mitofusion, suggesting that mitofusion was accel-

erated. Because elevated mitofusion leads to elongated

tubular mitochondria that favor OXPHOS, a prevailing

model is that mitofusion needs to be increased during sper-

matogonial differentiation to support upregulated mito-

chondrial respiration and energy demand from differenti-

ating spermatogonia (Lord and Nixon, 2020; Zhang et al.,

2022). To test this model, we examined mitochondrial

morphology and mitochondrial DNA (mtDNA) copy num-

ber of undifferentiated and differentiating spermatogonia.

For in vitro-cultured spermatogonia, we first confirmed that

undifferentiated mCherry+ spermatogonia were able to

reconstitute spermatogenesis in Kitw/w-v mice, a commonly

used transplantation recipient that lacks endogenous germ

cells (Figure S1A, the right panel) (Ogawa et al., 2000). In
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A Figure 1. Mitochondrial dynamics were
upregulated during spermatogonial dif-
ferentiation
(A) Mitochondrial architecture was not
altered in undifferentiated (SPG) vs. RA-
induced differentiating spermatogonia
(dSPG), as examined by TEM and mitochon-
drial number per cell (the right panel)
calculated from more than 24 cells per group.
(B) IHF staining was performed on testes
expressing mitochondrion-localized Den-
dra2 GFP from 4-week mice with antibodies
against PLZF (red) and STRA8 (gray), coun-
terstained with the nuclear dye DAPI. Scale
bar: 20 mm. The insert shows a blow-up im-
age of a representative region. Mitochon-
drial signals were not obviously altered in
PLZF+ SPG vs. RA-induced dSPG.
(C) The mtDNA copy number was not
significantly altered in cultured SPG vs.
dSPG (the left panel) or in CD9+/KIT� SPG
vs. KIT+ dSPG from P12 mouse testes sorted
by flow cytometry (the right panel), as
measured by real-time PCR. Pecam, a nuclear
DNA-coded gene, was used as the single-
copy control. n = 3.
(D and E) The transcript levels measured by
real-time RT-PCR (D) and protein expression
determined by western blots (E). Mitochon-
drial dynamics regulators were upregulated
in RA-induced dSPG, compared to those of
SPG. n = 4; ***: p < 0.001.
(F) Increasedmitochondrial fusion andfission
during spermatogonial differentiation were
detected by confocal microscopy. PhAM;
Ddx4-Cre spermatogonia were induced to
differentiate by RA, and the 3D mitochondrial
images in live cells were acquired for 6 min.
The events of fusion and fission were quanti-
fied by changes of mitochondrial volume over
time. n = 10. (A, C, E–F) Data are presented as
mean ± SEM, n.s., no statistical significance.
addition, upon induction of RA, the CD9+ undifferentiated

spermatogonia readily became KIT+ differentiating sper-

matogonia (Figure S1A, the left panel). Genes that mark

SSCs (Plzf and Gfra1) were highly expressed in these

cultured spermatogonia and downregulated upon RA-

induced differentiation, while the genes that indicate dif-

ferentiation (Kit and Stra8) were upregulated in KIT+ differ-

entiating spermatogonia (Figure S1B). Consistent with

published findings (Chen et al., 2020a; Guo et al., 2017;

Hermann et al., 2018), levels of ROS and enzymes in mito-

chondrial respiration were elevated upon differentiation

(Figures S1C–S1E).
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To our surprise, no significant differencewas observed via

transmission electron microscopy (TEM) in mitochondrial

morphology and number between undifferentiated sper-

matogonia and differentiating spermatogonia induced by

RA treatment (Figure 1A). We further performed immuno-

histofluorescent (IHF) assays to examine mitochondrial

morphology with a PhAM; Ddx4-Cre mouse model that ex-

presses a mitochondrion-localized Dendra2 green fluores-

cent protein in all germ cells from embryonic day 15.5

upon the excision of a floxed stop segment by CRE recom-

binase under a germ cell-specific Ddx4 promoter (Gallardo

et al., 2007; Pham et al., 2012). We found that
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spermatocytes in the middle of seminiferous tubule ex-

hibitedmuch highermitochondrial signals than spermato-

gonia at the basal compartment. PLZF+ undifferentiated

spermatogonia displayed similar mitochondrial fluores-

cence to that of STRA8+ differentiating spermatogonia

(Figure 1B). ThemtDNA copy number between undifferen-

tiated and RA-induced differentiating spermatogonia (Fig-

ure 1C, left panel) was also comparable. Likewise, we did

not find obvious difference in mtDNA copy number be-

tween CD9+/KIT-undifferentiated spermatogonia and

KIT+ differentiating cells that were directly collected from

testes (Figure 1C, right panel).

To explore the mechanism underlying these phenom-

ena, we examined the expression of regulators of both

mitochondrial fusion and fission. Interestingly, we found

that the transcript levels of key regulators in mitochon-

drial fusion (MFN1, MFN2, and OPA1) and fission

(DRP1, FIS1, and MFF) were upregulated upon RA induc-

tion (Figure 1D). Consistently, their protein levels were

also increased in differentiating spermatogonia collected

from in vitro-cultured germ cells or from testes, compared

to undifferentiated spermatogonia (Figures 1E and S2;

Table S1), suggesting fusion and fission were both accel-

erated upon spermatogonial differentiation.

To confirm the accelerated mitochondrial dynamics

upon spermatogonial differentiation, we established sper-

matogonial culture from PhAM; Ddx4-Cre mice to track

themitochondrial activities in real time by confocal micro-

scopy.We acquired high-resolution 3D images over time in

live spermatogonia and deconvolved these images to calcu-

late the occurrence of mitochondrial fusion and fission

based on the changes of mitochondrial volume. We found

that both fusion and fission were indeed increased during

RA-induced spermatogonial differentiation (Figure 1F).

Drp1 deficiency in germ cells leads to male infertility

It has been reported that conditional knockout of Mfn1 or

Mfn2 from germ cells leads to a stage-specific block of sper-

matogenesis at differentiating spermatogonia (Chen et al.,

2020b; Zhang et al., 2016). To understand whether mito-

chondrial fission is also required for spermatogonial differ-

entiation, we generated germ cell-specific conditional
Figure 2. Deficiency of mitochondrial fission in germ cells leads
(A) The expression of DRP1 protein was not detected in DDX4+ germ ce
antibodies against DRP1 and DDX4, counterstained with DAPI. Scale
(B) Mitochondrial architecture was examined by TEM on testicular sec
point to IMC in spermatogonia. Mitochondria were enlarged in Drp1 c
(C) The morphology of control and Drp1 cKO testes at P14 and P21. T
(D) Histological studies on Drp1f/- and Drp1 cKO testis from mice at P
50 mm.
(E) Histology on Drp1f/- and Drp1 cKO testis and epididymis sections fr
25 mm.
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knockout ofDrp1, the keyGTPase formitochondrial fission

(Figure S3A), via a Ddx4-Cre driver, in which CRE recombi-

nase under a Ddx4 promoter specifically deletes Drp1 in all

germ cells from embryonic day 15.5 (Gallardo et al., 2007).

We confirmed that no DRP1 protein was detected in

DDX4+ germ cells from Drp1 conditional knockout (i.e.,

Drp1f/-; Ddx4-Cre, abbreviated as Drp1 cKO) mice (Fig-

ure 2A). We further examined the mitochondrial

morphology and architecture by TEM. In spermatogonia

and early-stage spermatocytes, electron-dense granules,

known as intermitochondrial cement (IMC) containing

clustered mitochondria with RNA-binding proteins, have

been known for regulating critical germ cell functions.

We found that IMC remained intact in spermatogonia

from Drp1 cKO mice (Figure 2B). However, the mitochon-

drial morphology started to become heterogeneous in

Drp1 cKOmice compared to their litter control at post-natal

day (P)7 (Figure 2B). Significantly enlarged mitochondria

were observed at P14 in Drp1 cKO germ cells (Figure 2B),

and many contained vacuoles, demonstrating that the

mitochondrial fission was blocked due to DRP1 deficiency.

Compared with their littermate controls,Drp1 cKO testes

were smaller at P14 andwere dramatically reduced in size at

P21 (Figure 2C). Histological examination showed that

spermatogonia remained intact at P7 (Figure S3B), while,

at P14 and P21, germ cell formation was significantly

reduced inDrp1 cKO testes withmuch fewer spermatocytes

(Figure 2D). No elongated spermatids or sperm were de-

tected in either testes or epididymis from Drp1 cKO adult

mice (Figures 2D and 2E).

Reduced mitochondrial fission blocks spermatogonial

differentiation

We further examined the germ cell composition of these

Drp1 cKO mice by IHF assays with antibodies against

DDX4 (pan-germ cells), PLZF (spermatogonia), and

SYCP3 (spermatocytes). In Drp1 cKO mice at P14 and P21,

DDX4+ germ cells weremainly present along the basement

membrane of the seminiferous tubules, where PLZF+

spermatogonia were located (Figure 3A). By contrast,

DDX4+ spermatocytes were readily detected at the lumen

of seminiferous tubules in wild-type littermate controls
to male infertility
lls from P14 mouse Drp1 cKO testis, as analyzed by IHF staining with
bar: 25 mm.
tions from Drp1f/+ and Drp1 cKO mice at P7 and P14. Orange arrows
KO germ cells.
he size of testes was decreased in Drp1 cKO mice.
14 and P21. Germ cells were reduced in Drp1 cKO mice. Scale bar:

om adult mice. No sperm were detected in Drp1 cKO mice. Scale bar:
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(Figure 3A). Few SYCP3+ spermatocytes were detected in

Drp1 cKO testes (Figure 3B). Interestingly, PLZF+ spermato-

gonia at the base of the seminiferous epithelium were not

obviously affected byDrp1 deletion from germ cells during

early spermatogenesis (Figures 3A, S3C, and S3D). No

apparent differences were observed in the number of

PLZF+ spermatogonia in Drp1 cKO vs. littermate controls

at P7, P14, and P21 (Figures 3A, S3C, and S3D).

To further determine whether Drp1 deficiency affects

spermatogonial differentiation, we performed flow cytom-

etry analyses on Drp1 cKO mice and their littermate con-

trols. We found that the formation of KIT+ differentiating

spermatogonia inDrp1 cKO testes was decreased, accompa-

nied by an increased percentage of CD9+/KIT�undifferen-

tiated spermatogonia at P14 (Figure 3C). This result was

similar to what we had previously observed when the

pro-fusion factors Mfn1 or Mfn2 were deleted in DDX4+

germ cells (Chen et al., 2020b), demonstrating that defi-

ciency of either mitochondrial fusion or fission will lead

to blocked spermatogonial differentiation during sper-

matogenesis. Notably, the reduction of KIT+ differentiating

spermatogonia was unlikely due to increased apoptosis of

differentiating spermatogonia. We did not observe any sig-

nificant alteration in the percentages of Annexin V+/propi-

dium iodide (PI)+ pro-apoptotic or PI+ apoptotic cells upon

Drp1 cKO (Figure S4A).

The increased CD9+/KIT� undifferentiated spermato-

gonia in Drp1 cKO testes could be caused by blocked sper-

matogonial differentiation. Alternatively, this may be due

to increased spermatogonial proliferation. To distinguish

these two possibilities, we examined the effects of disrup-

ted mitochondrial dynamics on spermatogonial prolifera-

tion and differentiation by conducting gene knockdown

in primarily cultured spermatogonia (Figure S4B). We

observed that prolonged downregulation of either MFN1

or DRP1 (>12 days) reduced spermatogonial proliferation,

while reduced MFN2 expression increased spermatogonial

number over 20-day culture (Figure S4C). More impor-
Figure 3. Reduced mitochondrial dynamics block spermatogonial
(A) The protein expression of PLZF and DDX4 was analyzed by IHF staini
DDX4, counterstained with DAPI. PLZF+ undifferentiated spermatogo
(B) IHF assays were performed on testicle sections from Drp1 cKO mic
DDX4, counterstained with DAPI. Significantly decreased SYCP3+ spe
25 mm.
(C) Percentage of CD9+/KIT� undifferentiated spermatogonia and KIT
was determined by flow cytometry. Decreased KIT+ differentiating sp
(D) Undifferentiated and differentiating spermatogonia in the absenc
upon knockdown (KD) of the key regulators of mitochondrial dynam
mitochondrial fusion and fission. Representative flow cytometry plo
independent experiments.
(E) Reduced expression of differentiation markers in differentiating sp
key mitochondrial dynamics regulators. n = 3. *: p < 0.05; **: p < 0.0
shRNA. (C–E) Data were presented as mean ± SEM.
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tantly, we found that RA-induced spermatogonial differen-

tiation was significantly reduced by knocking down Mfn1,

Mfn2, or Drp1 (Figure 3D). Consistently, the genes indi-

cating spermatogonial differentiation, including Kit and

Stra8, were downregulated (Figure 3E). Taken together,

our data reveal that properly balanced mitochondrial dy-

namics is essential for spermatogonial differentiation dur-

ing spermatogenesis.

Accelerated mitochondrial dynamics promote

spermatogonial differentiation

To understand how accelerated mitochondrial dynamics

affect spermatogonial development, we enforced the expres-

sion of key regulators of mitochondrial fusion (MFN1 and

MFN2) or fission (DRP1) in spermatogonia (Figures S5A

and S5B). In addition, TEM confirmed thatmeanmitochon-

drial area increased in spermatogonia upon overexpression

of pro-fusion factors MFN1 or MFN2, while upregulation

of pro-fission factor DRP1 decreased mean mitochondrial

area (Figure S5C). We then monitored the spermatogonial

proliferation over 25 days of culture.We found that the sper-

matogonialmorphology andnumber were not altered upon

MFN1,MFN2, orDRP1 overexpression (Figures 4A and S5A).

In addition, the SSC marker gene expression of these undif-

ferentiated spermatogonia remained comparable to the level

of the empty vector control (Figure 4B). By contrast, upon

RA-induced differentiation, enhancedmitochondrial fusion

or fission increased the formation of differentiating sper-

matogonia (Figures 4C and 4D). Consistently, expression

of genes that indicate differentiation, including both Kit

and Stra8, was significantly upregulated (Figure 4E), suggest-

ing that enhanced mitochondrial dynamics promote sper-

matogonial differentiation.

Upregulating MFN1 increases mitochondrial

metabolism in differentiating spermatogonia

To explore the potential mechanisms by which acceler-

ated mitochondrial dynamics promote spermatogonial
differentiation
ng onmouse testes at P14 and P21 with antibodies against PLZF and
nia were not altered upon Drp1 cKO.
e and Drp1f/+ littermates at P21 with antibodies against SYCP3 and
rmatocytes were detected in Drp1 cKO testes. (A and B) Scale bar:

+ differentiating spermatogonia from P14 Drp1 cKO and Drp1f/+mice
ermatogonia were detected in Drp1 cKO mice. n = 5.
e (�RA) or presence (+RA) of RA were analyzed via flow cytometry
ics. Decreased KIT+ spermatogonia were detected upon reduced
ts were shown, with graphs below summarizing results from R4

ermatogonia was detected by real-time RT-PCR upon knockdown of
1. n.s., no statistical significance. (D and E) SCR, scrambled control
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differentiation, we measured oxygen consumption rate

(OCR) via a Seahorse metabolic analyzer on MFN1-,

MFN2-, or DRP1-overexpressing spermatogonia after RA

induction for 48 h. We did not observe a noticeable alter-

ation in basal OCR of MFN1- or MFN2-overexpressing

differentiating spermatogonia compared to that of the

empty vector control (Figures 5A and 5B). A modestly

reduced basal OCR was found upon DRP1 overexpression,

suggesting reduced OXPHOS when fission increased

(Figures 5A and 5B). Interestingly, the maximum mito-

chondrial respiration, i.e., the change of OCR following

the sequential treatment with oligomycin, FCCP (a mito-

chondrial oxidative phosphorylation uncoupler), and rote-

none/antimycin A, was increased in MFN1-overexpressing

but not in MFN2- or DRP1-overexpressing spermatogonia,

compared to that in empty vector control (Figure 5C), sug-

gesting that MFN1 also regulates mitochondrial meta-

bolism during spermatogonial differentiation.

Increased mitochondrial respiration is usually accompa-

nied by elevated ROS. Indeed, our previous work showed

that ROS levels were increased when the bioenergetic pref-

erence shifted toward OXPHOS during spermatogonial dif-

ferentiation (Chen et al., 2020a). ROS can modify protein

structures via oxidation or act as signaling molecules to

impact a variety of cellular pathways, including stem cell

self-renewal (Le Belle et al., 2011; Morimoto et al., 2013).

To further investigate whether ROS are required for sper-

matogonial differentiation, we treated spermatogonia

with alpha-lipoic acid (LA), an ROS scavenger, during RA-

induced differentiation. We found significantly decreased

CD9+/KIT+ differentiating spermatogonia upon LA treat-

ment, compared to the DMSO control, suggesting that

spermatogonial differentiation was blocked by reduced

ROS (Figure 5D). However, we did not observe significantly

altered cellular ROS levels in either undifferentiated or

differentiating spermatogonia upon MFN1, MFN2, or

DRP1 upregulation (Figure S6A). We further measured the

mitochondrial ROS level with MitoSOX, a dye that specif-

ically targets mitochondria in live cells. Oxidation of

MitoSOX by mitochondrial ROS generates green fluores-
Figure 4. Accelerated mitochondrial dynamics promote spermato
(A) The cell growth curve of undifferentiated spermatogonia upon ove
over a 25-day culture. n = 3.
(B) Spermatogonial marker gene expression in four groups from (A) wa
as analyzed by real-time RT-PCR. n = 3. n.s., no statistical significanc
(C and D) Flow cytometry analyses on four groups from (A) in the abse
to enforce the expression of mitochondrial dynamics regulators. Rep
demonstrating the percentages of KIT+ differentiating spermatogonia
upon upregulating mitochondrial dynamics regulators.
(E) Expression of marker genes indicating differentiation was incre
regulators following RA treatment for 48 h, as analyzed by real-time
vector control.
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cence that can be captured by flow cytometry. No obvious

changes in MitoSOX levels were detected across all groups

either (Figure 5E), suggesting that mitochondrial dynamics

may not promote spermatogonial differentiation via

altering the cellular or mitochondrial ROS level.

DRP1 regulates mitochondrial pore opening in

spermatogonia

Mitochondrial permeability transition pore (mPTP) is

another mitochondrial feature that has been reported in

stem cell fate specification. The opening of the mPTP is

characterized by a loss of mitochondrial membrane poten-

tial (MMP) as well as an increase of cytosolic Ca2+. It has

been reported that mPTP opening regulates cell fates,

including somatic cell reprogramming toward pluripotent

stem cells (Ying et al., 2018). To determine whether mPTP

opening is associated with spermatogonial differentiation,

we examinedmPTP opening using a calcein releasing assay

on germ cells fromP14 and 8-week-oldmouse testes. In this

assay, cells are loaded with calcein-AM (acetoxymethyl

ester of calcein) and cobalt, the calcein quencher. Intracel-

lular esterases convert calcein-AM to fluorescent calcein.

When the mitochondrial membrane is intact, the mito-

chondrial calcein fluorescence remains high because cobalt

cannot cross the mitochondrial membrane. When mPTP

opens, cobalt in the cytosol enters the mitochondria and

quenches calcein fluorescence. Therefore, low calcein fluo-

rescence represents highmPTP opening.We found that the

mPTP opening of KIT+ differentiating spermatogonia was

higher than that of CD9+/KIT�undifferentiated spermato-

gonia from both P14 and adult testes (Figure 6A). Consis-

tently, decreasedMMP (Figure 6B) and increasedCa2+ levels

(Figure 6C)were observed in KIT+ differentiating spermato-

gonia, compared to the undifferentiated population. Simi-

larly, primarily cultured differentiating spermatogonia

upon RA induction exhibited a higher mPTP opening

(lower calcein fluorescence) than that of undifferentiated

spermatogonia (Figure 6D), supporting our finding that a

high mPTP opening is associated with spermatogonial

differentiation.
gonial differentiation
rexpressing (OE) key regulators of mitochondrial fusion and fission

s not altered upon upregulated mitochondrial dynamics regulators,
e.
nce (�RA) or presence (+RA) of RA at day 8 post lentiviral infection
resentative flow cytometry dot plots were shown (C), with graphs
fromR6 independent experiments (D). KIT+ dSPG were increased

ased in spermatogonia with upregulated mitochondrial dynamics
RT-PCR. n = 3. (A–E) Data are presented as mean ± SEM. EV, empty
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Figure 5. Enhanced MFN1 expression in-
creases mitochondrial metabolism in
differentiating spermatogonia
(A–C) Oxygen consumption rate (OCR)
(A) was measured in MFN1-, MFN2-, or DRP1-
overexpressing spermatogonia after RA
treatment for 48 h using a Seahorse XFe96
flux analyzer, with an empty vector as a
control. Mitochondrial basal OCR (B) or
maximal respiratory capacity (C) was
compared across four groups. MFN1 increased
maximal respiratory capacity while DRP1
reduced mitochondrial basal OCR.
(D) The formation of KIT+ differentiating
spermatogonia upon induction by RA with or
without treatment of alpha-lipoic acid (LA)
for 48 h was determined using flow cy-
tometry, with DMSO as a vehicle control.
Representative flow cytometry dot plots
were shown, with the bar graph demon-
strating the percentages of KIT+ differenti-
ating spermatogonia. n = 3.
(E) Mitochondrial ROS level was measured by
flow cytometry on MFN1-, MFN2-, or DRP1-
overexpressing spermatogonia without RA
treatment (the left panel) and after 48-h RA
treatment (the right panel). No statistical
significance across all four groups. (A–E)
Data are presented as mean ± SEM. n R 3.
n.s., no statistical significance.
To evaluate whether enhanced mitochondrial dy-

namics regulate mPTP opening during spermatogonial

differentiation, we examined the calcein fluorescence in-

tensity by flow cytometry analyses in spermatogonia

upon MFN1, MFN2, or DRP1 overexpression. We found

comparable mPTP opening levels in undifferentiated

spermatogonia across all groups (Figure 6E). Interest-

ingly, increased mPTP opening (with decreased calcein

fluorescence) was observed in differentiating spermato-

gonia upon upregulated DRP1 expression, compared

to the empty vector control (Figure 6F, the left panel).

By contrast, there were no significant changes in
mPTP opening of differentiating spermatogonia across

the control, MFN1-, or MFN2-overexpressing groups

(Figure 6F, the right panel). We further analyzed the

mPTP opening of Drp1 cKO mice at P14. We found that

calcein fluorescence level did not change in CD9+/

KIT� undifferentiated spermatogonia from Drp1 cKO

mice compared to that of littermate controls, but Drp1

deficiency in germ cells significantly decreased mPTP

opening in KIT+ differentiating spermatogonia (Fig-

ure 6G). Taken together, our data reveal that DRP1 specif-

ically regulates mPTP opening during spermatogonial

differentiation.
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Figure 6. DRP1 regulates mPTP opening
during spermatogonial differentiation
(A) The mPTP opening status was measured
in CD90+/KIT� undifferentiated and KIT+
differentiating spermatogonia from P14 (the
left panel) and 8-week-old mouse testes (the
right panel) using flow cytometry. Low cal-
cein fluorescent intensity in KIT+ differen-
tiating spermatogonia represents more mPTP
opening.
(B and C) Mitochondrial membrane potential
(B) and Ca2+ level (C) were analyzed by flow
cytometry on the CD90+/KIT� undifferenti-
ated and KIT+ differentiating spermatogonia
collected from P14 testes. MFI, mean of
fluorescent intensity.
(D) The mPTP opening was examined in
cultured undifferentiated spermatogonia and
RA-induced differentiating spermatogonia.
(B–D) Decreased MMP and increased Ca2+

level were detected in differentiating sper-
matogonia, compared to undifferentiated
spermatogonia.
(E and F) The mPTP opening was measured by
flow cytometry on CD9+/KIT� undifferenti-
ated spermatogonia (E) and CD9+/KIT+
differentiating spermatogonia upon RA in-
duction (F) in DRP1-, MFN1-, or MFN2-over-
expressing (OE) cells. Reduced calcein fluo-
rescent intensity (i.e., more mPTP opening)
was detected indSPGuponDRP1upregulation.
(G) The mPTP opening was measured by flow
cytometry on CD9+/KIT� undifferentiated
spermatogonia and CD9+/KIT+ differenti-
ating spermatogonia from Drp1 cKO mice and
Drp1f/+ littermate controls at P14. Increased
calcein fluorescent intensity (i.e., reduced
mPTP opening) was detected in KIT+ dSPG
upon Drp1 conditional knockout. (A–G) Data
are presented as mean ± SEM. nR 3. n.s., no
statistical significance.
DISCUSSION

Mitochondria are increasingly recognized as key players

in stem cell differentiation and development. Particu-

larly in spermatogenesis, millions of sperm are continu-

ously generated per day from the adult testes, a process

that requires highly coordinated mitochondrial and

metabolic activities, but the mechanisms of such coordi-

nation are poorly understood. Mitochondria undergo cy-

cles of mitochondrial fission and fusion to exchange
1558 Stem Cell Reports j Vol. 19 j 1548–1563 j November 12, 2024
their content in order to maintain coordinated responses

to various developmental cues, physiological changes,

and pathological stress. In this study, we discovered up-

regulated expression of key pro-fusion GTPases, MFNs

(MFN1 & MFN2), OPA1, and pro-fission factors, DRP1,

FIS1, and MFF, during spermatogonial differentiation.

We further found that mitochondrial fusion and fission

are both accelerated. Consistent with this finding,

we did not observe significant differences in mitochon-

drial morphology, quantity, and mtDNA copy number



between undifferentiated spermatogonia and differenti-

ating spermatogonia. Notably, deficiency of either pro-

fusion factors (Chen et al., 2020b; Zhang et al., 2016)

or pro-fission factor Drp1 in our current study leads to

male infertility, highlighting the importance of properly

balanced mitochondrial fusion and fission in supporting

germ cell development.

Cellular reliance on mitochondrial metabolism and

function varies by cell type and developmental stage. Dur-

ing spermatogonial differentiation, biogenetic preference

shifts from glycolysis to mitochondrial respiration to

meet increased energy demands. Deficiency of either

MFN1 or MFN2, pro-fusion factors, leads to a develop-

mental stage-specific block at the differentiating sper-

matogonia (Chen et al., 2020b). Similarly, we found that

spermatogonial differentiation was specifically blocked

in Drp1 cKO mice. Although enlarged mitochondria were

present inDrp1-deficient germ cells at P7 and P14, demon-

strating that mitochondrial homeostasis had been disrup-

ted by then, PLZF+ undifferentiated spermatogonia re-

mained intact in Drp1 cKO mice at P21. By contrast,

decreased formation of KIT+ differentiating spermato-

gonia accompanied with an elevated percentage of CD9+

undifferentiated spermatogonia was observed in Drp1

mutant testes, suggesting that spermatogonial differentia-

tion is particularly sensitive to mitochondrial dysfunction

and needs to be precisely controlled by concurrently accel-

erated mitochondrial fusion and fission. Notably, KIT+

differentiating spermatogonia still exist upon knockout

of Mfn1 (Zhang et al., 2016), Mfn2 (Chen et al., 2020b),

or Drp1. Functional redundancy of these regulators may

compensate for the defects caused by single gene deletion.

Future compound gene knockouts may offer a compre-

hensive understanding of molecular mechanisms under-

pinning spermatogonial differentiation regulated bymito-

chondrial dynamics.

Our data further suggest that mitochondrial dynamics

may not only play a permissive role in supporting germ

cell development but also act as an active driver to pro-

mote spermatogonial differentiation. When overex-

pressed, neither MFNs nor DRP1 affected spermatogonial

proliferation, but they significantly enhanced spermato-

gonial differentiation, compared to the empty vector con-

trols under the same culture conditions. However, upregu-

lated mitochondrial dynamics alone cannot initiate

differentiation without RA induction. Thus, it is possible

that mitochondrial dynamics prime or facilitate sper-

matogonial differentiation once RA initiates the process.

To understand how upregulated mitochondrial dynamics

promote spermatogonial differentiation, we examined

mitochondrial metabolic capacity when mitochondrial

dynamics regulators were upregulated. This strategy dif-

fers from the commonly used gene knockout/knockdown
studies, in which deficient mitochondrial dynamics may

lead to various changes due to slowed cell proliferation

or increased cell death, making it challenging to pinpoint

the initial mechanistic contributor. Using this strategy, we

found altered mitochondrial metabolic capacity in differ-

entiating spermatogonia upon MFN1 or DRP1 but not

MFN2 overexpression. Although we did not observe any

obvious altered cristae structure, the overall mitochon-

drial area or size changed when mitochondrial fusion or

fission regulators were upregulated, which may poten-

tially lead to altered levels of OXPHOS. Upregulated mito-

chondrial metabolism is generally accompanied by

increased ROS levels. ROS are not only the byproducts of

cellular activities but also the signaling molecules that

can regulate a wide variety of physiological processes

including SSC self-renewal (Morimoto et al., 2013). Here

we observed elevated ROS in differentiating spermato-

gonia, and ROS scavenger inhibited spermatogonial dif-

ferentiation, suggesting ROS are required for spermatogo-

nial differentiation. Nevertheless, we did not find evident

changes in ROS levels upon upregulated mitochondrial

fusion and fission, suggesting that enforced mitochon-

drial dynamicsmay not promote spermatogonial differen-

tiation directly via ROS.

Although the three regulators of mitochondrial dy-

namics that we tested in this study all promote sper-

matogonial differentiation, they may regulate germ cell

fate via different mechanisms (Figure S6C). The mPTP

opening is another feature that may change with altered

mitochondrial activities to impact cell fate decision (Ying

et al., 2018). Our data showed spermatogonial differenti-

ation was associated with increased mPTP opening,

while mPTP opening decreased in differentiating sper-

matogonia upon Drp1 conditional knockout. Further,

enhanced expression of DRP1 but not MFNs promoted

mPTP opening, suggesting that DRP1 may function in

spermatogonial differentiation by regulating mPTP

activity. In support of this notion, a recent study re-

vealed that DRP1 induced the excessive opening of

mPTP in vascular smooth muscle cells upon hypoxic

injury (Duan et al., 2021).

Other roles ofmitochondrial dynamics in spermatogonial

differentiation have also been reported. For example, cal-

cium levels may influence mitochondrial respiration and

cell fate determination as well. In somatic cells, calcium reg-

ulates the activity of rate-limiting enzymes in the TCA cycle

such as pyruvate dehydrogenase and a-ketoglutarate dehy-

drogenase (Robb-Gaspers et al., 1998). In addition, intracel-

lular calcium homeostasis also affects hematopoietic

stem cell maintenance (Fukushima et al., 2019). We previ-

ously demonstrated that deficiency of MFN2 but not

MFN1 disrupted the homeostasis of endoplasmic reticulum

(ER) and dysregulated Ca2+ levels during spermatogonial
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differentiation (Chen et al., 2020b). Subsequently, increased

apoptosis and oxidative stress were observed in differenti-

ating spermatogonia from Mfn2 cKO mice (Chen et al.,

2020b). In this study, we revealed increased level of intracel-

lular calcium in spermatogonia undergoing differentiation,

supporting the unique role of MFN2 in regulating cal-

cium homeostasis during spermatogonial differentiation.

Notably, although both MFN1 and MFN2 are ubiquitously

expressed in various cell types, their expression levels may

differ at distinct developmental stages (Khacho et al.,

2016). In addition, the exact role ofMFN2 inpro-mitofusion

or ER functions varies by cell types, and so does their func-

tional reliance onMFN1 orMFN2. For example, MFN2 defi-

ciency in POMC (pro-opiomelanocortin) neurons causes

diet-induced obesity due to defects in mitochondrion-ER

juxtaposition (Schneeberger et al., 2013), whereas, in

agouti-related peptide/Agrp or Purkinje neurons,MFN2mu-

tationsmainly lead todysfunctionalmitofusion (Chenetal.,

2007; Schneeberger et al., 2013). Despite the fact that both

MFNsare expressed inneurons, onlyMFN2mutations result

in the human Charcot-Marie-Tooth disease with dysfunc-

tional mitofusion (Züchner et al., 2004). It is yet elusive

howMFNs perform these cell-preferential roles.

It remains unclear how increased mitochondrial meta-

bolism or mPTP opening impacts spermatogonial differ-

entiation. In somatic cells, metabolites generated form

the TCA cycle not only provide building precursors for

the anabolism of nucleotides, lipids, and amino acids

but also serve as cofactors (e.g., acetyl-CoA for histone

acetylation) for enzymes in epigenetic regulation (Cai

et al., 2011). We indeed observed modestly increased acet-

ylated histone 3 upon upregulated mitochondrial dy-

namics regulators (Figure S6B). The mPTP opening may

also play a role in inducing a more ‘‘open’’ chromatin to

promote the somatic reprogramming (Ying et al., 2018).

Future studies are warranted to investigate whether upre-

gulated mitochondrial metabolism or mPTP opening

leads to epigenetic changes that favor spermatogonial dif-

ferentiation. In addition, we extracted single-cell RNA

sequencing data from a recent study (Shami et al., 2020)

and compared the expression levels of key mitochondrial

dynamics regulators (i.e., Mfn1, Mfn2, and Drp1) in hu-

mans, macaques, and mice. Interestingly, we found differ-

entiating spermatogonia have relatively higher expression

levels of these mitochondrial regulators than those in un-

differentiated spermatogonia also in humans and ma-

caques (Figure S6D), highlighting a conserved mitochon-

drial regulation across different species. In summary, our

current study reveals how mitochondrial functions are

maintained by concurrently accelerated and precisely co-

ordinated mitochondrial fusion and fission to support

spermatogonial differentiation, a critical and unique

event during mammalian reproduction.
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EXPERIMENTAL PROCEDURES

Animals
All animal experimental procedures were performed according to

the protocols (PROTO202000147 & PROTO202300165) approved

by the Institutional Animal Care and Use Committee at Michigan

State University. PhAM mice (018385) were purchased from The

Jackson Laboratory and crossed with Ddx4-Cre male mouse

(0006954; The Jackson Laboratory) to obtain germ cell-specific

expression of mitochondrion-localized Dendra2. Mice with condi-

tional Drp1 knockout alleles were obtained from Model Animal

Research Center (MARC) and maintained in C57BL/6 (000664;

The Jackson Laboratory) background. Genotyping PCR primers

are listed in Table S2.
Cell culture and primary spermatogonial culture
DBA/2Jmouse testes were collected at P6 and dissociated into a sin-

gle-cell suspension. Undifferentiated spermatogonia were isolated

with a fluorescein isothiocyanate (FITC) anti-mouse CD9 antibody

(124808; BioLegend) using a Miltenyi Biotec MACS separation kit

according to the manufacturer’s instruction and cultured in a SSC

culture medium, following a published protocol (Kanatsu-Shino-

hara et al., 2003).
Quantification of the rate ofmitochondrial fusion and

fission in spermatogonia
Spermatogonia from PhAM; Ddx4-Cre mice were seeded in Nunc

Lab-Tek II chambered cover glass (155382; Thermo Fisher Scienti-

fic) and induced differentiation with 20 nM RA for 48 h. Cells

were imaged in the LeicaMicrosystems TCS SP8 XW.L.L. scanning

confocal microscope, following a published protocol (Bertolini

et al., 2021) with minor modifications. For acquiring XYZT (XYZ

dimensions and time) 4D images, a z stack of 40 slices, a step size

of 0.12 mm, and 6-min imaging time were utilized. The images

were processed and deconvoluted with the Lighting function of

LAS X, the Leica Microsystems software. Mitochondrial volume

was quantified in each group over time. The change of mitochon-

drial volume during the time course is measured compared to the

time point before. The fusion and fission events were called

when more than 30% in the change of mitochondrial volume

occurred.
TEM
TEM on cells and testes was conducted following the published

protocols (Chen et al., 2020b; Zhang et al., 2016), with details

described in the supplemental experimental procedures.
Flow cytometry
Testis or cultured cells were digested into a single-cell suspen-

sion and stained with appropriate dyes or antibodies in the

dark: BV421-KIT (561074; BD Biosciences), FITC-CD9 (124808;

BioLegend); APC-CD9 (124812; BioLegend), and PE-CD90

(105308; BioLegend). For ROS detection, cells were incubated

with 10 mM H2DCFDA (D6883; Sigma), 1 mM MitoSOX Green

Reagent (M36005; Invitrogen), or 5 mM CellROX Deep Red Re-

agent (C10422; Invitrogen) at 37�C for 30 min. The mean



intensity of H2DCFDA dye or Deep Red dye fluorescence was

used to calculate ROS levels. For calcein releasing assay, cells

were stained with HBSS (14025076; Gibco) containing 10 nM

Calcein-AM (14948; Cayman Chemical) and 400 mM CoCl2
(C8661; Sigma) for 15 min at 37�C. To examine MMP or calcium

level, cells were stained with 50 nM DiIC1(5) (M34151; Invitro-

gen) or 4 mM Fluo-4 AM (1041F; ION Biosciences) for 30–45 min

at 37�C. Flow cytometers used in this study were BD LSR II, Cy-

tek Aurora, and Attune CytPix.

Histology, IHF staining, and seahorse metabolic OCR

assay
Histology, IHF, and OCR were performed according to published

protocols (Chen et al., 2020b; Zhang et al., 2016), with detailed

description in the supplemental experimental procedures.

Total RNA extraction, western blots, DNA isolation,mtDNAcopy

number quantification, real-time PCR, plasmid construction, short

hairpin RNA (shRNA) knockdown, lentiviral production, concen-

tration, and infection were performed using standard protocols,

with antibody information provided in the supplemental experi-

mental procedures. Primer and shRNA sequences are listed in

Table S2.

Statistical analysis
All experiments were performed independently at least three times

unless specified otherwise. The statistical significance of between-

group differences was analyzedwith unpaired Student’s t test using

the GraphPad Prism 8.0 software.
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