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The balances of mitochondrial dynamic changes, mitochondrial morphology, and mitochon-
drial number are critical in cell metabolism. Once they are disturbed, disorders in these pro-
cesses generally cause diseases or even death in animals. We performed large-scale genetic
screenings in fruit flies and discovered the mitoguardin gene (Miga) that encodes for a mi-
tochondrial outer membrane protein. To examine the physiological functions of its mammalian
homologs Miga1 and Miga2, we generated Miga1 and Miga2 single- and double-knockout
mouse strains and found that the knockout mice were viable, but the females were subfertile.
The ovarian phenotypes of these mice suggested that the MIGA1/2 proteins play an important
role in ovulation and ovarian steroidogenesis. In vivo and in vitro analyses ofMiga1/2-knockout
granulosa cells showed severe defects in luteinization and steroidogenesis and disordered
mitochondrial morphology and function in response to gonadotropins. This is a report of genes
involved in mitochondrial fusion and morphology-regulating mitochondrial functions during
ovulation and luteinization. These results suggest a mechanism of gonadotropin-regulated
ovarian endocrine functions and provide clues for therapeutic treatments of infertile females.
(Endocrinology 158: 3988–3999, 2017)

The production of steroid hormones by the ovary,
which plays a key role in female phenotype main-

tenance, is critical for regular ovarian processes,
including follicle growth, oocyte maturation, and
ovulation (1). Normal mitochondrial function is es-
sential for ovarian steroidogenesis (2). Cholesterol is
the precursor for the biosynthesis of estrogen and
progesterone. Once inside the cell, free cholesterol is
transported to the mitochondria through a mecha-
nism that involves sterol carrier proteins. The cyto-
chrome P450 cholesterol side chain cleavage enzyme
(encoded by Cyp11a1) complex converts cholesterol

to pregnenolone, which is then converted to proges-
terone by 3b-hydroxysteroid dehydrogenase in the
smooth endoplasmic reticulum (3). The transport of
cholesterol from the cytoplasm to the inner mito-
chondrial membrane is the rate-limiting step in pro-
gesterone biosynthesis (4). The steroidogenic acute
regulatory protein and peripheral-type benzodiazepine
receptors are proposed to be involved in this transport
(5). It is known that the mitochondria of functional
corpora lutea (CLs) of pregnancy are highly complex,
with elongated and elaborate morphology. That the
corpus luteum must synthesize enormous amounts of
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Abbreviations: ATP, adenosine triphosphate; CCCP, carbonyl cyanide
m-chlorophenylhydrazone; CL, corpus luteum; CYP11A1, cytochrome P450 family 11
subfamily Amember 1; FSH, follicle-stimulating hormone; FSK, forskolin; GC, granulosa cell;
hCG, human chorionic gonadotropin; LH, luteinizing hormone; Mdivi-1, mitochondrial
division inhibitor-1; MEF, mouse embryonic fibroblast; MIGA, mitoguardin; mRNA,
messenger RNA; mtDNA, mitochondrial DNA; PBS, phosphate-buffered saline; PD,
postnatal day; PMA, phorbol 12-myristate 13-acetate; PMSG, pregnant mare serum go-
nadotropin; RT-PCR, reverse transcription polymerase chain reaction; TUNEL, terminal
deoxynucleotidyl transferase-mediated nick-end labeling; WT, wild-type.
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progesterone requires elevated levels of adenosine tri-
phosphate (ATP) and the reduced form of NAD
phosphate.

Mitochondrial dynamics describes the sustainable
variations of mitochondrial morphology in cells. It is
regulated mainly by fusion and fission, which are critical
processes in the maintenance of mitochondrial functions
and metabolic homeostasis (6, 7). Mitochondrial frag-
mentation describes a variation on morphology of mito-
chondria, resulting in a shorter length compared with the
tubular morphology. Unbalanced mitochondrial fusion
and fission result in mitochondrial fragmentation. When
fragmented, mitochondria change from the long tubular
form into a short and round form, with fewer cristae in-
side. Generally, mitochondrial fragmentation causes de-
creased respiratory activity and ATP production (8). In
mammals, several proteins have been implicated in the
regulation of the fusion and fission of mitochondria.
Mitofusin-1 and -2 together with the optic atrophy 1
protein are necessary for mitochondrial fusion, and the
dynamin-related protein 1 is indispensable for fission
(9–11). Each cell can contain several hundred copies of
mitochondrial DNA (mtDNA) (103 to 104 copies per cell)
depending on the energy demand of the tissue and dif-
ferentiation stage of the cell. Previous reports have sug-
gested that mitochondrial functions play important roles
in both oocyte meiosis and embryo development (12).
Mitochondrial dysfunction has been found in oocytes of
people with obesity, diabetes, and insulin resistance (13,
14). To date, it remains unclear how mitochondrial fusion
and fission regulate ovarian steroidogenesis and ovulation.

Recently, we identified a mitochondrial protein called
mitoguardin (MIGA) in Drosophila. MIGA has two
homologs, Miga1 and Miga2, in vertebrates (15). MIGA
protein is nuclear encoded and located on the outer
membrane of the mitochondria. MIGA promotes mito-
chondrial fusion by interacting with the mitochondrial
outer membrane protein mitochondrial phospholipase
D (15).

To study the physiological function of the Miga1/2
genes in mammals, we generated Miga1 and Miga2
single- and double-knockout mouse strains and found
that the knockout females were subfertile. The ovarian
phenotypes of these mice suggested that MIGA1/2
might play important roles in ovulation and ovarian
steroidogenesis. In vivo and in vitro analyses of the
Miga1/2 knockout granulosa cells (GCs) revealed that
they had severe defects in luteinization and steroido-
genesis and disordered mitochondrial morphology and
function in response to gonadotropins. This is a report
of genes that are involved in mitochondrial fusion and
morphology and regulate mitochondrial functions in
the process of ovulation and luteinization.

Materials and Methods

Mice
The design of transcription activatorlike effector nuclease

construction and generation of Miga12/2 (Fam73a) knockout
mice was described previously (16). The potential targeted F0
animals were identified by T7 endonuclease digestion and se-
quencing. The heterozygous Miga2-knockout-first mice (strain
ID: Fam73btm1a(KOMP)Wtsi) were originally obtained from the
University of California, Davis Knockout Mouse Project Re-
pository. Male and female heterozygous Miga2-knockout-first
mice (Miga2+/2) were mated to each other to produce control
wild-type (WT) and homozygous knockout mice (Miga22/2).
All mice were handled with care, and their handling was ap-
proved by the Animal Research Committee guidelines of
Zhejiang University.

GC culture
GCs were harvested from pregnant mare serum gonado-

tropin (PMSG)–primed (24 hours), 23-day-old mice as de-
scribed previously (17). Briefly, undifferentiated GCs were
released from antral follicles by puncturing with a 26.5-gauge
needle. Cells were cultured at a density of 1 3 106 cells in
Dulbecco’s modified Eagle medium (Invitrogen, Carlsbad, CA)
containing 5% fetal bovine serum (Invitrogen), 100 U/mL
penicillin, and 100 mg/mL streptomycin in 24-well culture
dishes. To induce the expression of luteinizing hormone (LH)
target genes and luteinization in vitro, GCs were treated with
forskolin (FSK; 10 mM) and phorbol 12-myristate 13-acetate
(PMA; 20 nM) for 2 to 24 hours.

Terminal deoxynucleotidyl transferase-mediated
nick-end labeling assay

Analysis of apoptosis in WT and mutant mouse ovaries
was carried out by terminal deoxynucleotidyl transferase-
mediated nick-end labeling (TUNEL) assay with the ApopTag
Plus in situ apoptosis detection kit (Chemicon Interna-
tional, Temecula, CA) according to the manufacturer’s
instructions.

Immunofluorescence
Ovaries were fixed in 4% paraformaldehyde, embedded in

optimal cutting temperature compound (Sakura Finetek USA
Inc., Torrance, CA), and stored at 270°C before the prepa-
ration of 7-mMsections. Sections were sequentially probed with
primary antibodies, as indicated in the text, and secondary
Alexa Fluor 594- or 488-conjugated goat anti-rabbit immu-
noglobulin G antibodies (Molecular Probes, Eugene, OR).
Slides were mounted with VectaShield with 40,6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, CA).

For cultured GCs, cells were fixed with 4% para-
formaldehyde for 20 minutes, permeabilized with 0.1% Triton
X-100 for 10 minutes, and blocked with 5% bovine serum
albumin for 30 minutes. The cells were then immunostained
with primary antibodies against indicated antibodies for 1 hour,
followed bywashing and fluorescent dye–conjugated secondary
antibody staining for 1 hour. Then the cells were mounted with
VectaShield (Vector Laboratories), followed by microscopy.

All mounted samples were examined and imaged on a
confocal microscope LSM710 (Carl Zeiss, Jena, Germany)
outfitted with Plan-Apochromat 340 or 363 oil immersion
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objective lenses (Carl Zeiss). Data were collected via Carl Zeiss
software ZEN 2010 and processed in Image J and Photoshop
CS (Adobe, San Jose, CA).

Histology and immunohistochemistry
Ovaries were collected and fixed in 4% paraformaldehyde,

embedded in paraffin, and processed by routine procedures.
Immunohistochemistry was done with VectaStain Elite
avidin–biotin complex method kits (Vector Laboratories) as
directed by the manufacturer. Sections were probed with pri-
mary antibodies against cleaved caspase-3 (Cell Signaling, CA)
andcytochromeP450 family11 subfamilyAmember1 (CYP11A1)
(Proteintech; catalog no. 13363-1-AP), and staining was done
with the 3,3V-diaminobenzidine peroxidase substrate kit (Vector
Laboratories) as directed. Sections were counterstained with
hematoxylin, dehydrated, and mounted.

Transmission electron microscopy
Ovaries were washed in phosphate-buffered saline (PBS) and

fixed in 2.5% glutaraldehyde, washed in PBS, and postfixed in
1% osmic acid for 1 to 2 hours. Then the samples were
dehydrated and embedded in EMbed 812 (ElectronMicroscopy
Sciences, Hatfield, PA) resin. Embedded samples were cut into
60-nm ultrathin sections. Sections were counterstained with
uranyl acetate and lead citrate. All the samples were observed
with a Hitachi HT7700 electron microscope (Hitachi Limited,
Tokyo, Japan).

Mitochondrial membrane potential quantification
GCs were stained with JC-1 solution (5 mM in Dulbecco’s

modifiedEaglemedium; Invitrogen,Carlsbad,CA) for 30minutes
at 37°C. After cells were washed with PBS, they were mounted
and observed with a confocal laser scanning microscope. The
mitochondrial membrane potential was quantified by the ratio
of the intensity of red fluorescence to green fluorescence. Flow
cytometry was also performed to quantify the mitochondrial
membrane potentials in cells. GCs were suspended by digesting
with trypsin, washed, and stained with JC-1 for 30 minutes
at 37°C. Then the GCs were washed and analyzed by flow
cytometry (Beckmann).

Quantification for mtDNA copy number
GCs were lysed in 200 mL lysis buffer [50 mM Tris-HCl

(pH 8.0), 1 mM EDTA, 0.5% Tween-20, 100 mg/mL pro-
tease K] and incubated at 55°C for 2 hours, then 95°C for
10 minutes, and the samples were directly used in real-
time polymerase chain reaction primed by mtDNA specific
primers (forward, TACCTCACCATCTCTTGCTA; reverse,
CCACATAGACGAGTTGAT-TC). The value of the mtDNA
was standardized by the value of the beta-globin.

Luminescence testing for ATP quantification
The ATP content of GCs was determined with the ATP

Testing Assay Kit (Beyotime) according to the manufacturer’s
instructions. Briefly, 50 oocytes were lysed in ATP lysis buffer
(from the kit) and centrifuged at 12,000g for 10 minutes.
Supernatants were mixed with testing buffer, and ATP con-
centrations were measured on a luminescence detector.

Western blot analyses
Cell extracts containing 30 mg proteins were resolved by

sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes (Millipore
Corp., Bedford, MA). After probing with primary antibodies,
the membranes were incubated with horseradish peroxidase–
linked anti-rabbit antibodies (Cell Signaling Technologies,
Danvers, MA) and washed, and the bound antibodies were
visualizedwith enhanced chemiluminescence substrate (Thermo
Fisher Scientific, Waltham, MA).

RNA isolation and RT-PCR
For verification of the microarray analyses, total RNA was

isolated from GCs of $3 mice. Reverse transcription was done
with a SuperScript One-Step RT-PCR system with a Platinum
Taq kit (Invitrogen). The reverse transcription polymerase chain
reaction (RT-PCR) was performed with a 7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA). Relative mes-
senger RNA (mRNA) levels were calculated by normalizing to
the levels of endogenous b-actin mRNA (used as an internal
control) inMicrosoft Excel. For each indicated gene, the relative
transcript level of the control sample was set at 1. The relative
transcript levels of other samples were compared with the
control. For each experiment, quantitative PCR reactions were
done in triplicate.

Statistical analyses
The data for RT-PCR assays, breeding experiments, hor-

mone levels, and superovulation tests are represented as
means6 standard deviations. Data were analyzed in GraphPad
Prism Programs (GraphPad Inc., San Diego, CA) to determine
significance (analysis of variance or t test). Values were con-
sidered significantly different if P # 0.05 or P # 0.01.

Results

Miga1/22/2 female mice have reduced ovary size
and fertility

Generation of Miga1 and Miga2 knockout mice was
reported previously (15, 16). The Miga1/22/2 female
mice exhibited reduced body size and weight compared
with those of WT mice [Fig. 1(a)–1(c)]. The ovaries of
Miga1/22/2 mice were smaller than those of WT mice
from the pubertal (4-week-old) to late adult (1-year-old)
stages [Fig. 1(d)]. Miga12/2, Miga22/2, and Miga1/22/2

males showed normal fertility, whereas the females were
subfertile [Fig. 1(e)]. In a superovulation assay, WT mice
generally ovulated at an average number of 46.6 oocytes
per mouse, whereas Miga12/2, Miga22/2, and Miga1/
22/2 mice ovulated at an average number of 21.5, 19.6,
and 17.9 oocytes per mouse, respectively [Fig. 1(f)]. After
superovulation, the ovaries of Miga12/2, Miga22/2, and
Miga1/22/2 mice were smaller than those of WT mice
[Fig. 1(g)]. Large CLs were formed in gonadotropin-
treated WT ovaries but not in Miga1/22/2 ovaries
[Fig. 1(g)]. Therefore, these mice had a reduced response
to gonadotropins.
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Figure 1. Miga1/22/2 mice exhibited reduced ovary size and body size. (a) Miga1/22/2 female mice had smaller body sizes compared with the
control mice. (b) The body weights of mice of the indicated genotypes 3 to 8 weeks after birth. (c) Growth curves of the WT and Miga1/22/2

female mice from 3 to 24 weeks. (d) Ovaries from 4-week-old and 1-year-old WT and Miga1/22/2mice. Scale bar = 1 mm. (e) Average pup
numbers per litter of the indicated mouse strains. The total numbers (n) of mated females are indicated. (f) Average numbers of oocytes ovulated
by mice of the indicated genotypes. The total numbers (n) of superovulated females are indicated. (g) Ovaries from superovulated WT and
Miga1/22/2 mice. Scale bar = 1 mm. (h, i) Hematoxylin and eosin staining of the ovarian sections of 4-week-old, 3-month-old, and 12-month-old
mice with the indicated genotypes. Scale bar = 250 mm. (j) In situ hybridization results showing the expression of Miga1 and Miga2 mRNA in
mouse ovaries. Scale bar = 100 mm. (k) In situ hybridization with Miga1-sense and Miga2-sense probes on postnatal day (PD) 21 mouse ovaries
as negative controls. Scale bar = 100 mm. *P , 0.05, **P , 0.01, and ***P , 0.001 were calculated by two-tailed Student t tests.
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When we examined the follicles in the ovaries of the
4-week-old mice without hormone treatment, CLs were
formed in the ovaries of the WT mice but not in the
ovaries of the Miga12/2, Miga22/2, and Miga1/22/2

mice [Fig. 1(h)]. The ovaries of adultMiga knockout mice
(3 to 12 months old) contained fewer CLs and more
atretic follicles than the WT controls, which suggested
that Miga1/2-depleted GCs have defects of luteinization
[Fig. 1(i)].

Because no antibodies were available to detect the
endogenous MIGA1 and 2 proteins of mouse origin, we
examined the expression pattern of Miga1/2 mRNA in
mouse ovaries with in situ hybridization [Fig. 1(j) and
1(k)]. At postnatal day (PD) 7, both Miga1 and Miga2
were expressed in oocytes but not in ovarian somatic
cells. At PD21, Miga1/2 expression was also detected in
both GCs and theca cells. In the ovaries of adult females
(4 months old), Miga1 and Miga2 were expressed in
luteal cells and ovarian stroma cells [Fig. 1(j)].

Miga1 and Miga2 knockouts led to follicle atresia
To determine whether the Miga1/22/2 GCs were

apoptotic, we performed TUNEL assays. A significant

number of GCs were apoptotic in the follicles of the
Miga12/2, Miga22/2, and Miga1/22/2 mice [Fig. 2(a)
and 2(b)]. We verified these results with immunohisto-
chemistry for cleaved caspase-3, which is an apoptotic
cell marker [Fig. 2(a) and 2(c)].

We observed the ultrastructure of the Miga1/2-
depleted GCs with transmission electron microscopy. In
these cells, the chromatin was pycnotic. Their mitochon-
driawere fragmented and had a round, short morphology.
However, most mitochondria in the WT GCs had tu-
bular or dumbbell shapes [Fig. 2(d) and 2(e)]. Con-
densed chromatin was also observed in the nuclei of
Miga1/2-depletedGCs [Fig. 2(d), arrows], which indicated
that these GCs were apoptotic. This finding was consistent
with the results of the TUNEL staining [Fig. 2(a)]. FSK and
PMA mimicked gonadotropin stimulation and induced
the expression of follicle-stimulating hormone (FSH)/LH
target genes in culturedGCs.As shown inFig. 2(f), FSK/PMA
increased the expression of the FSH target genesCyp19a1
and Fshr, which are essential for maintaining follicle
survival and growth. However, the expression of these
genes was compromised in the GCs of Miga1/22/2 mice
[Fig. 2(f)].

Figure 2. GC apoptosis in the ovaries of Miga1/22/2 mice. (a–c) TUNEL assay and immunohistochemistry of cleaved caspase-3 (CC3) showing
GC apoptosis in the ovaries of WT and Miga1/22/2 mice (3;4 weeks old). Scale bar = 100 mm. (d, e) Transmission electron microscopy results
showing condensed chromatin and shortened mitochondria in the GCs of Miga1/22/2 mice (3;4 weeks old). Scale bar = 5 mm or 1 mm as
indicated. (f) Quantitative RT-PCR for Cyp19a1 and Fshr in cultured GCs before and after FSK and PMA treatment. *P , 0.05, **P , 0.01, and
***P , 0.001 were calculated by two-tailed Student t tests.
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Ovulation and luteinization were compromised in
Miga1/22/2 ovaries

As shown in the superovulation assay, the number of
ovulated oocytes was greatly reduced in Miga1/22/2 mice,
and we observed arrested oocytes in the follicles 16 hours
after human chorionic gonadotropin (hCG) treatment. At
this time, the WT mice had ovulated, and well-expanded
cumulus–oocyte complexes were found in the oviducts
[Fig. 3(a)]. However, multiple unruptured large antral
follicles were present in the ovaries of Miga1/22/2 mice. In
these follicles, cumulus cells had already dissociated from
the oocytes [Fig. 3(a)]. After exposure to hCG for 48 to
72 hours, results of quantitative RT-PCR analyses showed
that Miga1 and Miga2 mRNAs were expressed in isolated
luteal cells, and their levelswere higher than those in PMSG-
primedGCs [Fig. 3(b)].Many fewerCLswere formed in the
Miga1/22/2 ovaries, and unovulated oocytes were trapped
in these CLs [Fig. 3(c)]. In addition, these hCG-treated
Miga1/22/2 mice had significantly lower serum pro-
gesterone levels compared with WT mice [Fig. 3(d)].

FSK/PMA triggered progesterone secretion [Fig. 3(d)]
and induced the expression of luteinization marker genes
(Lhcgr, Cyp11a1, Sfrp4, and Star) in GCs isolated from
WT mice [Fig. 3(e)]. However, the progesterone bio-
synthesis, as well as expression of luteinization-related
genes, was significantly reduced in GCs fromMiga1/22/2

mice [Fig. 3(d) and 3(e)]. At the submicroscopic level, the
mitochondria of GCs underwent dramatic structural
transformations during luteinization when they changed
from a narrow shape into a round shape, and the mi-
tochondrial cristae were extended and broadened to
form a network for increased steroidogenesis [Fig. 3(f)].
Usually, mitochondria in metabolically active cells (in-
cluding steroidogenic cells) have more tubular cristae.
The structure of tubular cristae increased the total surface
of mitochondrial inner membrane and strengthened the
mitochondrial activity (18). However, these ultrastruc-
tural mitochondrial changes were compromised in the
luteal cells of Miga1/22/2 mice [Fig. 3(f)].

CYP11A1, the key enzyme of progesterone bio-
synthesis, was expressed in luteal cells after LH/hCG
stimulation and localized to mitochondria. The im-
munohistochemistry results showed that the CLs of
Miga1/22/2 mice had lower levels of CYP11A1 ex-
pression compared with the WT mice 48 hours after
hCG treatment [Fig. 3(g)]. When cultured GCs were
induced to luteinize in vitro, a moderate rate of cell
apoptosis that was characterized by caspase-3 acti-
vation was detected by Western blot [Fig. 3(h)] and
immunofluorescence [Fig. 3(i)]. However, stronger
apoptosis signals were detected in Miga1/22/2 GCs
[Fig. 3(h) and 3(i)], which suggested that these GCs did
not luteinize properly.

Expression of LH target genes was inhibited in
Miga1/22/2 GCs

We investigated whether Miga1/22/2 GCs responded
normally to gonadotropins. The follicles in Miga1/22/2

ovaries responded poorly to PMSG and hCG, which
showed that fewer follicles were activated to grow into
mature antral follicles [Fig. 4(a) and 4(b)]. Generally, the
germinal vesicle breakdown of oocytes occurred about
4 hours after hCG injections in the Miga1/22/2 oocytes
in vivo [Fig. 4(b)]. At that moment, the cumulus
expansion–related LH target genes were activated in WT
follicles. The proteins encoded by Ptx3 and Ptgs2 accu-
mulated in the preovulatory follicles of WT ovaries after
hCG treatment [Fig. 4(c)]. However, their levels were low in
GCs of the Miga1/22/2 mice [Fig. 4(c)]. As a result, the
cumulus–oocyte complex (circled in red) did not expand in
the ovaries ofMiga1/22/2mice 8 hours after hCG injection
[Fig. 4(d)]. Additionally, in cultured GCs that were isolated
from Miga1/22/2 mice, the expression of LH target genes,
such as Ereg, Btc, Ptx3, Ptgs2, Tnfaip6, and Has2, was
compromised after FSK/PMA treatment, which mimicked
LH stimulation in vitro [Fig. 4(e)]. BecauseMiga1/2 are also
expressed in mouse oocytes and important for oocyte
functions, we examined the expression of oocyte genes
Gdf9 andBmp15,which encode factors secreted by oocytes
that enable cumulus expansion. Quantitative RT-PCR re-
sults showed that Gdf9 and Bmp15 mRNA expression
levels in oocytes of Miga1/22/2 mice were significantly
lower than those inWToocytes [Fig. 4(f)]. This observation
suggests that compromised oocyte function may also
contribute to the ovulation defects of Miga1/22/2 mice.

Miga1/22/2 GCs had impaired functions and
morphology in mitochondria

We further assessed the mitochondrial characteristics of
the GCs of Miga1/22/2 mice. GCs isolated from WT mice
had a tubular and reticulated mitochondrial network in the
cytoplasm. However, the mitochondria were fragmented
after 24 hours of FSK/PMA treatment. Themitochondria in
Miga1/22/2GCsweremostly fragmented, even before FSK/
PMA treatment [Fig. 5(a)]. This finding is consistent with
our previous observations in cultured embryonic fibroblasts
isolated from Miga1/22/2 mice (15). The mitochondrial
membrane potential increased in WT GCs after treat-
ment with FSK/PMA for 2 hours [Fig. 5(b)]. However,
the mitochondrial membrane potential levels in Miga1/
22/2 GCs were lower than those in WT GCs after FSK/
PMA treatment [Fig. 5(b)]. In addition, the ATP con-
tents and mtDNA copy numbers in Miga1/22/2 GCs
were reduced after FSK/PMA treatment [Fig. 5(c) and
5(d)]. The reduction of mtDNA copy number is an in-
dication of mitochondrial genome instability and a hall-
mark of defective mitochondria. Taken together, these

doi: 10.1210/en.2017-00487 https://academic.oup.com/endo 3993

Downloaded from https://academic.oup.com/endo/article-abstract/158/11/3988/4092970
by University of California Santa Barbara/Davidson Library user
on 17 April 2018

http://dx.doi.org/10.1210/en.2017-00487
https://academic.oup.com/endo


Figure 3. Ovulation and luteinization were blocked in the ovaries of Miga1/22/2 mice. (a) The oocytes were trapped in the follicles of the
mutant mice with the indicated genotypes 16 hours after human chorionic gonadotropin (hCG) injections. Scale bar = 100 mm. (b) Quantitative
RT-PCR results showing expression levels of Miga1 and Miga2 mRNAs in GCs and luteal cells isolated from 23-day-old mice treated with
PMSG and hCG with indicated time intervals. NT, not treated with gonadotropin. (c) Ovarian histology of WT and Miga1/22/2 mice 48 hours
after hCG injections. Scale bar = 250 mm. (d) Progesterone concentrations in mouse serum and GC culture medium after FSK/PMA treatment.
(e) Quantitative RT-PCR for LH target luteal cell marker genes (Lhcgr, Sfrp4, Cyp11a1, and Star) in cultured GCs treated with FSK/PMA.
(f) Transmission electron microscopy results showing the ultrastructure of mitochondria in luteal cells of WT and Miga1/22/2 mice. The luteal cells
were collected from 3-week-old mice that were treated with PMSG 44 hours/hCG 48 hours. CLs were dissected under a stereoscope and then
processed for transmission electron microscopy. Scale bar = 1 mm or 500 nm as indicated. (g) Immunohistochemistry for CYP11A1 expression in
ovaries 48 hours after hCG injections. Scale bar = 100 mm. (h–i) Western blot (h) and immunofluorescence (i) for cleaved caspase-3 (CC3) in
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results indicate that Miga1/22/2 GCs had impaired
mitochondrial function and morphology.

The mitochondrion-targeted chemicals carbonyl
cyanide m-chlorophenylhydrazone and
mitochondrial division inhibitor-1 inhibit GC
responses to ovulation signals

Because MIGA1/2 are mitochondrial proteins that
regulate mitochondrial morphology and ATP produc-
tion in mouse embryonic fibroblasts (MEFs) and
oocytes, we applied the mitochondrion-targeted drugs
carbonyl cyanidem-chlorophenylhydrazone (CCCP) and
mitochondrial division inhibitor-1 (Mdivi-1) to cultured
mouse GCs to observe whether they had the same effects
that the Miga1/2 knockout did. After CCCP or Mdivi-1
treatment, the GCs became round in shape [Fig. 5(e)].
FSK/PMA stimulation induced the expression of LH
target genes (Areg, Ereg, and Btc) that encode for epi-
dermal growth factor–like factors that are needed for
cumulus expansion and ovulation in GCs. However, this
effect was inhibited by CCCP or Mdivi-1 treatment
[Fig. 5(f)]. Additionally, CCCP or Mdivi-1 treatment
reduced FSK/PMA-triggered progesterone synthesis by
GCs [Fig. 5(g)]. These results suggested that, similar to the
Miga1/2 gene knockouts, CCCP and Mdivi-1 caused GC
functional defects by affecting mitochondrial function.

It appears that the small molecule disruptors of mi-
tochondrial functions inhibit GC responses to ovulation
signals more prominently than Miga1/2 knockout. We
evaluated the mRNA expression levels for several known
genes (Mfn1, Mitopld, Opa1), which are involved in the
regulation of mitochondrial fusion and fission, in GCs of
PMSG-primedWT andMiga1/22/2mice. The expression
of these genes was significantly greater in Miga1/2
knockout mice [Fig. 5(h)], suggesting that the increased
expression of these mitochondrial genes might compen-
sate the loss of Miga1/2 in vivo.

Discussion

Our study reports the mitochondrial genes Miga1/2
regulating mitochondrial dynamics in mouse GCs.
MIGA1/2 are required for mitochondrial functions in
both GCs and in oocytes, and their knockout led to a
reduction of female fertility (19). Deletion of the genes
impaired mitochondrial functions such as mitochondrial
dynamics and ATP production in GCs, as in cultured
human cell lines (15) and in oocytes (19). Mitochondrial
dysfunction led to female subfertility, as shown by the

Miga1/2-knockout mice. Mitochondrial dynamics de-
scribes the sustainable variations of the mitochondrial
morphology in cells. Mitochondrial dynamics includes
mainly mitochondrial fusion and fission. We have re-
ported that depletion of Miga1/2 led to mitochondrial
fragmentation through inhibition of fusion inMEFs (15).
Because the cellular function of MIGA1/2 has already
been clearly addressed, and Miga1/2 knockout female
mice were subfertile because of impaired ovarian func-
tion, we focused on the physiological influence ofMiga1/
2 depletion in ovarianGCs in this study. Female fertility is
related not only to oocyte quality but also to the response
of the FSH/LH target genes in GCs that promote follicle
growth, ovulation, and CL formation (20, 21). InMiga1/
2 knockout females, the impaired ovulation observed in
superovulation experiments appears to be caused by de-
fects of both follicle development and terminal differen-
tiation ofGCs. TheGCs are a groupof special somatic cells
that can be transformed to luteal cells that produce mainly
progesterone, estradiol, and other steroid hormones.
Mitochondria are the location of the biosynthesis of
cholesterol, steroids, and lipids, particularly on the inner
membrane (22). Therefore, regulation of mitochondrial
dynamics is essential for GC function. The disruption of
mitochondrial dynamics and metabolism is more likely to
disrupt the biogenesis of hormones produced in the GCs
and thus lead to defects in female reproduction.

However, to date few studies have examined the effects
of mitochondrial dynamic regulation on hormone pro-
duction in GCs. Herein, we report that the mitochondrial
proteins MIGA1/2 are necessary for luteinization and
progesterone biogenesis. Progesterone plays a central role
in female reproduction because it promotes cumulus–
oocyte complex expansion (23, 24). In addition, it is
critical for ovulation in response to the pituitary LH surge
(25). MIGA1/2 might play a role in mediating the transfer
of the proteins involved in progesterone biogenesis from
cytoplasm into mitochondria. CYP11A1 is an important
enzyme that is localized on the mitochondrial inner
membrane (26). CYP11A1 catalyzes cholesterol to preg-
nenolone, which is the precursor of progesterone. De-
pletion of the outermembrane proteinsMIGA1/2 not only
impaired basic mitochondrial functions by disrupting the
mitochondrial metabolism that produced ATP but also
reduced the expression of steroidogenic enzymes,
resulting in a reduction in progesterone levels.

Mitochondria form a dynamic network. The loss of
mtDNA indicates an increase in mitochondrial genome
instability or defective mtDNA replication (27). The loss

Figure 3. (Continued). cultured GCs isolated from WT and Miga1/22/2 mice before and after FSK/PMA treatment. Extracellular signal-regulated
kinase (ERK) 1/2 was blotted as an internal loading control. Scale bar = 10 mm. *P , 0.05, **P , 0.01, and ***P , 0.001 were calculated by
two-tailed Student t tests.
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of mtDNA here is more likely to be a functional loss
because we did not observe obvious mitochondrial mass
reduction by immunostaining of the mitochondria. In our
study, we found that the reduction of mtDNA number in
Miga1/2 knockout cells was not associated with re-
duction of ATP synthesis. A possible explanation is that
without stimulation, the mitochondria in cells do not
need to reach full respiration capacity, and the remaining
respiration capacity in Miga1/2 knockout cells is

sufficient to produce ATP. FSK/PMA treatment boosts
mitochondrial respiration to a high level in WT cells but
cannot stimulate the defective mitochondria in Miga1/2
knockout cells.

Once the biogenesis of progesterone and other related
proteins is disordered on the inner membrane, it might
damage the mitochondrial ultrastructure, whichmight be
reflected in the short and round mitochondria with
narrow cristae that were observed in MIGA1/2-depleted

Figure 4. The expression of LH target genes was inhibited in Miga1/22/2 GCs. (a) Ovarian histology of the PMSG-primed (44 hours) WT and
Miga1/22/2 mice. Scale bar = 100 mm. (b) Ovarian histology of WT and Miga1/22/2 mice 4 hours after hCG treatment. Scale bar = 100 mm. (c)
Immunofluorescence of the cumulus–oocyte complex expansion-related proteins (PTX3 and PTGS2) in the ovaries of WT and Miga1/22/2 mice 4
hours after hCG treatment. Scale bar = 100 mm. (d) Ovarian histology of the WT and Miga1/22/2 mice 8 hours after hCG treatment. Representative
expanding cumulus–oocyte complexes are circled in red. Scale bar = 100 mm. (e) Quantitative RT-PCR results for the LH target genes in GCs before
and after FSK/PMA treatment. (f) Quantitative RT-PCR results for the oocyte genes (Gdf9 and Bmp15) in oocytes isolated from 4-week-old WT and
Miga1/22/2 mice. **P , 0.01 and ***P , 0.001 were calculated by two-tailed Student t tests. DAPI, 40,6-diamidino-2-phenylindole.
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Figure 5. Variations of mitochondrial morphologies and mitochondrial activities after FSK/PMA treatment. (a) The mitochondrial morphologies
varied after FSK/PMA treatments for different times in WT and Miga1/22/2 GCs. Scale bar = 5 mm. (b) Histograms of the mitochondrial
membrane potentials (MMPs) assessed by flow cytometry. Variations in (c) ATP levels and (d) mtDNA copy numbers in WT and Miga1/22/2 GCs
with or without FSK/PMA treatment. (e) Images of GCs treated with FSK/PMA with or without CCCP or mitochondrial division inhibitor-1
(Mdivi-1). Scale bar = 10 mm. (f) Quantitative RT-PCR for the epidermal growth factor–like factors in GCs treated with FSK/PMA (F/P) with or
without CCCP or Mdivi-1 (Mdv1). (g) Progesterone levels in culture medium of cells treated with FSK/PMA with or without CCCP or Mdivi-1.
(h) Quantitative RT-PCR for the indicated genes involved in the regulation of mitochondrial fusion and fission in GCs of PMSG-primed WT and
Miga1/22/2 mice. *P , 0.05, **P , 0.01, and ***P , 0.001 were calculated by two-tailed Student t tests. NT, not treated.
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GCs. Mitochondrial fragmentation and leakage have
been reported to be an important step in the induction of
cell apoptosis (28), and MIGA1/2 deletion was found to
induce mitochondrial fragmentation and cell apoptosis,
especially in GCs around the oocytes.

The mitochondria-targeted compound CCCP uncou-
pled the mitochondrial membrane potential, disrupted
the ATP metabolism process, induced mitochondrial
fragmentation, and inhibited mitochondrial fusion, which
are effects that are similar to the phenotype of Miga1/2
deletion inMEFs. The phenotype inMiga1/22/2 GCs was
similar to that of CCCP-treated GCs in vitro, which
indicated that MIGA1/2 might regulate mitochondrial
activities through the respiratory chain by regulating
mitochondrial morphology remodeling. Furthermore,
the lack of ATPmight contribute to severe damage in the
ultrastructure of the mitochondrial cristae.

Except for the defects in ovarian follicle development and
ovulation, Miga1/2 knockout females are generally normal
and healthy. This observation suggests that MIGA1/2 are
indispensable in ovary, but their functions can be com-
pensated by other mitochondrial proteins in other organs.
Results of in situ hybridization showed that Miga1/2
mRNAs were expressed in both oocytes and ovarian so-
matic cells. We reported recently that MIGA1/2 were im-
portant for mitochondrial functions in oocytes (19). The
quality and development potential of mouse oocytes de-
creasedafterMiga1/2knockout.When isolated and cultured
in vitro, both oocytes and GCs showed abnormal mi-
tochondrial distributions and morphology, as well as
decreased ATP production. Therefore, the subfertility
phenotypes observed inMiga1/2 knockout females were
probably caused by combined defects in both oocytes
and GCs. Although the relationship between mitochon-
drial quality and oocyte quality has been widely recog-
nized, the contributions of inherited mitochondrial defects
in GCs to female reproductive disorders were not exten-
sively addressed. Our analyses of ovarian function in
Miga1/2 knockout mice demonstrated the importance of

mitochondrial dynamics in female reproduction and
steroidogenesis.
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