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ABSTRACT

Mitochondrial fusion and fission (mitochondrial dynamics) are
homeostatic processes that safeguard normal cellular function. This
relationship is especially strong in tissues with constitutively high energy
demands, such as brain, heart and skeletal muscle. Less is known about
the role of mitochondrial dynamics in developmental systems that involve
changes in metabolic function. One such system is spermatogenesis.
The first mitochondrial dynamics gene, Fuzzy onions (Fzo), was
discovered in 1997 to mediate mitochondrial fusion during Drosophila
spermatogenesis. In mammals, however, the role of mitochondrial fusion
during spermatogenesis remained unknown for nearly two decades after
discovery of Fzo. Mammalian spermatogenesis is one of the most
complex and lengthy differentiation processes in biology, transforming
spermatogonial stem cells into highly specialized sperm cells over a
5-week period. This elaborate differentiation process requires several
developmentally regulated mitochondrial and metabolic transitions,
making it an attractive model system for studying mitochondrial
dynamics in vivo. We review the emerging role of mitochondrial
biology, and especially its dynamics, during the development of the
male germ line.
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Introduction

Mitochondria are crucial to most eukaryotic cells, and their function is
maintained by several quality control mechanisms. These include
mitochondrial fusion and fission (mitochondrial dynamics) and
mitophagy, the degradation of mitochondrial content by selective
autophagy (Youle and Narendra, 2011). In addition to controlling
organelle morphology, continuous fusion and fission events safeguard
mitochondrial function by enabling the hundreds of mitochondria
within a cell to mix, promoting homogeneity (Chan, 2012). Without
fusion, mitochondrial heterogeneity increases, which compromises
mitochondrial physiology and leads to cellular dysfunction. For
example, in mice, whole-animal ablation of mitochondrial fusion
causes embryonic lethality (Chen et al., 2003), and organ-specific
ablation disrupts homeostasis in tissues such as brain (Chen et al.,
2007), heart (Chen et al., 2011; Papanicolaou et al., 2012) and skeletal
muscle (Chen et al., 2010; Mishra et al., 2015). Similarly, whole-
animal ablation of mitochondrial fission results in midgestation
lethality (Ishihara et al., 2009; Wakabayashi et al., 2009), whereas
tissue-specific ablation perturbs homoeostasis in the brain
(Wakabayashi et al., 2009), heart (Ikeda et al., 2015; Kageyama
etal., 2014) and skeletal muscle (Favaro et al., 2019). Thus, dynamics
serves as a crucial mitochondrial quality control mechanism to
promote cell and tissue homeostasis.
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Mitophagy is an additional layer of quality control that utilizes
autophagy (Mizushima, 2007; Mizushima et al., 1998; Tsukada and
Ohsumi, 1993) to remove excessive mitochondria or damaged
mitochondria that are beyond repair (Pickles et al., 2018). During
mitophagy, microtubule-associated protein 1A/I1B light chain 3
(collectively LC3; also known as MAP1LC3A, MAPILC3B and
MAPILC3C) is recruited to the autophagosomal membrane and binds
to mitochondria that selectively express mitophagy receptors on their
outer membrane. This molecular recognition designates damaged
mitochondria as cargo for autophagosomes, and the resulting
mitophagosomes subsequently fuse with lysosomes for degradation
and recycling of the engulfed organelles. Much of the molecular
workings of mitophagy have been parsed in cultured cells, and
recently developed mouse models are enabling the analysis of
mitophagy in vivo (Kuma et al., 2017; McWilliams et al., 2016; Sun
et al., 2015).

Although mounting evidence suggests that mitochondrial
dynamics and mitophagy maintain basal cellular homeostasis,
much less is known about their role during differentiation and
developmentally regulated mitochondrial and metabolic transitions.
Mammalian spermatogenesis is a rich system in which to address this
gap in knowledge because it requires several such transitions. In this
article, we review key aspects of mitochondrial dynamics and
mitophagy, and discuss the cellular and metabolic regulation of
spermatogenesis. We then describe the various mouse models of
mitochondrial dysfunction that exhibit male infertility and discuss the
emerging role of mitochondrial dynamics during spermatogenesis.
Our discussion centers on mouse spermatogenesis, but insights from
other model organisms and clinical studies are discussed where
appropriate.

Mitochondrial dynamics at a glance

Despite their static and autonomous appearance in micrographs,
mitochondria continuously fuse and divide, resulting in the
circulation of their components throughout the entire organellar
pool. Unlike most organelles that undergo fusion, mitochondria
contain double membranes — a highly folded inner membrane
(IMM) that harbors the oxidative phosphorylation (OXPHOS)
complexes and a semi-permeable outer membrane (OMM) that
encloses the organelle (Tzagoloff, 1982). Mitochondrial fusion
therefore involves two separate fusion events, each requiring a
unique machinery featuring large GTP-hydrolyzing enzymes of the
dynamin superfamily. Outer membrane fusion, mediated by the
mitofusins MFN1 and MFN2, is followed by inner membrane
fusion, mediated by the dynamin-like 120 kDa protein (OPAT1)
(Fig. 1A). Mutations in mitofusins or Opal prevent fusion, which
compromises OXPHOS and leads to cellular dysfunction and
disease (Chan, 2020).

Mitochondrial fusion is counter-balanced by fission. This
balance maintains proper organellar size and morphology, which
facilitates mitochondrial distribution and transport throughout the
cell. Early steps in mitochondrial fission involve actin filaments and
the endoplasmic reticulum (ER), which mark sites of fission by
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wrapping around and constricting mitochondria (Friedman et al.,
2011; Korobova et al., 2013) (Fig. 1B). Subsequently, receptors on
the OMM recruit cytosolic dynamin-related protein 1 (DRPI;
encoded by Dnmll), a mechanochemical enzyme that assembles
into ring-like structures to further constrict and sever mitochondrial
tubules. In mammals, four receptors recruit cytosolic DRP1 to the
mitochondrial outer membrane: mitochondrial fission factor (MFF),
mitochondrial dynamics proteins of 49 and 51 kDa (MID49
and MID51; encoded by Mief2 and Miefl, respectively), and
mitochondrial fission 1 (FIS1) (Chan, 2012). Dynamin-2 (DNM2)
has been proposed to act at a terminal step following DRP1
constriction (Lee et al., 2016), but this idea was recently challenged
(Fonseca et al., 2019; Kamerkar et al., 2018; Nagashima et al.,
2020). Lysosomes (Wong et al., 2018) and Golgi-derived vesicles
(Nagashima et al., 2020) have also been implicated in mitochondrial
fission, but how they interact with the fission machinery remains to
be resolved.

Mitochondrial quality control by mitophagy

Mitophagy is the selective degradation of mitochondria by autophagy
(Fig. 2A). The best characterized model of mitophagy is the
phosphatase and tensin homolog (PTEN) induced kinase I
(PINK1)-Parkin pathway. PINK1 is a serine/threonine kinase that
is normally kept at low levels due to degradation by proteases upon
import into the mitochondrial matrix. Insults that disrupt
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Fig. 1. Mitochondrial fusion and
fission. (A) Mitochondrial fusion
occurs in two distinct steps, both
mediated by large GTP-hydrolyzing
enzymes of the dynamin superfamily.
MFN1 and MFN2 mediate fusion of the
mitochondrial outer membrane
(OMM). Then, OPA1 mediates fusion
of the inner membrane (IMM), which
results in mixing of matrix
components. Although OPA1 is
present on opposing IMMs, it is not
required to be present on both
membranes. (B) Mitochondrial fission
is a multistep process. In the initial
phase, actin and the ER associate with
the mitochondrial tubule. The ER
wraps around and constricts the
mitochondrion. Receptors on the
mitochondrial outer membrane (not
shown) recruit cytosolic DRP1 to this
constriction site. Multiple DRP1
molecules oligomerize around the
mitochondrion to form a ring-shaped
structure that further constricts and
severs the mitochondrial tubule.
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mitochondrial membrane potential prevent PINKI import and
degradation, leading to its stabilization on the mitochondrial outer
membrane (Narendra et al., 2010). PINKI then phosphorylates
ubiquitin at the damaged mitochondrial surface, leading to
recruitment of the E3 ubiquitin ligase Parkin, which adds
additional ubiquitin molecules onto mitochondrial outer membrane
proteins. Further phosphorylation of these ubiquitin chains by PINK 1
recruits additional Parkin, generating a positive-feedback loop that
activates the ubiquitin proteasome system (UPS) (Chan et al., 2011;
Rakovic et al., 2019) and recruits autophagosomes for mitophagy
(Sekine and Youle, 2018).

Mitophagy utilizes FIS1, which is the only receptor of DRP1 in
Saccharomyces cerevisiae and is required for mitochondrial fission
in this species (Jakobs et al., 2003; Mozdy et al., 2000; Tieu et al.,
2002). In mammalian cells, however, FIS1 has a minor role in
mitochondrial fission (Loson et al., 2013; Otera et al., 2010) and a
more prominent role in mitophagy. During Parkin-mediated
mitophagy, FIS1 interacts with the mitochondrial Rab GTPase-
activating protein (GAP) TBC1D15 (Onoue et al., 2013), to inhibit
RAB7A (Yamano et al., 2014, 2018). In its active state, RAB7A
promotes growth of double membraned autophagosomes by
mediating fusion of ATG9A-containing vesicles (Tan and Tang,
2019). It has been proposed that, without FIS1, RAB7A remains
constitutively active at the mitochondrial surface, leading to
dysregulated growth of autophagosomal membranes (Fig. 2B,C)

2

Q
)
c
2
(%
(V]
ko]
Y
Y—
o
©
c
—
>
o
-_



REVIEW

Journal of Cell Science (2020) 133, jcs235937. doi:10.1242/jcs.235937

A Mitophagy

ﬁﬁﬁ

Mitophagosome

Damaged
mitochondrion

TBC1D15
(Rab GAP)

Regulated
RAB7A6ﬁ _» | autophagosome
: biogenesis
Active Inactive g

Lysosome Mitolysosome

c

Damaged
mitochondrion

TBC1D15
(Rab GAP)
GDP Aberrant
RAB7A RAB7A) —» | autophagosome
Active Inactive biogenesis

Fig. 2. Mitophagy. (A) Overview of mitophagy. An autophagosome engulfs a damaged portion of a mitochondrion to form a mitophagosome that fuses with
lysosomes. The mitochondrion is degraded in the resulting mitolysosome. (B) A model showing the role of FIS1 during PINK1-mediated mitophagy. FIS1 at the
damaged mitochondrial surface interacts with TBC1D15, a mitochondrial Rab GAP that inactivates RAB7A, to regulate mitophagosome formation. (C) In the
absence of FIS1, the uncontrolled action of RAB7A disrupts autophagosome membrane dynamics, resulting in aberrant mitophagy.

(Yamano et al., 2014). This cellular defect is observed by light
microscopy as LC3 tubulation and aggregation (Yamano et al.,
2014). Similarly, large LC3 aggregates are found in fis-7-
knockout nematodes treated with mitochondrial toxins (Shen
et al., 2014). Consistent with its role in mitophagy, FIS1 is
required for degradation of paternal mitochondria shortly after
fertilization in mice (Rojansky et al., 2016). FIS1 has also
been implicated in PINKI1-Parkin-independent mitophagy
(Yamashita et al., 2016). Thus, mammalian FIS1 plays a role
in the clearance of mitochondria via mitophagy. However, a
recent study reported that Fis/ knockout in skeletal muscle
increases mitophagy (Zhang et al., 2019), indicating that its role
in mitophagy might be tissue specific, warranting the study of
FISI in multiple cell types.

Spermatogenesis overview

Male germ cell development is a promising system for studying
mitochondrial dynamics and mitophagy because it involves drastic
changes to mitochondrial shape, number and distribution (Hermo
et al., 2010a). This complex and lengthy differentiation process occurs
within the highly convoluted seminiferous tubules of the testes
(Fig. 3A) and can be divided spatiotemporally into three major
categories: (1) mitotic amplification of spermatogonia, (2) genome
reduction in meiotic spermatocytes, and (3) morphological
transformation of haploid spermatids into spermatozoa. Mitotically
dividing spermatogonia reside near the basement membrane at the
tubule periphery, and their differentiated descendants migrate towards
the tubule lumen. This process depends critically on the intimately
associated somatic Sertoli cells — nurse cells that provide structural
support, metabolites and differentiation cues for the developing germ
cells (Griswold, 1998). As germ cells divide, incomplete cytokinesis
allows their daughter cells to remain connected via stable intercellular
bridge structures (Greenbaum et al., 2011), enabling them to share
gene products (Braun et al., 1989). Numerous such divisions result in
the formation of long ‘chains’ of syncytial cells (Fig. 3B).

In mice, spermatogenesis begins at birth with mitotic divisions of
progenitor cells called Type A-single spermatogonia, which give rise to
pairs of interconnected cells called Type A-paired spermatogonia
(Fig. 3B). Further divisions produce chains of 4 to 16 cells called Type
A-aligned spermatogonia. These divisions expand the pool of
undifferentiated spermatogonia while maintaining a subset with
spermatogonial stem cell (SSC) activity. However, the molecular
identity of SSCs remains a matter of debate. The prevailing model for
decades posited that only A-singles retain SSC activity. However, recent
studies have challenged this model, and two additional models of SSC
dynamics have emerged. The original and revised models are described
in two excellent reviews (De Rooij, 2017; Lord and Oatley, 2017).
Briefly, in one revised model, SSC activity is restricted to a small subset
of A-singles that express stem markers, such as /d4 and Pax7 (Aloisio
et al., 2014). In the other model, SSC activity is maintained by a much
larger population of undifferentiated spermatogonia that express glial
cell line-derived neurotrophic factor (GDNF) family receptor ol
(GFRal, encoded by Gfial) (Hara et al., 2014). Together with RET,
GFRol binds GDNF (Naughton et al., 2006), which is secreted by
Sertoli cells to regulate SSC activity (Hofmann, 2008). Chains of Gfial-
expressing spermatogonia are proposed to retain stemness by
undergoing syncytial fragmentation to revert to smaller chains or
A-singles. In contrast, SSCs in Drosophila (Spradling et al., 2001)
and Caenorhabditis elegans (Kimble and White, 1981) divide
asymmetrically, forming one daughter cell that differentiates and
another that retains stemness (Oatley and Brinster, 2012).

Upon receiving cues from the surrounding Sertoli cells, chains of
undifferentiated spermatogonia begin to differentiate and
irreversibly commit to meiosis (Griswold, 2016). The sixth and
final mitotic division of differentiating spermatogonia gives rise to
spermatocytes, which traverse the blood—testis barrier (BTB), enter
the adluminal compartment and initiate meiosis, a defining event in
spermatogenesis (Cohen et al., 2006). In meiosis, a spermatocyte
undergoes DNA duplication and two meiotic divisions to generate
four haploid round spermatids.
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Fig. 3. Spermatogenesis. (A) Left panel, anatomy of the mammalian testis highlighting the convoluted seminiferous tubules in which spermatogenesis takes place.
Right panel, schematic illustration of the seminiferous epithelium highlighting the intimate association between somatic Sertoli cells and germ cells. For simplicity,
only the major germ cell types are shown. (B) Cellular pedigree of a single undifferentiated spermatogonium, highlighting germ cell amplification. The

theoretical number of syncytial cells at each stage is shown at the bottom. Note that meiotic spermatocytes and post-meiotic spermatids develop on the adluminal
side of the blood-testis barrier (BTB). SN, Sertoli cell nucleus; A al, A aligned; 1°, primary spermatocyte; 2°, secondary spermatocyte; Ml, meiosis I; MIl, meiosis II.

Initially small and inconspicuous, round spermatids undergo
spermiogenesis, a dramatic morphological transformation to become
polarized sperm cells with a head, midpiece and tail (Hermo et al.,
2010b). This morphological transformation requires culling of excess
cellular components into residual bodies for phagocytic degradation
by Sertoli cells. Furthermore, the nuclear genetic material is
repackaged by protamines — small, arginine-rich, DNA-binding
proteins — into a slender and compacted nucleus (Bao and Bedford,

2016), which is capped by the acrosome, a unique lysosome-related
organelle that releases digestive enzymes to enable fertilization.

OXPHOS fuels spermatogenesis

These highly coordinated germ cell differentiation events depend on
the surrounding Sertoli cells. In addition to providing metabolites
and differentiation cues for the developing germ cells, Sertoli cells
form the BTB that divides the seminiferous epithelium into the basal
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and adluminal compartments, secluding the latter from the
interstitial space and vasculature (Stanton, 2016) (Fig. 4A). As a
result, during their progression from spermatogonial stem cells into
sperm, germ cells encounter unique microenvironments with
varying availability to glucose and other metabolites.
Spermatogonia and SSCs reside in the basal compartment, where
they have access to the vasculature and interstitial fluid, whereas the
more-advanced spermatocytes and spermatids in the adluminal
compartment have limited access.

Male germ cells have distinct metabolic requirements depending
on their differentiation state (Fig. 4A). Spermatogonia are generally
believed to rely on glucose for energy production by glycolysis (Rato
etal., 2012). In contrast, spermatocytes and spermatids require lactate
and pyruvate for survival (Bajpai et al., 1998; Grootegoed et al.,
1984; Nakamura et al., 1982, 1984). This distinction likely reflects
the fact that spermatogonia in the basal compartment have direct
access to systemic glucose, whereas spermatocytes and spermatids in
the adluminal compartment are separated from the vasculature by the
BTB. Thus, spermatocytes and spermatids rely on the surrounding
Sertoli cells for secretion of lactate as a carbon source (Boussouar and
Benahmed, 2004). This idea is further supported by expression of
lactate dehydrogenase (Ldhc) selectively in advanced germ cells in
the adluminal compartment (Goldberg et al., 2010). Because lactate
is converted into pyruvate by LDHC, and pyruvate can be converted

to acetyl-coenzyme A to fuel OXPHOS, these data indicate that
meiotic and post meiotic cells in the adluminal compartment likely
rely more heavily on mitochondrial OXPHOS activity.

The requirement for lactate and pyruvate by meiotic spermatocytes
is consistent with the high energy demands associated with meiosis
and, in particular, meiotic prophase I (MPI). This lengthy process
constitutes ~90% of meiosis and a fourth of the entire spermatogenic
process, and is generally subdivided into four stages — leptotene,
zygotene, pachytene and diplotene (Handel and Schimenti, 2010). The
leptotene stage marks the formation of the synaptonemal complex — a
proteinaceous structure that enables interaction between the
homologous chromosomes — and initiation of genome-wide
programmed double-strand breaks (DSBs). In zygotene, the
synaptonemal complex grows along the homologous chromosomes,
enabling them to synapse. During pachytene, synapsis is completed,
and ATP-dependent biochemical reactions drive homologous
recombination and resolution of DSBs. Finally, in diplotene, the
recombined chromosomes detach for segregation into daughter cells.

Classic electron microscopy (EM) analyses of mitochondrial
ultrastructure in rodent testes provide support for the increased
OXPHOS activity during MPI. Mitochondria in spermatogonia are
generally small and spherical, and contain ‘orthodox’ cristae (De
Martino et al., 1979; Meinhardt et al., 1999; Seitz et al., 1995), an
ultrastructural conformation associated with low OXPHOS activity

A Basal Adluminal Fig. 4. Mitochondrial respiration and
compartment compartment dynamics during spermatogenesis.
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(Hackenbrock, 1966; Mannella, 2006a,b). Conversely, mitochondria
in pachytene spermatocyte are elongated and contain ‘condensed’
cristae, an ultrastructural conformation associated with high
OXPHOS utilization. In post-meiotic spermatids, mitochondria
fragment and their cristae return to an intermediate state between
orthodox and condensed, suggesting a shift back to glycolysis
(Meinhardt et al., 1999).

Several mouse models of mitochondrial dysfunction have
corroborated  the critical contribution of OXPHOS to
spermatogenesis and, in particular, to meiosis. For example, mice
with error-prone mtDNA replication, due to a mutation in the
proofreading subunit of the mtDNA polymerase y (Polg”?’"),
exhibit male infertility (Kujoth et al., 2005; Trifunovic et al., 2004).
Owing to accumulation of mtDNA point mutations and deletions,
these ‘mtDNA mutator’ mice have early degeneration of multiple
organ systems — a phenotype interpreted as accelerated aging. The
testes of mtDNA mutator mice have severe degeneration of
seminiferous tubules and depletion of germ cells by 10 months of
age (Kujoth et al., 2005). Increasing or decreasing expression of
mitochondrial transcription factor A (Tfam), which regulates mtDNA
levels, mitigates or exacerbates the infertility phenotype in mtDNA
mutator mice, respectively (Jiang et al., 2017). Together, these data
suggest that spermatogenesis is highly sensitive to perturbations in
OXPHOS.

Mouse models also indicate that MPI is highly susceptible to
mitochondrial dysfunction. Mice with a large-scale (4696 bp)
pathogenic mtDNA deletion have reduced OXPHOS activity and
exhibit meiotic arrest during the zygotene to pachytene transition
(Nakada et al., 2006). Similarly, mice with genetic ablation of the
testis-specific adenine nucleotide translocator (Ant4; encoded by
Slc25a31) are less efficient at utilizing mitochondrial ATP and
exhibit spermatogenic arrest during leptotene of MPI (Brower et al.,
2007, 2009). These studies indicate that mitochondrial function is
particularly important during MPI.

Clinical studies also suggest a link between mtDNA integrity and
male fertility. Male patients with infertility are sometimes found to
have mtDNA mutations (Baklouti-Gargouri et al., 2014; Carra et al.,
2004; Kao et al., 1995; Lestienne et al., 1997), and some patients with
mitochondrial disease caused by mtDNA mutations are infertile
(Demain et al., 2017; Folgero et al., 1993; Spiropoulos et al., 2002).
Furthermore, mutations in the mitochondrial polymerase y (POLG)
contribute to male infertility (Demain et al., 2017; Luoma et al., 2004;
Rovio et al., 2001).

The emerging role of mitochondrial dynamics during
spermatogenesis

As detailed above, mitochondrial function is essential for
spermatogenesis. Because mitochondrial dynamics safeguards
mitochondrial function, perturbations in dynamics could be
expected to disrupt spermatogenesis. Indeed, Hales and Fuller
discovered the first mitochondrial fusion gene during a Drosophila
mutagenesis screen for male sterility (Hales and Fuller, 1997). During
Drosophila spermatid development, mitochondria aggregate and fuse
to form the Nebenkern, which resembles an onion slice by EM due to
the concentric wrapping of two giant mitochondria around each other
(Demarco et al., 2014; Fuller, 1993). Hales and Fuller found that
mutations in Fuzzy onions (Fzo), a Drosophila homolog of mitofusin,
cause fragmentation of the Nebenkern (giving it the appearance of
‘fuzzy onions’) and male sterility (Hales and Fuller, 1997). Since
then, emerging evidence indicates that other mitochondrial dynamics
factors also promote spermatogenesis in the fly. Drosophila
mitofusin (Marf), the other homolog of mammalian mitofusin, as

well as Opal and Drp1, maintain male germline stem cells (Demarco
and Jones, 2019; Demarco et al., 2019). Thus, in flies,
spermatogenesis requires both mitochondrial fusion and fission.

In rodents, dramatic morphological transformation of mitochondria
during spermatogenesis (Fig. 4B) suggests an evolutionarily conserved
role for mitochondrial dynamics. Mitochondria in spermatogonia and
early MPI are generally small and spherical. They elongate during
pachytene and then fragment again in post-meiotic spermatids (De
Martino et al., 1979). In maturing spermatids, small mitochondrial
spheres line the midpiece in highly coordinated arrays and elongate
while wrapping around the midpiece (Ho and Wey, 2007). Thus,
spermatogenesis carefully regulates mitochondrial morphology to
support the physiological requirements of the developing germ cells.
However, despite these long-known mitochondrial transitions, the role
of the major mitochondrial dynamics factors during mammalian
spermatogenesis remained unknown until recently.

The first mitochondrial dynamics factor examined during mouse
spermatogenesis was MFN1. Zhang and colleagues removed Mfn!
from the male germline using the Vasa-Cre driver, which expresses
at around embryonic day 15 (E15) (Zhang et al., 2016). Mfnl
mutants were infertile, had reduced testis size and failed to produce
sperm. These defects coincided with a reduction in spermatocytes,
suggesting a defect during meiosis. Undifferentiated spermatogonia
were not reduced during the first round of spermatogenesis,
indicating that Mfnl is dispensable for the formation of these
progenitor cells (Zhang et al., 2016).

Our recent study expanded on the role of mitochondrial fusion
during mouse spermatogenesis (Varuzhanyan et al., 2019). We
observed that Ml Mfm2 double mutants failed to produce any
sperm, indicating an absolute requirement for mitochondrial fusion
during spermatogenesis. Histological analysis revealed a reduction in
post-meiotic spermatids in fusion-deficient mice, indicating a defect
during meiosis. Consistent with the known energetic demands of
meiosis, the zygotene to pachytene transition in wild-type mice was
associated with upregulation of OXPHOS. MfnI Mfn2 double mutants
exhibited meiotic arrest during this developmental transition, forming
fewer pachytene cells that had reduced OXPHOS activity. These data
indicate meiosis as the most susceptible stage to loss of mitochondrial
fusion. Furthermore, long-term loss of mitochondrial fusion
additionally depleted differentiated spermatogonia (Varuzhanyan
et al., 2019), which is consistent with upregulation of OXPHOS
during spermatogonial differentiation (Lord and Nixon, 2020).

After meiosis, mitochondria undergo robust fragmentation,
representing a developmentally regulated mitochondrial fission
event. A role for mitochondrial fission in spermatogenesis was
shown using mice with a homozygous gene-trap allele of Mff (M),
which have reduced sperm count and subfertility (Chen et al., 2015).
In addition, we recently found that round spermatids in M mice
have elongated mitochondria with constrictions indicative of failed
fission events (Varuzhanyan et al., 2020). Near the end of
spermiogenesis in wild-type mice, small mitochondrial spheres line
the sperm axoneme and wrap around the midpiece to form the
mitochondrial sheath. This observation suggests that mitochondrial
fission in spermatids may facilitate formation of the mitochondrial
sheath. Consistent with this idea, Mff®" spermatids have disjointed
mitochondrial sheaths with large regions lacking mitochondria,
suggesting poor recruitment, or wrapping, of mitochondria around
the spermatid midpiece (Varuzhanyan et al., 2020, in press).

The role of mitochondrial dynamics during human spermatogenesis
remains largely unknown. A clinical study found that low MFN2
expression in sperm is associated with asthenozoospermia (reduced
sperm motility) and reduced sperm mitochondrial membrane potential
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(Fang et al., 2018). There is no evidence that MFF or other
mitochondrial fission factors are important for male fertility in
humans. Fetal and adult testis-expressed 1 (FATE1) is a testis-specific
protein with some sequence similarity to MFF (Olesen et al., 2001),
but its role in human fertility remains inconclusive (Olesen et al.,
2003).

Autophagy and mitophagy during spermatogenesis

Recent studies indicate that autophagy is vital for cellular remodeling
in post-meiotic spermatids (Shang et al., 2016; Wang et al., 2014). A
role for autophagy in spermiogenesis is not surprising given the
culling of excess cellular components during this process (Fig. 5).
Removal of the core autophagy gene Atg7 (Komatsu et al., 2005)
from primordial germ cells diminished autophagic flux in spermatids
and blocked acrosome biogenesis (Wang et al., 2014). More recently,
Atg7 was found to be important for spermatid polarization and
cytoplasmic removal during spermiogenesis (Shang et al., 2016). In
elongating spermatids, autophagy was required for the degradation of
PDLIMI, a regulator of cytoskeletal dynamics. Removal of Azg7 did
not affect development of earlier germ cell types indicating that
autophagy is less active in these cells (Shang et al., 2016). This notion
was corroborated by a more recent report that found the highest
abundance of autophagosomes in spermatids (Yang et al., 2017).
Taken together, these data indicate that autophagy contributes to
acrosome maintenance, spermatid polarization and degradation of
cytoplasmic components during spermiogenesis.

Spermiogenesis also removes excess mitochondria, raising the issue
of whether mitophagy is involved. In Pinkl mutant flies, spermatids
have aberrant mitochondria and defects in individualization (Clark
et al., 2006). Furthermore, the UPS, which drives Parkin-mediated
mitophagy (Chan and Chan, 2011; Chan et al., 2011; Rakovic et al.,
2019), is highly active during mammalian spermiogenesis (Bose et al.,
2014; Hermo et al., 2010c). These observations raise the possibility
that Parkin-mediated mitophagy is involved in degrading mitochondria
during spermiogenesis. Just before spermiation (sperm release), excess
mitochondria and other cellular components agglomerate into residual
bodies for phagocytic degradation by Sertoli cells (Dietert, 1966)
(Fig. 5). However, it is unknown whether spermiogenesis employs a
selective or nonselective method for removing mitochondria. Future
studies should examine whether mitophagy contributes to the removal
of mitochondria from germ cells and/or residual bodies, which notably
contain lysosomes (Dietert, 1966).

A key feature of spermatid development is formation of the
acrosome (Fig. 5). The acrosome has classically been characterized as

Round spermatid Elongating spermatids

Acrosome

Nucleus

—> —>

Selection?

Mitochondrion

Mature spermatozoon

a Golgi-derived, lysosome-related organelle (Khawar et al., 2019).
Vesicles budding from the trans-Golgi network fuse to each other to
form a large proacrosomal granule that attaches to the spermatid
nucleus. With continual fusion of vesicles, the acrosomal granule
grows and flattens around the spermatid nucleus, eventually covering
most of its surface. Besides the Golgi, other sources of membranes can
contribute to acrosome biogenesis (Berruti and Paiardi, 2011; Khawar
et al., 2019), indicating an essential role for vesicular trafficking
during this process. Recently, it was shown that mitochondrial
cardiolipin localizes to the acrosome (Ren et al., 2019), suggesting that
mitochondria might also provide membranes to the acrosome.
Additional evidence also implicates mitochondria in acrosome
biogenesis. As described above for cultured cells, FIS1 facilitates
mitophagy by interacting with TBC1D15, a RabGAP for RAB7A.
TBCI1DI15 (Zhang et al., 2005) and other TBC domain-containing
proteins are highly expressed in the testis and some of them are
implicated in acrosome biogenesis. For example, the testis-specific
male germ cells Rab GTPase-activating protein (MgcRabGap;
encoded by Thcld21) colocalizes with RAB3A in the acrosome
(Lin et al., 2011). Furthermore, spermatocytes express TBC1D9
(Nakamura et al., 2015) and spermatozoa express a whole host of Rab
proteins (Bae et al., 2019). Thus, future studies should explore whether
mitochondrial FIS1 regulates vesicular trafficking and mitophagy in
post-meiotic spermatids.

Conclusions and perspectives
Mitochondrial dynamics is now well appreciated to maintain basal
cellular homeostasis. However, its role in regulating developmentally
regulated metabolic transitions remains less well understood.
Mammalian spermatogenesis is a promising system for exploring
this issue because it requires several such transitions. Furthermore,
throughout germ cell development, mitochondrial morphology
changes dramatically, culminating with the highly coordinated
wrapping of mitochondria around the sperm midpiece. While
posttranslational modifications are known to regulate the major
mitochondrial fusion and fission factors (Hoppins, 2014), the
regulatory networks that orchestrate mitochondrial dynamics during
spermatogenesis remain unknown. Because mitochondrial dynamics
is intricately linked to cellular metabolism (Mishra and Chan, 2016),
these mitochondrial transitions likely reflect the changing metabolic
requirements of germ cells as they traverse the compartmentalized
seminiferous epithelium.

OXPHOS drives mammalian spermatogenesis and, in particular,
meiosis. Emerging evidence indicates that mitochondrial fusion is

Fig. 5. Mitochondrial reorganization during
spermiogenesis. Schematic of spermiogenesis
highlighting the formation of the acrosome and the
reorganization of mitochondria. During spermatid
elongation, a subset of mitochondria line the sperm
midpiece, while the rest are transferred into residual bodies
for phagocytic degradation in Sertoli cells. It is unknown how
the cell determines the fate of these two mitochondrial
populations. The acrosome (blue) is another organelle that
undergoes drastic reorganization during spermiogenesis.
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also critical for spermatogenesis and meiosis by enabling
spermatogonial differentiation and a metabolic shift during meiosis
(Varuzhanyan et al., 2019; Zhang et al., 2016). OPA1, which plays a
central role in mitochondrial fusion and regulates OXPHOS, would
be expected to play a similar role during male germ cell development,
but this should be tested experimentally. In elongating spermatids,
mitochondria elongate as they wrap around the developing midpiece,
raising the possibility that these mitochondria undergo fusion.
Analysis of static EM images seems to suggest that mitochondria
elongate without undergoing fusion (Ho and Wey, 2007). However,
future studies should address this genetically by removing mitofusins
or Opal from post-meiotic spermatids.

Our recent data show that Mff'is required in post-meiotic spermatids
for developmentally regulated mitochondrial fission and formation of
the mitochondrial sheath (Varuzhanyan et al., 2020). Thus,
spermiogenesis may be a promising system for studying the
regulatory networks that drive mitochondrial fission in vivo. Future
studies should test whether other mitochondrial fission factors, such as
MID49, MID50 and DRP1, are also required for mitochondrial sheath
formation. Removal of Mfinl does not rescue the spermatogenesis
defect of Mff" mice (Chen et al., 2015), suggesting a specific
requirement for mitochondrial fission in spermatids. Taken together,
these data suggest that round spermatids acutely downregulate fusion
and upregulate fission to ensure robust mitochondrial fragmentation,
which may help reorganize mitochondria during spermatid
polarization and recruit them to the developing midpiece for
formation of the mitochondrial sheath.

Near the end of spermiogenesis, spermatid mitochondria face two
distinct fates. A group of ~50 mitochondria line the midpiece to form
the mitochondrial sheath, while the remaining mitochondria, along
with other cytosolic components, are transferred into residual bodies
destined for phagocytic degradation in Sertoli cells (Fig. 5). It remains
unknown whether this mitochondrial segregation happens at random
or involves an active selection process. Future studies should explore
whether mitophagy is involved during this process. Because
mitochondrial fission has been linked to mitophagy (Burman et al.,
2017; Tanaka et al.,, 2010), it should be examined whether
mitochondrial fission facilitates culling of excess mitochondria
during spermiogenesis. Mitophagy can also occur independently of
mitochondrial fission (Yamashita et al., 2016). In this model, small
regions of mitochondria bud directly into autophagosomes in a Drp -
independent manner.

The product of spermatogenesis is a highly motile sperm cell
capable of a long journey to fertilization. Flagellar motility
depends on cellular ATP, which is converted into mechanical
work by dynein motors (Serohijos et al., 2006). The source of this
ATP has been studied extensively in various species (Storey,
2004). Both glycolysis and OXPHOS are active in spermatozoa,
but the primary source of ATP for sperm motility remains unclear
(du Plessis et al., 2015). Given the prominence of mitochondria at
the sperm midpiece and their relatively high efficiency of
generating ATP, it is likely that OXPHOS plays the major role
in fueling flagellar locomotion. Indeed, in the genus Mus, the
species M. spretus and M. spicilegus, which exhibit higher sperm
motility and ATP production, are associated with higher
OXPHOS utilization (Tourmente et al., 2015). Thus, it would
be interesting to determine whether mitochondrial morphology
and ultrastructure correlate with the high OXPHOS utilization in
these species.

Mitochondrial dynamics drives spermatogenesis in multiple
species. In Drosophila, many of the major mitochondrial dynamics
genes — Dmfin, Opal and Drpl — are essential for male germline

stem cells, and Fzo is required at the post-meiotic spermatid stage. In
mice, fusion is dispensable for maintenance of spermatogonial stem
cells but required for spermatogonial differentiation and meiosis.
Clinical studies further suggest a role for mitochondrial dynamics in
human spermatogenesis. These observations indicate that
mitochondrial dynamics may serve as a unique control point for
regulating spermatogenesis, which may aid in the development of
novel contraceptives and treatments for male infertility.
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