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A Comparative Proteome Profile of Female
Mouse Gonads Suggests a Tight Link between
the Electron Transport Chain and Meiosis

Initiation*s

Cong Shent§], Mingrui Litq], Pan Zhangtq], Yueshuai Guo1f], Hao Zhangt{],

Bo Zhengt§, Hui Tengit, ©® Tao Zhout,

Generation of haploid gametes by meiosis is a unique
property of germ cells and is critical for sexual reproduc-
tion. Leaving mitosis and entering meiosis is a key step in
germ cell development. Several inducers or intrinsic
genes are known to be important for meiotic initiation, but
the regulation of meiotic initiation, especially at the pro-
tein level, is still not well understood. We constructed a
comparative proteome profile of female mouse fetal go-
nads at specific time points (11.5, 12.5, and 13.5 days post
coitum), spanning a critical window for initiation of meio-
sis in female germ cells. We identified 3666 proteins, of
which 473 were differentially expressed. Further bioin-
formatics analysis showed that these differentially ex-
pressed proteins were enriched in the mitochondria, es-
pecially in the electron transport chain and, notably, 9
proteins in electron transport chain Complex | were dif-
ferentially expressed. We disrupted the mitochondrial
electron transport chain function by adding the complex |
inhibitor, rotenone to 11.5 days post coitum female go-
nads cultured in vitro. This treatment resulted in a de-
creased proportion of meiotic germ cells, as assessed by
staining for histone yH2AX. Rotenone treatment also
caused decreased ATP levels, increased reactive oxygen
species levels and failure of the germ cells to undergo
premeiotic DNA replication. These effects were partially
rescued by adding Coenzyme Q10. Taken together, our
results suggested that a functional electron transport
chain is important for meiosis initiation. Our character-
ization of the quantitative proteome of female gonads
provides an inventory of proteins, useful for understand-
ing the mechanisms of meiosis initiation and female

From the $State Key Laboratory of Reproductive Medicine, Depart-
ment of Histology and Embryology, Nanjing Medical University, Nan-
jing, 211166, P.R. China; §Center for Reproduction and Genetics,
Suzhou Municipal Hospital, Nanjing Medical University Affiliated Su-
zhou Hospital, Suzhou 215002, P.R. China

Received January 12, 2017, and in revised form, August 24, 2017

Published, MCP Papers in Press, November 20, 2017, DOI
10.1074/mcp.M117.066993

Author contributions: X.G. and R.H. designed research; C.S., M.L.,
P.Z., Y.G., B.Z,, and H.T. performed research; C.S., M.L., P.Z., Y.G.,
H.Z., B.Z., HT., T.Z,, X.G., and R.H. analyzed data; C.S., M.L., P.Z.,
Y.G., X.G., and R.H. wrote the paper.

Xuejiang Guot|, and ® Ran Huot|

fertility. Molecular & Cellular Proteomics 17: 10.1074/
mcp.M117.066993, 31-42, 2018.

Germ cells are among the most specific class of cells in the
mammalian organism and are critical for transfer of genetic
material from one generation to the next. Meiosis is the spe-
cial form of cell division unique to germ cells. The correct
regulation of meiosis allows germ cells to give rise to haploid
gametes necessary for sexual reproduction. A pivotal step in
transformation of germline stem cells into differentiated gam-
etes involves their departure from the mitotic cell cycle and
onset of the meiotic cell cycle. In mice, the timing of germ
cell entry into meiosis differs between female and male
embryos (1). The first meiotic germ cells appear in female
gonads at about 13.5 days post coitum (dpc)' (2, 3). In
contrast, male germ cells do not enter meiosis during fetal
life but, instead, arrest in the GO/G1 phase of mitosis, at
about 13.5 dpc (4-6).

It has been long considered that retinoic acid (RA), an
inducer originating from mesonephros, is essential for the
initiation of meiosis in the ovary (7). But this theory was
questioned by Kumar et al. (1), thereafter the debate on
whether RA was the principal driver of meiotic entry in mouse
fetal ovaries, and where does the RA come from, have been
conducted over the recent years (8—11), but without reaching
definite conclusions. Besides RA, several intrinsic factors,
such as Dazl, Msx1/2, and Dmrt1, have also been reported to
be related to the initiation of meiosis in fetal ovaries (10).
However, the complex mechanisms by which germ cells
choose to commence meiotic cell division are not well under-
stood, how female oogonia switch from mitosis to meiosis
remains a key question in reproductive biology. To deeply

" The abbreviations used are: dpc, days post coitum; ROT, rote-
none; RA, retinoic acid; TMT, tandem mass tag; TEAB, triethylammo-
nium bicarbonate; SCX, strong cation exchange; HCD, higher-energy
collisional dissociation; FDR, false discovery rate; DE, differentially
expressed; PCA, principal components analysis; CoQ10, Coenzyme
Q10; ROS, reactive oxygen species; ETC, electron transport chain.
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understand the molecular mechanisms involved in meiosis
initiation, we analyzed 11.5, 12.5, and 13.5 dpc female go-
nads, a timeframe spanning the critical window for initiation of
meiosis in female germ cells. Using 6-plex isobaric mass
tagging technology combined with liquid chromatography-
tandem mass spectrometry (LC-MS3), we generated the first
differential proteome dataset from female fetal gonads, thus
providing a molecular description of female gonads at the
protein level. We successfully identified 3666 proteins and,
among them, 473 proteins were differentially expressed. Fur-
ther bioinformatics analysis showed that these differentially
expressed proteins were enriched in the mitochondria, espe-
cially in the electron transport chain, with 9 proteins in elec-
tron transport chain Complex | differentially expressed among
gonads at ages 11.5-13.5 dpc. These results indicated that
the electron transport chain was closely linked to meiosis
initiation. To confirm this interpretation, we used the Complex
| inhibitor, rotenone (ROT) (12, 13), to disrupt the function of
the mitochondrial electron transport chain. Our experiments
indicated that suppressing electron transport chain activity
inhibited female germ cell entry into meiosis.

EXPERIMENTAL PROCEDURES

Animals and Gonad Collection— All animal work was approved by
the ethics committee of Nanjing Medical University (China). Timed
mating was conducted with CD1 mice and noon on the day when the
mating plug was observed was designated as 0.5 dpc. Embryos were
collected at 11.5, 12.5, and 13.5 dpc. To confirm the specific times of
meiosis initiation in the female gonadal germ cells, we examined
expression of the meiosis markers Stra8, Sycp3 and Dmc1 (14) by
quantitive PCR in embryonic gonads at 11.5, 12.5, and 13.5 dpc. The
reference gene was 78s rRNA and primer sequences are listed in
supplemental Table S1. The sex of the gonad is apparent by macro-
scopic observation at 12.5 and 13.5 dpc. The 11.5 dpc embryos were
genotyped to determine sex using primers to detect Sry (15), with
B-actin as an internal control.

Proteomic Sample Preparation and Digestion—Proteomic sample
preparation and digestion were performed as described (16). Mouse
embryonic female gonads from 11.5, 12.5, and 13.5 dpc were col-
lected and lysed using protein extraction buffer (7 m urea, 2 m Thio-
urea, 65 mm DTT and 1% (v/v) protease inhibitor mixture) and sub-
sequently subjected to centrifugation at 40,000 X g for 1 h. The
protein concentration was measured by Bradford assay. Seventy
micrograms protein was used for proteomic digestion and tandem
mass tag (TMT) labeling. In brief, cysteine residues were reduced in
200 mm DTT and alkylated in 375 mm IAA. Protein lysates were
cleaned up by acetone precipitation and resuspended in 200 mm
triethylammonium bicarbonate (TEAB), followed by trypsin digestion
at 37 °C overnight.

TMT Labeling—A detailed description of the procedures followed
of TMT 6-plex labeling has been published previously (16). Briefly,
TMT Label Reagents were equilibrated to room temperature, each
aliquot was resuspended in 41 ul anhydrous ACN and 42 ul was
added to protein digestion mixture dissolved in 200 mm TEAB. After
60 min reaction time at room temperature, 8 ul 5% hydroxylamine
was added to each tube and samples incubated for 15 min. The
aliquots were then pooled and solvent was removed under vacuum.

Strong Cation Exchange (SCX) Fractionation—The TMT labeled
peptide mixture was resuspended in SCX chromatography Buffer A
(10 mm NH,COOH, 5% ACN, pH 2.7) and loaded onto a cation ion

exchange column (1 mm ID X 10 cm packed with Poros 10 S,
DIONEX, Sunnyvale, CA) and chromatographed on the UltiMate®
3000 HPLC systems at a flow rate of 50 ul/min. The following linear
gradient conditions were used, with Buffers A and B: 0 to 56% Buffer
B (800 mm NH,COOH, 5% ACN, pH 2.7) for 30 min; 56 to 100% B for
1 min; 100% B for 3 min; 100 to 0% B for 1 min; 0% B for 20 min
before the next run. Effluents were monitored at 214 nm based on the
UV light trace and fractions collected every 2 min (17-20).

Mass Spectrometry Analysis—The 40 fractions analyzed were se-
quentially loaded onto a u-precolumn™ cartridge (0.3 X 5mm, 5 um,
100 A; DIONEX) at a flow rate of 0.3 wl/min. The trap column effluent
was then transferred to a reverse-phase microcapillary column
(0.075 X 150 mm, Acclaim® PepMap100 C18 column, 3 um, 100 A;
DIONEX). The reverse-phase separation of peptides was performed
using the following mobile phase components: 2% ACN, 0.5% acetic
acid (Buffer A) and 80% ACN, 0.5% acetic acid (Buffer B). The
gradient elution conditions (193 min total) were: 4% to 9% Buffer B for
3 min; 9% to 33% Buffer B for 170 min; 33% to 50% Buffer B for 10
min; 50% to 100% Buffer B for 1 min; 100% Buffer B for 8 min; 100%
to 4% Buffer B for 1 min.

Peptides were detected with a hybrid dual-cell quadrupole linear
ion trap-orbitrap mass spectrometer (LTQ Orbitrap Velos, Thermo
Fisher Scientific, Waltham, MA) using a data-dependent Top8-MS3
method as previously described (21). For each cycle, one full MS scan
of mass/charge ratio (m/z) = 400 to 1800 was acquired in the Orbitrap
at a resolution of 30,000 or 60,000. CID MS/MS spectra were ac-
quired from the survey scan for the 8 most intense ions (as deter-
mined by X-calibur mass spectrometer software in real time). After
each CID MS/MS, the most intense fragment ion in an m/z range
between 110 and 160% of the precursor m/z was selected for HCD-
MS3. Lock mass, with siloxane (m/z = 445.120025) as an internal
standard, was used in all runs to calibrate orbitrap MS precursor
masses. The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (22) partner
repository with the dataset identifier PXD005670.

Protein Identification, Quantification and Bioinformatics Analysis—
The raw files were processed with MaxQuant (23) software (version
1.2.2.5) using the IPI (International Protein Index) (24) mouse pro-
teome database (version 3.83; 60010 entries). A common contami-
nants database was also included for quality control. The reverse
strategy was used to estimate the false discovery rate (FDR). Enzyme
specificity was set to be Trypsin/P (no P restriction) and the maximum
missed cleavage sites permitted were two. The minimum peptide
length required was six. Except for TMT labels, carbamidomethyl (C)
was set as a fixed modification. Variable modifications were Oxidation
(M) and Acetyl (Protein N-term). Mass tolerance for precursor ions and
fragment ions were both set to 20 ppm. The site, peptide and protein
FDR values were all set to 0.01. Protein quantification was calculated
by combining MaxQuant identification results with a local modified
Libra algorithm (25). Principal Components Analysis (PCA) was con-
ducted in MetaboAnalyst 3.0 and the data were filtered using mean
intensity values and Pareto scaled (26). To identify proteins that were
significantly different among the time points, Heml 1.0 was used to
perform hierarchical clustering analysis (27). The Database for Anno-
tation, Visualization and Integrated Discovery (DAVID) (28, 29) (http://
david.abcc.ncifcrf.gov/) was used for functional annotation of pro-
teins and gene ontology (GO) was used to classify these proteins,
including their involvement in cellular components and biological
processes. We used the GO analyses results to build a diagram of
differentially expressed proteins according to the GO Biological
Process terms. The diagram was generated by connecting DE
proteins to represent direct and indirect biological relationships,
using open source software (Cytoscape; Cytoscape Consortium,
San Diego, CA).
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Gonad Culture—Gonads were isolated from 11.5 dpc embryos by
dissecting in physiological saline at room temperature and collected
into warmed Dulbecco’s Minimal Eagle’s Medium (DMEM) containing
10% fetal calf serum (FCS; Thermo Fisher Scientific) and 50 pg/ml
ampicillin at 37 °C, equilibrated with 95% air, 5% CO,. ROT and
Coenzyme Q10 (CoQ10) were purchased from Sigma-Aldrich (St.
Louis, MO). After culture for 24 h in ROT (0.1 um) followed by culture
for 48 h in their normal medium, gonads were collected for further
study. Reactive oxygen species (ROS) and ATP detection were per-
formed with ROS Advanced Fluoro Assay Kit (Genmed Scientifics,
Wilmington, DE) and ATP Assay Kit (Beyotime, Beijing, China),
respectively.

Immunofluorescence Staining—For whole mount and cryosection
staining, gonads were fixed with 4% paraformaldehyde for 30 min,
blocked with 5% bovine serum albumin (BSA) for 2 h and incubated
with primary antibodies overnight at 4 °C, as described previously
(20). Paraffin-embedded gonad sections were dewaxed and dehy-
drated. Endogenous peroxidase activity was inhibited by incubating
sections with 3% hydrogen peroxide for 15 min. Antigen retrieval was
performed by boiling samples in 0.01 m sodium citrate buffer (pH 6.0)
for 10 min. The sections were incubated with 5% BSA in PBS for 2 h
at room temperature, then with primary antibody at 4 °C overnight.
Next, sections were washed 3 times and incubated with secondary
antibody for 2 h. The nuclei were stained with DAPI and sections were
mounted on slides and examined. Images were captured on a Zeiss
laser confocal microscope (LSM 710, Carl Zeiss, Oberkochen, Ger-
many). Antibodies against DDX4 (diluted 1:1000; Abcam, Cambridge,
UK), AXAN2 (diluted 1:500; Abcam), GATM (diluted 1:500; Santa Cruz
Biotechnology, Dallas, TX), RBPMS2 (diluted 1:500, Santa Cruz Bio-
technology), UCHL1 (diluted 1:100; Abcam), SOAT1 (diluted 1:100;
Abcam), ALDH1A1 (diluted 1:100; Abcam), AFP (diluted 1:100, AB-
clonal, Woburn, MA), ALDH1A2 (diluted 1:500; Abcam), COFILIN
(diluted 1:100; Abcam), GNPDAT1 (diluted 1:500; Abcam), CPT1A
(diluted 1:500; Abcam), CAV1 (diluted 1:100; BD, Transduction Lab-
oratories TM, Canada), yH2AX (diluted 1:500, Abcam), OCT4 (diluted
1:200, Santa Cruz Biotechnology) were used, where indicated.

Quantitative PCR—Gene expression was quantified with SYBR
Premix Ex TagTM kit (TaKaRa, Dalian, China) in an ABI 7300 real-time
PCR instrument (Applied Biosystems, Foster City, CA, USA), using
the standard curve method with 78s rRNA as the reference gene. The
primers used are listed in supplemental Table S1. Amplification was
performed in 20-ul reaction volumes, according to the manufacturer’s
instructions.

DNA Content Analysis of Germ Cells from Female Gonads—A 12.0
dpc culture was treated with ROT (0.1 um) or ROT (0.1 wm) adding
CoQ10 (20 um) for 24 h while other samples were incubated, in
parallel, in normal medium or with DMSO as a vehicle control for 24 h.
Cultures were then collected at 14.5 dpc and incubated in 50 ml
trypsin solution at 37 °C for 5 min and then washed briefly in PBS. Cell
suspensions were placed on slides to dry, then fixed in 4% paraform-
aldehyde for 20 min. Immunostaining was performed with a rabbit
antibody to DDX4 (1:1000 dilution) as described above. DAPI and DDX4
staining images were taken with a Zeiss laser confocal microscope
(Lsm710, Carl Zeiss). Allimage sets were processed automatically using
the software program CellProfiler (http://www.cellprofiler.org) to ensure
consistent, unbiased results (30).

Experimental Design and Statistical Rationale—For the proteomics
screen, ~800 female gonad pairs were collected at the age of 11.5
dpc and more than 500 female gonad pairs were resected from
female mouse embryos at the ages of 12.5 and 13.5 dpc. 4 biological
replicates were used in each stage. For identification of differentially
expressed (DE) proteins among stages, a protein with a fold change
greater than 2 and a false discovery rate (Q value) less than 0.01 by
the SAM (Significance Analysis of Microarrays) algorithm in J-Express
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Fic. 1. Verification of the specific time points of initiation of
female gonad germ cell meiosis. A, Expression levels of meiosis
markers (Stra8, Sycp3, Dmc1) were significantly increased from 11.5
to 13.5 dpc. B, Immunofluorescence staining of DDX4 (germ cell
marker, red) and yH2AX (meiosis cell marker, green) showed that
germ cells began entering meiosis at 13.5 dpc and most had entered
meiosis by 14.5 dpc. Error bars indicate S.E. and similar experiments
were each repeated at least three times (p < 0.05, *p < 0.01, *p <
0.001, Student’s t test). Bar, 50 um.

(81) were considered significant (16, 21). For gonad culture, gonads
were cultured in medium containing ROT (0.1 um) or ROT (0.1 um)
adding CoQ10 (20 um) for 24 h followed by culture in their normal
medium, gonads were collected at 14.5 dpc for further study. Other
samples were incubated, in parallel, in normal medium or with DMSO
as a vehicle control for 24 h. All experiments were conducted at least
three times and results within each experiment are described using
mean = S.E. Statistically significant ("p < 0.05, *p < 0.01, *p <
0.001) were determined by using the two sample Student’s t test.

RESULTS

Identification of the Specific Time Points of Meiosis Initia-
tion in Female Gonadal Germ Cells— Consistent with previous
literature (2, 3, 7, 30, 32), we confirmed that our selected time
points (11.5, 12.5, and 13.5 dpc) were representative of fe-
male germ cell meiosis initiation in embryonic gonads. The
female germ cells continued mitotic division after colonizing
the gonads and entered meiosis from 13.5 dpc (Fig. 1). Stra8,
Sycp3, and Dmc1 are markers of meiosis (14) and we exam-
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Fic. 2. Proteomics of gonads from 11.5 to 13.5 dpc and global proteomics analyses. A, Schematic of the experimental design for
proteomics, with assay results for gonads from 11.5 to 13.5 dpc. B, Peptides corresponding to 3666 proteins. C, Principal components analysis
(PCA) of 11.5, 12.5, and 13.5 dpc. For each stage, there were 4 replicates. D, Cluster analysis of the 473 DE proteins, grouped into four clusters
(C1, C2, C3, and C4). For each stage, there were 4 replicates. E, Unbiased hierarchical clustering of DE protein expression.

ined their expression in 11.5, 12.5, and 13.5 dpc embryonic
gonads to verify the specific times of meiosis initiation in
female gonadal germ cells. Stra8, as a gatekeeper for germ
cell entry into meiosis over the years, is required for pre-
meiotic DNA replication and the subsequent events of meiotic
prophase in germ cells of embryonic ovaries (30, 33). As
expected, gene expression levels of Stra8 in 13.5 dpc gonads
were significantly higher than in 11.5 dpc gonads. Similarly,
expression of Sycp3 and Dmc1 were gradually increased from
11.5 to 13.5 dpc (Fig. 1A). Immunofluorescence staining also
showed no germ cells (stained by DDX4) entering meiosis in
female gonads at 12.5 dpc, whereas at 13.5 dpc, about 13%
of the germ cells were detected by staining for yH2AX, the
accepted meiotic cell marker (33, 34). This percentage in-
creased to 73% at 14.5 dpc (Fig. 1B). These results suggested
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that the female germ cells began entering meiosis at 13.5 dpc
and that most had entered meiosis by 14.5 dpc.
Identification of Differentially Expressed Proteins During
Meiosis Initiation in Female Mouse Gonads—We selected
three time points (11.5, 12.5, and 13.5 dpc) to construct a
specific proteome profile of early gonadal development (Fig.
2A). A total of 3,666 proteins were identified and were quan-
tified with at least one unique peptide. About 68.4% of the
proteins were quantified with at least two unique peptides.
Thus, we obtained the first quantitative profiles of protein
expression during meiosis initiation. We found that 473 pro-
teins were differentially expressed (DE) with at least a 2-fold
significant change (Q value <0.01) among samples (Fig. 2B,
supplemental Table S2). The results of the PCA indicated
clear differences among the three groups, with samples from
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the same group clustering together. This demonstrated rep-
licate reproducibility and distinctive patterns, findings subse-
quently verified by unbiased hierarchical clustering analysis
(Fig. 2C). The 473 DE proteins were grouped into four classes
(C1, C2, C3 and C4), according to four distinct expression
patterns, and relatively discrete chronological boundaries
emerged, using k-means clustering algorithm (35, 36) by J-
Express software (31). The four classes indicated four specific
and unique expression patterns (Fig. 2D, supplemental Table
S2): evidently increase at 13.5 dpc (128 proteins, C1), evi-
dently decrease from 12.5 dpc (32 proteins, C2), steady in-
crease across all time points (192 proteins, C3), and increase
at 12.5 dpc but slightly decrease at 13.5 dpc (121 proteins,
C4). Unbiased hierarchical clustering confirmed that global
protein expression could distinguish these three time points
and four classes (Fig. 2E). We also found that, among these
473 DE proteins, a large percentage belonged to C1 and C3,
indicating that most DE proteins related to meiosis initiation
were upregulated with time.

Because each gonad was very small and yielded little pro-
tein, only limited quantities of material were available to verify
the LC-MS3 results for identified proteins by Western blotting.
Therefore, we randomly selected 12 proteins (AXAN2, GATM,
RBPMS2, UCHL1, ALDH1A1, AFP, ALDH1A2, COFILIN,
GNPDAT1, CAV1, CPT1A, and SOAT1) on the basis of their
expression patterns to verify the LC-MS3 findings by immu-
nofluorescence staining, a “semi-quantitative” method to gain
insight into relative expression levels. Through the compari-
son of fluorescence intensity, we can find that these results
(shown in supplemental Fig. S1) were essentially in agreement
with the TMT quantification. Notably, ALDH1A1, a RA-synthe-
sizing enzyme, recently reported to provide a source of en-
dogenous meiosis-inducing RA in the fetal ovary (11, 37), was
found in our study. And the result of ALDH1A1 immunofluo-
rescence confirmed an upregulation expression from 11.5 to
13.5dpc (supplemental Fig. S1), it is in accordance with pre-
vious studies (37, 38) and indicated the important role of
ALDH1A1 and endogenous RA during meiosis initiation.

Gene Annotation of Differentially Expressed Proteins—
Bioinformatics analyses were performed to determine sub-
cellular localizations of the DE proteins based on gene ontol-
ogy annotation, using DAVID. Those DE proteins with highest
fold enrichment were annotated as mitochondrion, followed
by endoplasmic reticulum, lysosome and Golgi apparatus
(Fig. 3A) (detailed information is provided in supplemental
Table S3). Among the 102 mitochondrion-enriched DE pro-
teins, most were associated with the electron transport chain,
oxidative phosphorylation and generation of precursor me-
tabolites and energy (Fig. 3C, supplemental Table S4). Unbi-
ased hierarchical clustering of 102 mitochondrion-enriched
and 16 electron transport chain-enriched DE proteins showed
that these proteins primarily mapped to patterns C1 and C3,
indicating that the mitochondria and electron transport chain
were closely linked to meiosis initiation (Figs. 3B and 3D).

In particular, some of these significant GO terms were
closely linked to energy metabolism, so these associated DE
proteins were categorized and integrated into these GO bio-
logical process terms (Fig. 4, supplemental Table S4). Elec-
tron transport chain consists of four major multisubunit com-
plexes designated as NADH ubiquinone reductase (complex
), succinate ubiquinone reductase (complex Il), ubiquinol cy-
tochrome c¢ reductase (complex lll), and cytochrome-c oxi-
dase (complex IV). In addition, there are 0.5 unit ATP synthase
(also called complex V) (39), but GO analyses could not refine
these DE proteins to each complex. WikiPathways (http://
www.wikipathways.org) is an open, collaborative platform for
capturing and disseminating models of biological pathways
for data visualization and analysis (40, 41). This database has
a detailed gene list of five complexes of electron transport
chain (WP295: Electron Transport Chain (Mus musculus),
http://www.wikipathways.org/index.php/Pathway:WP295)
(supplemental Table S5), thus we further mapped these DE
proteins to the mouse electron transport chain, and found that
9 DE proteins were assigned to Complex I, 3 to Complex Ill, 4
to Complex V, and none to Complexes Il and IV. The results
suggested that the electron transport chain, especially Complex
I, was closely related to meiosis initiation. Therefore, we used
ROT, a specific Complex | inhibitor, in further experiments.

Disruption of the Electron Transport Chain Inhibited Female
Germ Cell Entry Into Meiosis and CoQ10 Partially Rescued
This Phenotype—To explore the relationship between the
electron respiratory chain and meiosis initiation, we cultured
11.5 dpc female gonads in vitro, treated them with ROT for
24 h and then transferred them to normal culture medium for
an additional 2 d. ROT is a type B inhibitor of Complex I,
blocking the electron supply to quinol (QH,)-cytochrome ¢
oxidoreductase, resulting in inhibition of oxidative phospho-
rylation (12). In the ROT treated group, the number of total
germ cells (DDX4 positive) was no different than in the control
and normal groups, whereas the proportion of cells positive
for yH2AX, an accepted meiotic cell marker (33, 34, 42), was
significantly lower (Fig. 5A-5C, 5/, 5J). In addition, with ROT
treatment, the proportion of cells positive for OCT4, an oogo-
nia marker (43), was clearly increased (Fig. 5E-5G, 5K). These
results indicated that the proportion of germ cells entering
meiosis decreased with ROT treatment, with more germ cells
becoming arrested at the oogonia stage.

As previously reported, ROT is a type B inhibitor of Com-
plex | and can block oxidative phosphorylation which, in turn,
can lead to intracellular ATP depletion and generation of ROS
(12, 13, 44). CoQ10 is a well-known antioxidant and can
decrease ROS levels (45, 46). After adding CoQ10, we found
that the proportion of yH2AX positive cells was significantly
higher than in the group treated with only ROT, whereas the
proportion of OCT4 positive cells was decreased (Fig. 5D, 5H,
5/-5K). These results demonstrated that CoQ10 partially res-
cued the severe phenotype caused by disruption of electron
transport by ROT.
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for biological processes of 102 mitochondrion-enriched DE proteins. D, Unbiased hierarchical clustering of expression of 16 electron transport

chain-enriched DE proteins.

Because of the severe effects of ROT on female germ cell
meiosis initiation, we investigated whether it also affected
female somatic cells. We performed immunofluorescence
staining of GATA4, which is a transcriptional factor specially
expressed in somatic cells in genital ridges (47, 48), the re-
sults indicated that the number of somatic cells in female
gonads was not noticeably affected by ROT (supplemental
Fig. S2A). We also tested whether ROT played a role in male
gonads. In 12.0 dpc male gonads cultured in vitro for 24 h,

immunofluorescence showed that the morphology of the tes-
tis cords was not affected by ROT (supplemental Fig. S2B).

As previously reported (12, 13, 44), ROT disrupts the elec-
tron transport chain, causing intracellular ATP depletion and
ROS generation. To confirm this, we measured ATP and ROS,
finding that ATP was decreased and ROS increased in the
ROT treated group. In the presence of CoQ10, this effect was
partially rescued, with ATP significantly increased and ROS
significantly decreased (supplemental Fig. S3).
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Disruption of the Electron Transport Chain Prevented Fe-
male Germ Cells from Undergoing Premeiotic DNA Replica-
tion—To explore how ROT affected meiotic initiation, we first
analyzed DNA contents of entire female gonads, in which
germ cells are greatly outhumbered by somatic cells. In the
normal and control groups, the proportion of 4C cells in-
creased in 14.5 dpc gonads (Fig. 6A-6B), reflecting an in-
creased number of germ cells having completed premeiotic
DNA replication. In contrast, the ROT treated group contained
few, if any, 4C cells and their numbers did not increase (Fig.
6C), implying that ROT prevented germ cells from undergoing
premeiotic DNA replication. To corroborate and refine this
model, we used a germ cell specific antibody (against DDX4)
to label the germ cell population in our experiments, while also
analyzing DNA content. We observed that a substantial frac-
tion of germ cells in the normal and control groups were 4C in
14.5 dpc gonads (Fig. 6E-6F), again indicating that an in-
creased number of germ cells had completed premeiotic DNA
replication by 14.5 dpc. In ROT treated female gonads, in
contrast, only a very small fraction of germ cells were 4C at
14.5 dpc (Fig. 6G). When ROT treated gonads were also
treated with CoQ10, the number of 4C germ cells was in-
creased (Fig. 6H), again showing that CoQ10 could rescue the

ROT-induced phenotype. Together, our findings indicated that,
in the female gonads, once the electron transport chain was
disrupted, germ cells could not undergo premeiotic DNA repli-
cation or subsequent events associated with meiotic prophase.

CoQ10 Inhibited ROT-induced Changes in Expression of
Cell Cycle Related Factors, such as p53 and p21, in Germ
Cells—Next, we investigated the potential mechanisms lead-
ing to defect of meiosis initiation. As the results in Fig. 5
indicated, germ cells entering meiosis decreased and more
germ cell cycle arrest occurred in the ROT treated group. To
further validate this result, we examined expression of p53,
p15, and p21. With ROT treatment, expression of p53, p15,
and p21 was significantly higher than in controls. Addition of
CoQ10 led to decreased expression of p53, p15, and p21
compared with in the group receiving only ROT (Fig. 7A). By
immunofluorescence, pRB1-positive cells were clearly fewer
in number with ROT than in control and normal groups and
their numbers increased when CoQ10 was present (Fig. 7B).
Immunofluorescence also showed that there were fewer cy-
clin E-positive germ cells in the ROT treated than in the normal
and control groups and that CoQ10 partially rescued this
effect. There were, however, no changes in cyclin-E positive
somatic cells with ROT (Fig. 7C).

Molecular & Cellular Proteomics 17.1

37



Proteomic Analysis Links ETC to Meiosis Initiation

yH2AX

normal

Je <

control

ROT
0.1HM

OCT4

erg

control normal

ROT
0.1HM

o o
¥e] - =g
3 0o 3 0
- O - O
2= 2=
o= o=
X o X o
N [N}
+ +
£ 150- 1.09 %%
H - — L mEE = sk Kk
8 ® © T o —
@ O O 8- o
= 2e 2 29 T
3" T £ 2 o6 &£ T
2 I Q9 2 3 04
2 S 2 g4 a s
=R < <
§ 0 é X == f_l' X 0.2
£ A 0.2 oo™
N o o
X > oz
a o- . 0.0- - o_o-_*_i .
A > > A ) > > L QJ
® & SRS & R R >
N & &L <® & o <
A N N N
N Q o Q- o
v <V *V
S S S
< <€ <&
S & &
o Q" o

Fic. 5. Disruption of the electron transport chain inhibits entry of female germ cells into meiosis, and CoQ10 rescues the phenotype.
Rotenone (0.1 um) treated (C, G) organ cultures showed decreases in the number of meiotic cells, based on staining for yH2AX (meiotic cell
marker), compared with in the normal (A) and control (DMSO) (B) groups; oogonia were clearly increased, based on staining for OCT4 (oogonia
marker), compared with staining in the normal (E) and control (DMSO) (F) group; whereas, total germ cell numbers were not different, based
on counts of DDX4 (germ cell marker) positive cells (/). Compared with the normal (A, E) and control (B, F) groups, adding 20 um CoQ10 (D,
H) could rescue the phenotype. Bar graphs (/-K) showed the results of stained cell counting. Error bars indicate S.E. and similar experiments
were each repeated at least three times (“p < 0.01, **p < 0.001, Student’s t test). Bar, 50um.

DISCUSSION

Eukaryotic cells typically contain hundreds of maternally
inherited mitochondria, and the mitochondrial and nuclear
genomes interact to fuel and perform metabolism (49). Mito-
chondria provide energy for eukaryotic cells via oxidative
phosphorylation (OXPHOS), producing much of the cellular
ATP in nonproliferating cells. OXPHOS is accomplished by the
five enzymes of the mitochondrial respiratory chain, Complex
| (Cl, NADH: ubiquinone reductase) is the largest of the ETC

(electron transport chain) complexes and is recognized as the
major respiratory chain site of ROS production. In addition,
one-third of cellular ATP is synthetized during oxidation of
intramitochondrial NADH by Complex | (50-53). Compounds
that inhibit Complex | activity are divided into three funda-
mental types, including type B, which includes ROT. ROT is a
classical, high affinity and irreversible Complex | inhibitor that
blocks the electron supply to quinol (QH,)-cytochrome ¢
oxidoreductase, inhibiting oxidative phosphorylation. This
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blockage, in turn, leads to intracellular ATP depletion and
ROS generation (12, 13, 44).

Sexual reproduction requires formation of specialized germ
cells by meiosis, critical for transferring genetic material from
one generation to the next. During female embryonic devel-
opment, once germ cells have reached the gonads, they
cease mitosis and enter prophase of the first meiosis at about
13.5 dpc (3, 54). How oogonia are switched from mitosis to
meiosis in mice remains a key question in reproductive biol-
ogy. To further study the mechanisms of meiosis initiation in
female germ cells, we used TMT®-MS3 technology to perform
comparative proteomic studies. In this manner, we investi-
gated changes in individual protein levels during meiosis ini-
tiation in the female mouse, generating a novel data set of
3666 proteins from the female gonads. A total of 473 proteins
were differentially expressed with at least a 2-fold significant
change (Q value <0.01) among the time points 11.5, 12.5, and
13.5 dpc. Further bioinformatics analysis showed that these
DE proteins were enriched in mitochondria, especially in the
electron transport chain, with 9 DE proteins in Complex |. The
DE proteins enriched in the mitochondria primarily mapped to
the patterns C1 and C3, suggesting that the electron transport
chain was closely related to meiosis initiation. To confirm this
interpretation, we used the Complex | inhibitor ROT to disrupt
mitochondrial electron transport chain function. In 11.5 dpc
female gonads cultured in vitro, ROT treatment did not affect
germ cell number, but numbers of meiotic germ cells and
oogonia were significantly decreased and increased, respec-
tively, compared with in the control groups. Interestingly, male
gonads were unaffected by ROT. These results indicated that
disruption of the electron transport chain inhibited entrance of
female germ cells into meiosis. Disruption of the respiratory
chain by ROT was reported to lead to high levels of ROS (12,

13, 44), but the well-known antioxidant CoQ10 can decrease
ROS levels (45). Therefore, we added CoQ10 along with
ROT and found that it could partially rescue its effects. To
explore why ROT affected meiotic initiation, we analyzed
DNA content in all cells, both germ and somatic, of the
female gonads. In the ROT treated gonads, 4C germ cells
were decreased and 2C germ cells increased. This indicated
that, in the female gonads, once the electron transport chain
was disrupted, the germ cells could not undergo premeiotic
DNA replication.

Female germ cells leaving mitosis and entering meiosis is a
key step in oogenesis. Before meiosis initiation, germ cells
leave the G1 phase of mitosis and enter the premeiotic S
phase, undergo premeiotic DNA replication and then enter
meiosis (55). The premeiotic G1-S transition is not well under-
stood, but extensive literature about the mitotic cell cycle
enabled us to conduct a preliminary investigation of this
process. The cell cycle is usually divided into four phases, G1,
S, G2, and M, regulated by cyclin/cyclin-dependent kinase
(CDK) complexes. Cyclin p-CDK4/6 and cyclin E-CDK2 com-
plexes were reported to be involved in G1, especially the
cyclin E-CDK2 complex, important for entry into S phase (56,
57). p53 is a transcription factor responding to a variety of
stresses to cause cell cycle arrest (58, 59). p15 is a CDK4/6
inhibitor and p21 is a CDK2 inhibitor. RB1 (retinoblastoma
protein) is a member of the “Pocket Protein” family and plays
an important role in suppressing the G1-S transition through
regulation of E2F-responsive genes. RB1 activity is regulated
by phosphorylation and, when active, RB1 binds to and in-
hibits E2F in GO and early G1. In proliferating cells, RB1
phosphorylation releases E2F, which then induces genes that
mediate S phase entry (60, 61). Thus, to further validate the
cell cycle arrest in germ cells, we examined p53, p15 and p21
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and found that their expression was significantly higher in
ROT treated than in control groups, and was significantly
decreased by adding CoQ10. Because male gonads were cell
cycle arrested at 13.5-14.5 dpc, their levels of p53, p15 and
p21 were higher at those times than at 11.5-12.5 dpc (59).
Therefore, our results proved that cell cycle arrest of germ
cells occurred before entering meiosis with ROT treatment, as

compared with in control groups. By immunofluorescence,
pRB1-positive germ cell numbers were decreased in the ROT
treated group, further confirming germ cell arrest before en-
tering meiosis. In addition, cyclin E-positive germ cells were
decreased with ROT treatment, demonstrating that germ cells
were arrested at the G1-S transition and, thereby, prevented
from undergoing premeiotic DNA replication.
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In line with published literature (57, 62, 63), environmental
conditions such as nutrient availability and oxidative stress
status can also control the cell cycle. Impaired ATP produc-
tion or significantly higher ROS levels can cause cell cycle
arrest. Different levels and durations of ROS exposure influ-
ence cell cycle progression differently. Prolonged exposure to
ROS could lead to growth arrest and ROS can also influence
the cell cycle by regulating MAPK or PI3K signaling pathways.
In some reports, decreased ATP levels activated AMPK, lead-
ing to p53 activation and cell cycle arrest (64-66). In our
study, we found that ATP levels decreased and ROS levels
increased in gonads cultured with ROT, compared with in
control groups. These effects of ROT were also attenuated by
CoQ10. In previous reports, yeast cells showed distinct met-
abolic requirements at different phases of meiosis. In acetate
sporulation medium, the diploid yeast Saccharomyces cerevi-
siae entered meiosis. The sporulation process required max-
imal ATP production at the early phase and minimal ATP
production at the middle and late stages (67). In our experi-
ments, when the electron transport chain was blocked by
ROT, ATP levels decreased and meiosis initiation was inhib-
ited. This disruption of electron transport by moderate ROT
treatment caused intracellular ATP to decrease to levels still
sufficient to maintain cell survival, but not to enable progres-
sion through the cell cycle. This indicated that more energy is
required for meiosis initiation than for routine survival. It
should be noted that, because we used whole gonadal tissue
rather than isolated germ cells, effects of interfering factors in
our findings cannot be excluded.

In conclusion, we performed a comparative proteome anal-
ysis of female mouse fetal gonads during the critical time
window for meiotic initiation in female germ cells. Bioinfor-
matics analysis and further functional exploration suggested a
close relationship between the electron transport chain and
meiosis initiation. That is, disruption of the electron transport
chain prevented female germ cells from entering meiosis by
inducing germ cell arrest, suppressing their ability to undergo
premeiotic DNA replication before meiosis.
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