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In Brief

A comprehensive proteomic
characterization of the germ cells
at different meiotic stages of
spermatogenesis was
investigated, the dynamical
abundances of a total of 8002
proteins formed four proteomic
clusters across these meiotic
substages, offering novel
insights into meiotic protein
expression. A model of
supervised machine learning
based on the mouse genomics
informatics and the
spermatogenesis proteomic
dataset was established to
predict meiosis-essential genes,
while the prediction was
experimentally verified by
knockout mice.
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Quantitative proteomics of germ cells at nine substages of spermatogenesis.

The protein abundance responses imply midpachytene as a checkpoint.

Machine learning is used to predict meiosis-essential genes.

The meiotic roles of the five candidates are verified by knockout mice.
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Prediction and Validation of Mouse
Meiosis-Essential Genes Based on
Spermatogenesis Proteome Dynamics

Kailun Fang"**©, Qidan Li>*, Yu Wei**, Changyang Zhou®*, Wenhui Guo™"*, Jiaqi Shen®,
Ruoxi Wu', Wengin Ying®, Lu Yu?, Jin Zi®®, Yuxing Zhang®, Hui Yang® ©, Siqi Liu> ©, and

Charlie Degui Chen'

The molecular mechanism associated with mammalian
meiosis has yet to be fully explored, and one of the main
reasons for this lack of exploration is that some meiosis-
essential genes are still unknown. The profiling of gene
expression during spermatogenesis has been performed in
previous studies, yet few studies have aimed to find new
functional genes. Since there is a huge gap between the
number of genes that are able to be quantified and the
number of genes that can be characterized by phenotype
screening in one assay, an efficient method to rank quanti-
fied genes according to phenotypic relevance is of great
importance. We proposed to rank genes by the probability of
their function in mammalian meiosis based on global protein
abundance using machine learning. Here, nine types of
germ cells focusing on continual substages of meiosis
prophase | were isolated, and the corresponding proteomes
were quantified by high-resolution MS. By combining
meiotic labels annotated from the mouse genomics infor-
matics mouse knockout database and the spermatogenesis
proteomics dataset, a supervised machine learning pack-
age, FuncProFinder (https://github.com/sjq111/FuncProFi
nder), was developed to rank meiosis-essential candi-
dates. Of the candidates whose functions were unanno-
tated, four of 10 genes with the top prediction scores,
Zcwpw1, Tesmin, 1700102P08Rik, and Kctd19, were vali-
dated as meiosis-essential genes by knockout mouse
models. Therefore, mammalian meiosis-essential genes
could be efficiently predicted based on the protein abun-
dance dataset, which provides a paradigm for other func-
tional gene mining from a related abundance dataset.

Meiosis is a cell division process specific to germ cells, in
which DNA replicates once and divides twice to generate

four gametes. It is accepted that mammalian meiosis is a
complex process that includes several molecular events,
including homologous recombination, synapsis, and so on,
whereas the genes involved in these events are not well
characterized in mammals (1, 2). In contrast, the genes
participating in yeast meiosis are well studied, and thus,
homology comparisons between yeast and mammals is a
common strategy to investigate meiotic genes, such as
Spo11, Dmc1, Psmc3ip, and Rnf212 (3-7). Since the regu-
latory mechanism of mammalian meiosis is more compli-
cated than that of yeast, the genes specifically related to
mammalian meiosis cannot be found through such a com-
parison strategy. The knockout of genes with testis- or
oocyte-specific expression patterns is another approach to
identify meiosis-related genes in mammals. This approach
can provide a clear answer once a gene knockout leads to a
phenotypic change; however, this strategy fails in a lethal
effect or a noninfluence on meiosis. For example, the group
by Miyata et al. (8) knocked out 54 testis-specific genes and
found none of them with a meiotic phenotype. An efficient
approach to search for mammalian meiosis-essential genes
is thus desperately required.

Since the status of gene expression is a fundamental
characteristic tightly associated with physiological functions,
the dynamic information of gene expression throughout
spermatogenesis would be extremely useful for exploring
meiosis-essential genes. Up until now, transcriptomes in
thousands of germ cells covering various developmental
stages of spermatogenesis were implemented using a single-
cell sequencing technique (9-16), resulting in the
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transcriptome landscape throughout spermatogenesis. There
is a solid evidence that demonstrates a poor correlation be-
tween mRNA and protein abundance in many tissues,
including testes (17, 18). Although 90% of protein-coded
genes were identified, the spermatogenesis-related tran-
scriptomes could not well explain the meiotic functions that
are performed by proteins. A global and dynamic profiling of
proteins in response to spermatogenesis is of great meaning
to unravel the meiotic molecules with certain functions. The
investigation toward spermatogenesis using proteomics is still
unsatisfactory, even though a report exists regarding the
quantitative proteomics in relation to pachytene spermato-
cytes (7, 18). Hence, a comprehensive proteomics study of the
different cell types of male meiosis is proposed.

For the sake of exploring meiosis-essential genes through
proteomics, seven consecutive types of meiotic cells plus
premeiotic spermatogonia and postmeiotic round spermatids
(RSs) were first isolated using flow cytometry, and the
proteome in each cell type was quantitatively identified by
high-resolution MS in the label-free mode. The meiosis-
dependent proteins were defined based upon the proteomic
characteristics at different substages of spermatogenesis.
A supervised ensemble machine learning package,
FuncProFinder  (https://github.com/sjq111/FuncProFinder),
was developed to predict the meiosis-essential genes on
account of meiosis-dependent proteins, and the knockout
experiment was conducted to verify the five candidate
meiosis-essential genes, Pdha2, Zcwpw1, Tesmin, Kctd19,
and 7700102P08Rik. The results integrated from proteomics,
machine learning, and knockout mice indeed pave a pathway
to discover meiosis-essential genes and to uncover their
functions in meiosis.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

A total of nine types of germ cells were separated from different
numbers of mice, and the cells at the same substage were pooled
before protein extraction to obtain enough materials for the deep
proteomic assay. The digested peptides from each type of germ cells
were separated into five fractions, and each fraction was delivered to
MS with triplicate injection. The proteome quantification was esti-
mated by MaxQuant (19) using the MaxLFQ algorithm (20), and only
proteins identified with at least two unique peptides were used for
quantification. Differentially expressed proteins (DEPs) among the nine
substages were defined by two-way ANOVA in Perseus (21) filtered
with an adjusted g value <0.001 and protein abundance fold change
>2. For each meiotic candidate gene, over 30 born F1 mice were
surveyed for the genotyping (supplemental Table S5), and 3 to 10
infertile mice for each meiotic essential gene were surveyed for the
phenotype investigation.

Mice for Experiments

WT C57BL/6Slac mice were purchased from SLAC China. All ani-
mal experiments were conducted in accordance with the guidelines of

the Animal Care and Use Committee at Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy of Science.

Spermatogenesis Synchronization

Spermatogenesis was synchronized as previous reported with
slight modifications (9, 22, 23). Briefly, C57BL/6Slac mice were fed on
WIN 18446 at 100 pg/g body weight from P2 to P8, which could block
spermatogonia differentiation. Spermatogonia differentiation was
reinitiated in these mice at P9 through the intraperitoneal injection of
retinoic acid (RA) at 35 pg/g body weight. The testes of P37 to P46
mice were collected for synchronization efficiency evaluation through
histological staining and cell sorting.

Isolation of Mouse Spermatocytes

Spermatocytes were isolated by fluorescence-activated cell sorting
as previously described with minor modifications (24). Briefly, the
testes of an individual spermatogenesis-synchronized mouse were
collected in Gibco balanced salt solution. The tunica albuginea was
removed, and the testes were digested with collagenase type | (120 U/
ml) at 32 °C with gentle agitation for 15 min, then further digested with
0.15% trypsin and DNase | (10 pg/ml) at 32 °C for 30 min, and the
digestion was terminated with 10% fetal bovine serum. The suspen-
sion was then filtered through a cellular filter, and the flow through was
centrifuged at 500g for 5 min at 4 °C to collect the cell pellet. The cells
were resuspended in Dulbecco's modified Eagle's medium and
stained with Hoechst 33342 and propidium iodide for sorting by a
FACSAria Il cell sorter (BD Biosciences).

Isolation of Mouse THY1+ c-KIT— Spermatogonia

Undifferentiated spermatogonia (THY1+ c-KIT- spermatogonia)
were isolated as previously stated (25), and the workflow is summa-
rized in supplemental Fig. S1C. Briefly, testes of P7 mice were
digested with collagenase type | and trypsin to obtain separate cells,
and the cell mixture was suspended in PBS, layered on 2 ml of 30%
Percoll and centrifuged at 600g for 8 min. The cell pellets were
resuspended and incubated in PBS containing anti-c-KIT magnetic
microbeads for 20 min and were then loaded on a magnetic device to
collect the flow through, which are c-KIT- cells. These c-KIT- cells
were then incubated with anti-THY1 magnetic microbeads for 20 min,
and the bound THY1+ c-KIT- cells were enriched using an MS column
(130-042-201; Miltenyi Biotech) and a MiniMACS separator (130-042-
102; Miltenyi Biotech). Their purity was estimated by anti-PLZF (SC-
22839; Santa Cruz Biotechnology), (Plzf, a spermatogonia-specific
transcription factor in the testis) and 4',6-diamidino-2-phenylindole
(DAPI) staining.

Histological Analysis

Histological analysis was performed following a common protocol.
Briefly, testes were fixed in Bouin's solution, embedded in paraffin,
and sectioned. Then the sections were dewaxed with xylene and
rehydrated in a series of ethanol concentrations. The treated sections
were stained with H&E and sealed with nail polish. Spermatogenesis
stages in seminiferous tubule crosssections were recognized as pre-
viously described (26).

Meiotic Chromosome Spreading and Immunofluorescence

The meiotic chromosome spreading assay was performed following
a previous protocol with some modifications (27). Briefly, cells were
sequentially resuspended in hypotonic extraction buffer and 100 mM
sucrose, and then, the suspension was pipetted onto a glass slide and
dried slowly in a humid chamber. For immunofluorescence staining,
the slides were washed with PBS, blocked with 3% bovine serum
albumin, and incubated with different antibodies, including anti-SCP1
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(@ab15090; Abcam), anti-SCP3 (sc-74569; Santa Cruz), anti-SCP3
(@b15093; Abcam), anti-yH2AX (05-636; Millipore), anti-yH2AX
(#9718; CST), and anti-MLH1 (550838; BD Pharmingen). Finally, the
slides were incubated with Alexa Fluor 488- or 594-conjugated sec-
ondary antibodies (711545152 and 711585152; Jackson ImmunoR-
esearch Laboratories) and were treated with DAPI for defining nuclei.
The spread cells were monitored undera FV3000 confocal laser
scanning microscope (Olympus).

Protein Extraction and Digestion

The pooled cells were homogenized in the lysis buffer containing
7 M urea, 2 M thiourea, 0.2% SDS in 100 mM Tris-HCI, and 1x
cocktail-free protease inhibitor (Promega) at a pH of 7.4. The proteins
in lysates were reduced with 5 mM DTT and alkylated with 55 mM 2-
iodoacetamide, and then, they were further purified by cold acetone
precipitation. The precipitated proteins were resolved in 7 M urea lysis
buffer, and the protein concentrations were estimated using a Brad-
ford protein assay (Bio-Rad). Proteins were digested using a filter-
assisted sample preparation strategy (28). For each sample, 200 pg
of protein was loaded into a 10 kD spin filter (Millipore) and washed in
order with the urea lysis buffer and 1 M triethylamine bicarbonate,
followed by treatment with trypsin (Promega) at a ratio of 1:50 at 37 °C
for 16 h. Tryptic peptides were collected by centrifugation and
quantified using the Quantitative Colorimetric Peptide Assay (Thermo
Scientific).

Peptide Fractionation on Reversed-Phase HPLC

For each sample, approximately 100 pg of peptides was dissolved
in elution buffer A containing 20 mM ammonium bicarbonate and 5%
acetonitrile at a pH of 9.8. The dissolved peptides were loaded on a
Phenomenex C18 column (5 pm particle, 110 A pore, and 250 x
4.6 mm) that was mounted on a Shimadzu liquid chromatography
system and pre-equilibrated with elution buffer B containing 20 mM
ammonium bicarbonate and 90% acetonitrile at a pH of 9.8. The
peptides were eluted through a stepped gradient program as follows:
0to 3 min, 5% B; 3to 7 min, 9% B; 7 to 11 min, 13% B; 11 to 15 min,
19% B; 15 to 19 min, 80% B; 19 to 21 min, 5% B; 21 to 21.5 min, 5 to
80% B; 21.5 to 22.5 min, 80% B; 22.5 to 23 min, 80% B to 5% B, and
23 t0 29 min, 5% B at a flow of 1 ml/min. Twenty-four fractions from 3
to 26 min were collected, and these fractions were further combined
into five fractions according to the absorption peaks at 214 nm during
chromatography as follows: fractions 1 to 5 as F1,6 to 10 as F2, 11 to
14 as F3, 15 to 18 as F4, and 19 to 24 as F5.

Peptide Detection by LC-MS/MS

The identification of peptides was conducted on a quadrupole
Orbitrap mass spectrometer (Q Exactive HF; Thermo Fisher Scientific)
coupled to an ultra HPLC system (Dionex Ultimate 3000; Dionex) via a
nanospray Flex ion source. Approximately 1 pg of peptides was
loaded on a C18 trap column (75 pm I.D. x 1.5 cm; in-house packed
using Welch C18 3 pm silica beads) and was directly loaded into a C18
analysis column (75 pm 1.D. x 20 cm; in-house packed using Welch
C18 3 um silica beads). The peptides used for MS were eluted at
300 nl/min with the following two elution buffers: buffer A, 0.1% formic
acid and 2% acetonitrile and buffer B, 0.1% formic acid and 98%
acetonitrile, following a gradient program of 0 to 5 min, 5% B; 5 to
7 min, 5to 7% B; 7 to 67 min, 7 to 28% B; 67 to 80 min, 28 to 43% B;
80 to 82 min, 43 to 98% B; 82 to 84 min, 98% B; 84 to 85 min, 5% B;
and 85 to 90 min, 5% B. The mass spectrometer was operated in the
top-30 data-dependent mode collecting MS spectra in the Orbitrap
mass analyzer (120,000 resolution in the 350-1500 m/z range) with an
automatic gain control target of 3E6 and a maximum ion injection time
of 50 ms. The ions with higher intensities were isolated with an

isolation width of 1.6 m/z and fragmented through higher-energy
collisional dissociation with a normalized collision energy of 28%.
The MS/MS spectra were collected at 15,000 resolution with an
automatic gain control target of 1E5 and a maximum ion injection time
of 45 ms. Precursor dynamic exclusion was enabled with a duration of
60 s.

Peptide Search and Protein Quantification by MaxQuant

Tandem mass spectra were searched against the Swiss-Prot
mouse databases (downloaded on November 19, 2018; 17,000 en-
tries) using MaxQuant (version 1.5.3.30) (19) with a 1% false discovery
rate at the peptide and protein levels. The search parameters for a
peptide were set as trypsin digestion only, maximum of two missed
cleavages, minimum length of six amino acids, cysteine carbamido-
methylation as a fixed modification, and N-terminal acetylation and
methionine oxidations as variable modifications. The precursor mass
tolerance was set to 20 ppm, and the fragment mass tolerance was
0.05 Da. The “Match Between Run” option was used. Label-free
quantification (LFQ) was estimated with the MaxLFQ algorithm (20)
using a minimum ratio count of 1. The protein was identified with at
least two unique peptides (protein false discovery rate <0.01). The
specifically relative LFQ for a protein was defined by the ratio of the
protein LFQ at a certain substage being divided by the protein
maximum LFQ among all nine substages.

Proteomic Informatics Analysis

Bioinformatics analysis of the identified and quantified proteins was
performed with Perseus software (version 1.6.1.3) (21), R statistical
software (http://www.R-project.org/), and Excel. DEPs among the nine
substages were defined by two-way ANOVA in Perseus filtered with
an adjusted g value <0.001. To look for the DEP groups with protein
abundance changes during spermatogenesis that share similar pat-
terns, the DEPs were first evaluated by the NbClust package (29) in R
(version 3.5.1) to find the optimum K value, and the relative LFQs of
DEPs were clustered using K-means analysis. Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway ana-
lyses were performed using David (version 6.8) (30) and Enrichr (31), in
which an enriched function was accepted upon an adjusted p value
less than 10e~°, and only the Gene Ontology Biological Process terms
with <250 genes were included.

Compatrison of the Abundance Changes of Transcriptomes and
Proteomes in Spermatogenesis

The transcriptomic data (GSE107644) in response to the substages
of spermatogenesis measured by the single-cell sequencing tech-
nique was downloaded from Gene Expression Omnibus of National
Center for Biotechnology Information (9). The CPM for a gene was
calculated from the raw counts in the dataset, and the expression
status for a gene at a certain substage was represented by the median
CPM of the gene. For convenient comparison, the gene symbols in
RNA-Seq data were converted to the Swiss-Prot accession numbers
using the gene ID conversion tool in DAVID. The Pearson correlation
for all the substages of spermatogenesis was implemented for the
abundances between the transcriptomes and proteomes with log2-
transformed CPM and LFQ. The concordance of a gene's abun-
dance change pattern between the transcriptional and translational
levels during spermatogenesis was estimated by Pearson correlation,
which was based on the scaled CPMs and LFQs in each corre-
sponding substage.

Machine Learning for the Prediction of Meiosis-Essential Proteins

The quantified protein abundances in nine types of germ cells
served as inputs to the classifiers. The meiosis-essential proteins in
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this study, defined as the overlapping proteins of these proteomic
data and the proteins whose knockout leads to the male meiotic arrest
phenotype annotated in the mouse genomics informatics (MGI)
database, were labeled as positive, and the meiosis nonessential
proteins were labeled as negative. Three algorithms, the regularized
radial basis function (RBF) (32), naive Bayesian model (NBM), and
support vector machine (SVM) (33), were employed to gain the pre-
dictions for meiosis-essential protein candidates. The details of
regularized RBF, NBM, and SVM are presented in the Supplemental
Methods section. In this study, the prediction learning process was
conducted, which was ensembled into an in-house Matlab package,
termed as FuncProFinder. Generally, the prediction is conducted in
two steps:

Step 1—The nine substage protein abundances of the labeled
positive and negative proteins were randomly divided into two sets,
training (80%) and testing (20%). The training set was used by the
machine learning algorithm to construct a subclassifier, and the
subclassifier was then used for prediction of the testing set. This
process was repeated 1000 times, and the final predicted score of
each protein, called the meiotic confidence score, is the mean value of
the individual scores.

Step 2— A Monte Carlo crossvalidation was applied (34) to evaluate
the performance of each algorithm according to the precision-recall
curve and receiver operating characteristic curve. The algorithm with
the best prediction efficiency for the dataset could be selected for the
unknown gene prediction, following the same workflow as in step 1,
where the subclassifier produced by the training set was used for the
prediction of both the testing and unknown datasets.

Generation of Gene Knockout Mice With the CRISPR/Cas9
System

To generate knockout mice corresponding to the genes of interest
in this study, single guide RNAs (sgRNAs) were designed based on
their genome structures (supplemental Table S5). The T7-Cas9 PCR
product was gel purified and used as the template for in vitro tran-
scription using the mMMESSAGE mMACHINE T7 ULTRA transcription
kit (AM1345; Thermo Fisher Scientific). The T7-sgRNA PCR product
was gel purified and used as the template for in vitro transcription with
a MEGAshortscript T7 Transcription Kit (AM1354; Thermo Fisher
Scientific). Both the Cas9 mRNA and the sgRNAs were purified using
the MEGAclear Transcription Clean-Up Kit (AM1908; Thermo Fisher
Scientific) and eluted in RNase-free water (10977015; Thermo Fisher
Scientific). The Cas9 mRNA and sgRNAs were injected into one-cell
embryos as previously described (35-37). The injected embryos
were cultured in vitro to develop to two-cell embryos and transplanted
into oviducts to generate knockout pups. After pups were born,
genotyping was performed by direct sequencing following PCR to
validate the knockout consequences. The genotyping primer se-
quences that were used are listed in supplemental Table S5.

RESULTS
Isolation of Mouse Spermatogenic Cells

To quantify changes in protein abundance and closely
monitor the molecular events in response to mouse meiosis,
we isolated spermatogenic cells before, during, and after
meiosis from C57BL/6 mouse testes, including premeiotic
type A undifferentiated spermatogonia, consecutive types of
meiotic cells, and postmeiotic RSs.

The isolation workflow of spermatogenic cells is illustrated
in Figure 1A. Type A undifferentiated THY1+ c-KIT— sper-
matogonia (Aun) were isolated from the testes of postnatal

day 7 (P7) mice using magnetic-activated cell sorting ac-
cording to an established method (25) (supplemental Fig. S1,
A and C). Immunofluorescence staining of PLZF, a well-known
Aun marker, revealed that the percentage of PLZF+ cells
increased from 10% to 70% after purification (Fig. 1;
supplemental Fig. S1, B and D), implying that Aun cells were
greatly enriched. The haploid RSs were purified by DNA
content-based cell sorting from the testes of P28 mice
(supplemental Fig. S1, E and G). DAPI staining images indi-
cated that the purity of isolated RS almost reached 100%
(Fig. 1; supplemental Fig. S1, F and H).

In the seminiferous tubules of mouse testes, consecutive
types of meiotic cells are mixed and difficult to separate. To
simplify the types of spermatocytes in testes, we applied a
spermatogenesis synchronization method described previ-
ously (9, 22, 23): mouse spermatogonia differentiation was
inhibited by WIN 18446 for 7 days and was reactivated syn-
chronously by RA injection on P9 (Fig. 1B). Four weeks after
RA treatment, the testes of P37 to P46 mice exhibited only
one or two types of meiotic spermatocytes at a given time
point (Fig. 1, C-Q), greatly facilitating DNA content-based cell
sorting for purification (Fig. 1, H-L). To assess the purity of the
isolated meiotic cells, we performed immunofluorescence
staining with antibodies against the synaptonemal complex
(SC) marker SYCP3 and the DNA damage marker yH2AX (Fig.
1, M-T) and recognized spermatocyte cell types with the
criteria described previously (27). Based on the quantitative
evaluation of fluorescence, most of the isolated meiotic cells
were of high purity (Fig. 2). Considering that the protein
amounts of isolated early leptotene and leptotene were less
than 120 pg, we mixed these two adjacent cell types together
as an earlyL/L (eLL) group for the following proteomic analysis.
Thus, a total of seven types of meiotic cells, early leptotene
and leptotene (eLL), zygotene (£), early pachytene (eP),
middle pachytene (mP), late pachytene (IP), early diplotene
(eD), and late diplotene (ID) were prepared for further proteo-
mic study.

Quantitative Proteomic Atlas of Mouse Meiosis During
Spermatogenesis

In the nine types of spermatogenic cells isolated previously,
a total of 8002 proteins were identified (unique peptides >2),
with 6000 to 7000 proteins in each cell type (supplemental
Table S1). Within the identified proteins, 7742 were only
detected in the seven substages of meiosis, and 5108 pro-
teins were globally identified over all nine cell types. To obtain
high-quality quantification data, each sample was analyzed in
triplicate by LC-MS/MS. The Pearson correlation coefficients
for all the technical triplicates in the same sample reached
0.85 (supplemental Fig. S2), indicating that proteomic quan-
tification was highly replicated. In addition, the comparison of
protein expression correlation among the nine different cell
types revealed that the protein abundance changed dramati-
cally between eP and mP, which strongly implied that
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previously (26). The scale bar represents 50 pm. H-L, FACS plots of Hoechst 33342 stained testes cells obtained from the spermatogenesis-
synchronized mice, their corresponding seminiferous tubule stages were labeled in C-G. M-T, chromatin spreading of the FACS-sorted
spermatocytes that were costained with DAPI (blue), anti-yH2AX (green), and anti-SYCP3 (red). The scale bar represents 5 pm. FACS,
fluorescence-activated cell sorting; MACS, magnetic-activated cell sorting; RS, round spermatid.

spermatocytes undergo a cell state transition after passing of
the mP checkpoint.

Next, to evaluate the consistency of our protein quantifi-
cation with previous knowledge, we tracked the protein
abundance changes of 15 well-known cell type-specific bio-
markers throughout spermatogenesis (e.g., LIN28A, STRAS,
SPO11, TNP2, etc). The protein abundances of these

biomarkers appeared to be typically phase dependent
(Fig. 3B), which was basically in agreement with previous
studies (38-41). In addition, proteins in several meiosis-related
processes, such as meiotic DNA double-strand break (DSB)
formation, chiasma assembly, and SC, are generally recog-
nized as meiotic phase dependent, and the proteomic evi-
dence in this study further implied their functions (Fig. 3C). For
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Mouse Cell num.

Mouse Cell num.

Cell type num. (x106) Cell purity Cell type num. (x105) Cell purity

earlyL 9 4.99 earlyL 95.36% midP 6 5.78 midP 97.99%

o L 4.64% earlyP 2.01%

(o) L 5] 4.34 L 78.57% lateP 9 21.16 lateP 96.62%

earlyL 21.43% earlyD 3.38%

4 7 7.04 z 88.40% earlyD 3 6.63 earlyD 90.59%

earlyP 11.60% lateP 9.41%

(o) earlyP 8 6.06 earlyP 93.64% O lateD 7 7.27 lateD 96.38%

7 6.36% Diak 3.62%

o Aundiff 96 297 PLZF+ 79.38% o RS 10 20.85 RS 100%
PLZF- 20.62%

Fic. 2. The purity of the separated spermatogenic cells of different stages around meiosis. RS, round spermatid.

example, the SC mainly formed from Z to IP and decreased
after IP (1), and most SC components in proteomics data were
consistent with previous results. However, the protein abun-
dance of SYCE1, a key SC component, remained stable from
IP to RS. A similar Syce1 transcriptional expression pattern
was observed from a single-cell RNA transcriptome dataset
(9), implying that SYCE1 might perform additional functions
except synapsis after meiosis prophase I.

To further explore the phase-dependent dynamic processes
related to meiosis, the abundances of all the 8002 identified
proteins in nine cell types were input into a statistical software,
Perseus (21), for DEP analysis. A DEP was defined as a protein
with a significant change in its abundance between any two
substages with a g value less than 0.001. A total of 6020
proteins were determined to be DEPs, and these DEPs were
divided into four groups by K-means analysis: proteins in C1
showing high expression in Aun, C2 in eLL, C3 in Z-eP, and
C4 in mP-RS (Fig. 3D; supplemental Table S2). Gene Ontology
analysis toward DEPs in each cluster led to the uncovering of
the biological processes enriched in different phases around
meiosis. As illustrated in Figure 3E, cell-cell adhesion and
actin cytoskeleton organization-related proteins were
enriched in Aundiff cells. Nucleic acid-related processes such
as rRNA processing and DNA replication were enriched in
earlyL/L cells. Meiotic cell cycle-related proteins were
enriched in Z-early P cells, and Piwi-interacting RNA meta-
bolism and sperm function-related proteins were enriched in
midP-RS cells. Taking all the aforementioned information,
both the qualitative and quantitative proteomic information not
only highly agreed with prior knowledge but also offered new
clues to understand meiotic molecules, approaching the
additional functions of meiotic proteins, functionally catego-
rizing the meiotic DEPs and uncovering previously uncharac-
terized molecular signatures and dynamic processes from the
protein abundance changes during meiosis.

Comparison of the Meiosis-Related Transcriptomes and
Proteomes in Response to Spermatogenesis

The transcriptomic responses to spermatogenesis devel-
opment have been reported. Recently, Chen et al. (9) utilized
single-cell technology to monitor the transcriptomic changes

during spermatogenesis and revealed several uncharacterized
dynamic processes and molecular signatures in the substages
of male germ cell development. As described previously, the
dynamic changes of proteomes were systematically evaluated
in this study (supplemental Table S3), and hence, a question
was naturally raised whether the transcriptomic and trans-
lational responses to spermatogenesis kept the same rates or
not. The transcriptomic data were collected from the pub-
lished sources and subjected to normalization and correlation
analysis, which was described in the Experimental Procedures
section.

The Pearson correlation analysis of the transcriptomes and
proteomes in all the spermatogenesis substages shown in
Figure 4A unraveled two sets of gene expressions having a
poor correlation with lower correlation coefficients of
approximately 0.30 to 0.45. To evaluate the consistency of the
dynamic changes in transcription and translation for individual
genes during spermatogenesis, Pearson correlation was
conducted between corresponding substages based on the
scaled abundances. As illustrated in Figure 4B, the inter-
quantile ranges for the coefficients of such Pearson correla-
tion in all the coquantified genes were —0.97 to 0.06, 0.06 to
0.48, 0.48 to 0.75, and 0.75 to 1. The corresponding dynamic
abundance changes for the coquantified genes in transcripts
and proteins are presented in Figure 4C. It exhibits that the
genes with correlation coefficients of 0.75 to 0.99 shared
similar abundance trends in transcripts and proteins during
spermatogenesis, whereas those with coefficients of —-0.97 to
0.48 displayed divergent modes, and the genes with the
correlation coefficients between 0.48 and 0.75 appeared to
have transition patterns of transcript and protein abundances.
Therefore, there were approximately 25% of genes that could
remain with similar abundance trends for the transcriptional
and translational products in response to spermatogenesis.
The Gene Ontology analysis of the genes in each quantile
group suggested that the genes with coefficients over 0.75
were enriched in the functions related to meiosis division and
spermatogenesis, whereas those with coefficients less than
0.06 were involved in mRNA processing and proteasome
splicing (Fig. 4D). Taking all the correlation information
together, the abundance responses of the transcriptome and
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Fic. 3. Proteomic informatics of the mouse germ cells. A, Pearson correlation coefficients of the log-transformed protein LFQ intensities
among the cells at nine substages. The color key represents the value of Pearson correlation coefficients. B, relative abundances of the typical
biomarkers in the nine substages of germ cells. Error bars represent SEM in triplicates. C, heat maps of dynamic abundances of the proteins
involved in the five representative meiotic pathways. D, K-means clusters of the relative protein abundances elicited from the differentially
expressed proteins. The color key represents the relative protein abundances. E, Gene Ontology analysis of the enriched biological processes of
the four differentially expressed protein clusters. ER, endoplasmic reticulum; FDR, false discovery rate; GOBP, Gene Ontology Biological
Process; LFQ, label-free quantification; piRNA, Piwi-interacting RNA; RS, round spermatid.

proteome in spermatogenesis were generally not at the same
pace. The observation of the spermatogenesis-dependent
transcriptome and proteome endorses the hypothesis that
transcriptional and translational regulations toward sper-
matogenesis are complementary and irreplaceable.

Prediction of Meiosis-Essential Candidates Using
Supervised Machine Learning Analysis Based on
Proteomic Data

Although 8002 proteins were identified in spermatogenesis
and further divided into four groups with relevant biological

processes, the proteins essential to meiosis were still unclear.
Recently, supervised machine-learning approaches were
applied to systemically predict functional genes (42). Here, we
established a supervised ensemble machine learning Matlab
package called FuncProFinder to predict meiosis-essential
candidates based on the meiotic proteomic data
(Experimental Procedures and Supplemental Methods sec-
tions). According to phenotype annotation in the MGI data-
base, a protein is meiosis essential if knockout of the protein
leads to meiosis arrest, whereas a nonessential protein is
defined by that the protein knockout mice do not have the
lethal or meiosis-arrest phenotype. From the 8002 identified
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Fic. 4. Dynamical transcriptomes and proteomes abundances correlation analysis of the germ cells during spermatogenesis.
A, Pearson correlations of the expression abundances among all quantified transcriptomes and proteomes of the spermatogenic germ cells.
B, distribution of the genes versus the genes' Pearson correlation coefficients between mRNA and protein abundances. The interquantile ranges
of the coefficients were —0.98 to 0.06, 0.06 to 0.48, 0.48 to 0.75, and 0.75 to 0.99. C, heat maps of the abundance changes of the transcripts (left)
and the proteins (right) during spermatogenesis. The genes were quantiled according to their Pearson correlation coefficients. D, enriched
biological processes of the genes sets with the corresponding Pearson correlation coefficients. FDR, false discovery rate; GOBP, Gene Ontology
Biological Process; LFQ, label-free quantification; RS, round spermatid.

proteins in this study, a total of 159 proteins were essential
and 2151 were nonessential (Fig. 5A; supplemental Table S4).

With the abundances of these proteins as training sets,
three methods of the FuncProFinder, RBF (32), NBM, and
SVM (33), were used to construct classifiers to predict
whether a given protein was meiosis essential. Based on the
FuncProFinder package, the prediction precision tested by
Monte Carlo cross validation (34) reached 47.70% (RBF),
30.97% (NBM), and 20.71% (SVM) with the recall setting at
0.2. The area under a curve for the receiver operating
characteristic curve of the predictions was 0.7364 (RBF),

0.7150 (NBM), and 0.6711 (SVM), respectively (Fig. 5B). As
the prediction performance of RBF with regard to both the
precision and area under the curve was superior to the other
two algorithms in this dataset, FuncProFinder-RBF was
accepted to predict the meiosis-essential possibility of a
given protein. The abundances of all identified proteins in the
nine substages, labeled with positive (meiosis essential),
negative (meiosis nonessential), and unknown (lethal genes
and genes without MGl mammalian phenotype annotation)
were set as inputs of the FuncProFinder-RBF algorithm for
the calculation of the meiotic confidence scores. The higher
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Fic. 5. Prediction of the meiotic-essential candidates using machine learning. A, workflow to build machine-learning algorithms
based on the proteome data. B, comparison of the prediction results, precision-recall curves (upper panels), and receiver operating char-
acteristic curves (lower panels) generated from the three subclassifiers, regularized RBF, NBM, and SVM. The Monte Carlo crossvalidation
(MCCV). C, distribution of meiosis-essential, meiosis-nonessential, lethal, and unknown proteins in the 8002 quantified proteins (left panel) and
the top 500 meiosis candidates derived from the RBF prediction (right panel). D, heat map of dynamic abundances of the top 500 meiosis
candidates derived from the RBF prediction. E, comparison of the distribution of the DEP clusters treated with/without RBF filtration. AUC, area
under the curve; DEP, differentially expressed protein; LFQ, label-free quantification; MGI, mouse genomics informatics; NBM, naive Bayesian
model; RBF, radial basis function; RS, round spermatid; SVM, support vector machine.

the meiotic confidence score, the more likely a protein was
meiosis essential (supplemental Table S4). A total of 500
proteins with the top scores were filtered, and their func-
tional information in MGl is shown in Figure 5C. The ratio of
meiosis-essential proteins against nonessential proteins was
0.07 (159:2151) for all the 8002 proteins, whereas the ratio
changed to 0.97 (35:36) for the top 500 selected candidates,
indicating that meiosis-essential proteins could be greatly

enriched. The top 500 candidates exhibited dynamic protein
abundance changes during spermatogenesis (Fig. 5D),
containing more DEPs (94.00%) compared with the total
8002 proteins (75.23%). In addition, in the top 500 candi-
dates, the ratio of genes showing higher expression in the
three meiotic clusters (C2-C4) was also higher than the ratio
in the global proteome (Fig. 5E), consistent with the hy-
pothesis that a meiosis-essential candidate could be a DEP
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with higher expression abundance in subphases of meiosis.
Based on these results, the RBF algorithm is a potential
method to select meiosis-dependent candidates from a large
pool of identified proteins.

Pyruvate Dehydrogenase Alpha 2 (PDHA2) Is Essential for
Meiosis

To further characterize the predicted candidate meiotic
genes, Enrichr (31) was implemented to identify enriched
pathways of these top 500 candidates based on a KEGG 2019
mouse database. The top six functional categories after
enrichment analysis were determined (Fig. 6A), and there was
one protein, PDHA2, enriched in both the pyruvate meta-
bolism pathway and tricarboxylic acid cycle pathway
(supplemental Table S4). Moreover, it had been reported that
pyruvate metabolism was required in the isolated pachytene
spermatocytes cultured in vitro (43). However, whether
pyruvate-related proteins were essential in meiosis has not
been verified in vivo.

PDHA2 is a catalytic subunit of the pyruvate dehydrogenase
complex (PDC), associated with four other proteins, PDHB,
DLAT, DLD, and PDHX (44). The lack of any component in the
complex could lead to activity loss. In a previous study, the
transcription status of the Pdha2 gene was shown to be
dynamically changed during spermatogenesis, increasing
from the pachytene and gradually decreasing in spermatids
(45). With our proteomic data, the expression changes of all
proteins in the PDC during spermatogenesis are further illus-
trated (Fig. 6B). The protein abundances of the two catalytic
subunits of PDC, PDHA1 and PDHA2, changed in opposite
directions: X-chromosome-linked protein PDHAT decreased
during meiosis because of meiotic sex chromosome inacti-
vation, whereas PDHA2 increased from eP to ID. For the other
four components of PDC, the changes in their abundances
were similar to PDHA2, implying that the PDC had structural
integrity of catalytic functions during meiotic development.

To further verify the physiological roles of PDHA2 during
meiosis, a Pdha2 knockout mouse model was generated by
CRISPR/Cas9-mediated genome engineering. A 13 base pair
deletion was induced into the Pdha2 exon, which led to a
reading-frame shift of Pdha2 and early termination
(supplemental Fig. S3A); the knockout result was examined by
genotyping (supplemental Fig. S3B). The weights of testes of
8-week-old adult Pdha2”~ mice were significantly smaller
than those of Pdha2*/~ mice (Fig. 6C), and the testes histology
of these mice was further examined by H&E staining of cross
sections (Fig. 6, D and E). In Pdha2*~ mice, the testes were
comparable to WT mice, in which all types of germ cells were
observed, and mature sperm had fully filled their epididy-
mides. In contrast to their heterozygous littermates, Pdha2~'~
mice entirely lacked postmeiotic cells, and pachytene-like
spermatocytes were accumulated in their testes. Further-
more, no spermatozoa were observed in their epididymides.
Thus, with the help of FuncProFinder-RBF prediction, this

study provides evidence that PDHAZ2 is a meiotic-regulation
factor, the knockout of which is likely to stop the meiosis
process at the pachytene stage. As PDC catalyzes pyruvate to
acetyl-CoA and determines the energy level in a cell, it is a
reasonable deduction that PDHA2, as a key component of
PDC, could regulate ATP generation in spermatocytes and
affect the meiotic process.

Phenotype Verification of the Top 10 Male Meiosis-
Essential Candidates Without Functional Annotation

Of the top 500 candidates, a total of 176 proteins have
never been knocked out for a phenotype examination using
the mouse model according to the MGI database; further-
more, 41 proteins appeared to lack KEGG pathway annotation
(Fig. 7A). Whether they are essential for meiosis needs to be
further verified by experiments. The top 10 candidates based
on the meiotic confidence score were selected and knocked
out in mice using CRISPR/Cas9-mediated genome engineer-
ing (supplemental Fig. S4, A-J). Abundance changes of the 10
proteins are shown in Figure 7B. After knockout treatment, we
obtained surviving homozygous deficient pups from eight of
the 10 genes, and no born mouse was homozygous deficient
in Gapvd1 and 1700037H04Rik; therefore, we assumed that
the homozygous deficiency in the two genes would be lethal
before birth. The reproductive anatomy of these nonlethal
mice was carefully examined by the weight of the testis and
histological analysis. In the Txnl1™~, AA4671977~, Lrrc407~,
and Naxe™~ mice, no significant changes were observed in the
weights or histology of the testes (supplemental Fig. S5, A-H).
However, knockout of the other four genes affected the
meiosis process of the homozygous deficient mice. Generally,
the weights of the testes of the Zcwpwi™", Tesmin™,
Kctd19™~, and 1700102P08Rik™~ mice were significantly
lighter than their heterozygous littermates (Fig. 7, C—F). Spe-
cifically, H&E-stained images of the testes derived from
Zewpw1™~, Tesmin™~, and 1700102P08Rik™~ mice appeared
to have a pachytene-arrested phenotype, pachytene sper-
matocytes with condensed nuclei, a lack of postmeiotic cells,
and tubules that were highly vacuolized (Fig. 7, G-/). The
Kctd197~ mice exhibited a typical metaphase l-arrested
phenotype, containing spermatocytes from leptotene to
metaphase |, but with no postmeiotic cells (Fig. 7J).

The molecular mechanism of pachytene arrest is hypothe-
sized to result from failure of DNA repair or incomplete syn-
apsis (46, 47). As the knock out of Zcwpw1, Tesmin, or
1700102P08Rik led to pachytene arrest, the molecular
mechanisms underlying the pachytene arrest phenotype in
these three knockout mice lines need to be verified. To
address this question, the spermatocytes in Zewpw1™",
Zewpw1*~, Tesmin™~, Tesmin*~, 1700102P08Rik™~, or
1700102P08Rik*'~ mice were chromosome spread and
immunostained with antibodies against DNA repair and syn-
apsis events, including SYCP3 and SYCP1 as components of
the SC, yH2AX as an indicator of DNA damage, and MLH1 as
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Fic. 6. Phenotypic validation of the PDHA2 in meiosis. A, Kyoto Encyclopedia of Genes and Genomes pathways enriched in the top 500
candidate proteins. B, dynamic abundances of the six proteins of the pyruvate dehydrogenase complex. The error bars represent SEM from
triplicate samples. C, comparison of the weights of the Pdha2*’~ and Pdha2~'~ mice testes (n = 10, unpaired two-tailed t test, p < 0.0001).
D, cross sections of the H&E-stained seminiferous tubules from the 8-week-old Pdha2*’~ (upper panel) and Pdha2™~ mice (lower panel); the
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a marker of crossover formation. The immunostaining of the
four different antibodies against the spermatocytes from
TESMIN and 1700102P08RIK in both heterozygous and ho-
mozygous knockout mice exhibited no difference (Fig. 8, F—-N),
implying that neither DNA repair nor synapsis was affected by
gene knockout. However, the immunostaining of these anti-
bodies against the Zcwpw?™~ spermatocytes was quite
different from Zcwpw1*~ (Fig. 8, A-E). The staining signal

distribution of yH2AX in the leptotene spermatocytes of the
Zcwpw1™~ mice was comparable with that of Zecwpw1*/~,
suggesting that the formation of DSBs was not affected by
the absence of ZCWPW1 (Fig. 8A). In the pachytene sper-
matocytes, the yH2AX staining was only seen in the sex
body region, whereas it was still spread out in the autosome
regions in Zcwpw1 -, indicating that the DSB repair was not
finished on the autosome without ZCWPW1 (Fig. 8B).
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represents 50 um. KEGG, Kyoto Encyclopedia of Genes and Genomes; RBF, radial basis function; RS, round spermatid.

Coimmunostaining of SYCP3 and SYCP1 indicated that they
were highly merged in the chromosomes in Zcwpw1*~ mice,
whereas the locations of the two SC components were not
fully overlapped in Zcwpw1™'~ mice, suggesting that the SCs
were not fully formed because of the lack of ZCWPW1
(Fig. 8C). Furthermore, the MLH1 loci were perceived in
Zewpw1*~ pachytene spermatocytes and counted within a
normal range, whereas the Zewpw1™~ pachytene spermato-
cytes appeared to have nearly no MLH1 loci, implicating that
crossovers were not formed without ZCWPW1 (Fig. 8, D and
E). Based on these results, ZCWPW?1 functions directly in both
DNA repair and synapsis, but the functions of 1700102P08RIK
and TESMIN are not clearly clarified even though the two
proteins participate in the regulation of meiosis.

To summarize the knockout experiments for predicting the
meiosis-essential proteins, FuncProFinder-RBF offered a set
of satisfactory candidates. Of the 10 candidates, at least 40%
were verified as meiosis essential. As their functions are not
annotated yet, their involvement in meiosis would be an
interesting direction for functional exploration. For example,
the pachytene arrest in Zcwpw1~~ mice was found to result
from failed DSB repair and incomplete synapsis.

DISCUSSION

In this study, one of the fundamental goals was to acquire
global and quantitative proteomic profiles during different
stages of mouse meiosis. How to obtain such information is a
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long-standing question. Proteomic investigations of the entire  meiotic cells, these studies could not generate a precise
mouse testis and one type of meiotic cells, pachytene sper- picture of the different stages of mouse meiosis.

matocytes, have been accomplished in several laboratories Here, first, we designed a project that enabled comprehensive
(7, 18, 48). However, without isolation of different types of proteomic profiling around meiosis. To reach our goal, seven
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consecutive types of meiotic cells plus premeiotic spermato-
gonia and postmeiotic RSs were isolated, and the proteins in
each cell type were identified and quantified by high-resolution
MS. A total of 8002 proteins were identified, including 6020
DEPs, which is the largest dataset of proteomics related to
meiosis, offering global information of protein quantities in
different stages of the mammalian meiosis process.

Second, this comprehensive proteomics study is likely to
provide new views for the understanding of meiosis. For
example, it is generally accepted that spermatocytes are
categorized in several substages judged by the status of
chromosome morphology (24, 26). Based on this criterion, eP
and mP are categorized to the similar group of pachytene
cells; nevertheless, the protein abundance correlation
revealed that these two types of spermatocytes with similar
appearance were totally different (Fig. 3, A and D). As another
example, components of the SC were assumed to mainly exist
from Z to IP and decreased after IP. However, SYCE1, a key
SC component, was consistently detected after IP to RS with
a relatively high abundance (Fig. 3C), implying that SYCE1
might perform additional functions (except synapsis) after
meiosis prophase |. Therefore, the refined profile of the
quantitative proteome provided a new assessment of molec-
ular events related to meiosis.

Third, informatics analysis of proteomic data related to
spermatogenesis is likely to provide a basis for the functional
exploration of mouse meiotic genes. Genes involved in crit-
ical meiotic events, such as homologous recombination and
synapsis, are not well identified (1, 2). Miyata et al. (8)
selected 54 testis-specific genes and constructed the cor-
responding gene knockout mice, but unfortunately, they did
not find any genes essential to meiosis. In this study, an
ensemble strategy of machine learning was used to predict
meiosis-essential proteins based on the different abundance
patterns between meiosis-essential or nonessential proteins.
With this strategy, the enrichment of meiosis-essential pro-
teins was raised from 6.54% to 49.30% after prediction on
the test set (Fig. 5). Moreover, at least four of the top 10
candidates without a KEGG pathway annotation were
confirmed as meiosis-essential proteins by gene knockout
mice (Fig. 7, C-J). Hence, functional exploration based upon
proteomics seems to significantly improve the prediction
efficiency.

In addition, with the machine learning prediction and gene
knockout validation, the meiosis development of three genes,
Zcwpw, Tesmin, and 1700102P08Rik, was found to be
arrested at pachytene in homologous gene knockout mice.
Immunofluorescence images in this study revealed that
ZcwpwT functioned in DNA repair and synapsis. Very recently,
Zcwpw1 was identified as a histone H3K4me3 reader required
for the repair of PR domain zinc finger protein 9-dependent
DNA DSBs and synapsis by three independent research groups
(49-52), which was consistent with our observations. Tesmin
and 77007102P08Rik have also recently been identified as

essential genes in spermatogenesis (53, 54), yet their mecha-
nisms of involvement in meiosis-essential biological events still
require further exploration. In addition, a list of meiosis-
essential candidates without KEGG annotation was presented
here (supplemental Table S4). Based on this list, more meiosis-
essential genes could be verified, and new biological events
could be uncovered concerning the molecular basis of mouse
meiosis.
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