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for DNA double-strand break repair in primate
oocytes and early embryos

Xinyi Wang,1,3,4,5,7 Denghui Liu,2,3,7 Dajian He,1,3,4,5 Shengbao Suo,2,3 Xian Xia,2,3

Xiechao He,1,5,6 Jing-Dong J. Han,2 and Ping Zheng1,5,6

1State Key Laboratory of Genetic Resources and Evolution, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming,
Yunnan 650223, China; 2Key Laboratory of Computational Biology, CAS Center for Excellence inMolecular Cell Science, Collaborative
Innovation Center for Genetics and Developmental Biology, Chinese Academy of Sciences–Max Planck Partner Institute for
Computational Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai 200031, China;
3University of Chinese Academy of Sciences, Beijing, 100049, China; 4Kunming College of Life Science, University of Chinese Academy
of Sciences, Kunming, Yunnan 650204, China; 5Yunnan Key Laboratory of Animal Reproduction, Kunming Institute of Zoology,
Chinese Academy of Sciences, Kunming, Yunnan 650223, China; 6Primate Research Center, Kunming Institute of Zoology, Chinese
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Preimplantation embryogenesis encompasses several critical events including genome reprogramming, zygotic genome ac-

tivation (ZGA), and cell-fate commitment. The molecular basis of these processes remains obscure in primates in which

there is a high rate of embryowastage. Thus, understanding the factors involved in genome reprogramming and ZGAmight

help reproductive success during this susceptible period of early development and generate induced pluripotent stem cells

with greater efficiency. Moreover, explaining the molecular basis responsible for embryo wastage in primates will greatly

expand our knowledge of species evolution. By using RNA-seq in single and pooled oocytes and embryos, we defined the

transcriptome throughout preimplantation development in rhesus monkey. In comparison to archival human and mouse

data, we found that the transcriptome dynamics of monkey oocytes and embryos were very similar to those of human but

very different from those of mouse. We identified several classes of maternal and zygotic genes, whose expression peaks

were highly correlated with the time frames of genome reprogramming, ZGA, and cell-fate commitment, respectively.

Importantly, comparison of the ZGA-related network modules among the three species revealed less robust surveillance

of genomic instability in primate oocytes and embryos than in rodents, particularly in the pathways of DNA damage sig-

naling and homology-directed DNA double-strand break repair. This study highlights the utility of monkey models to bet-

ter understand the molecular basis for genome reprogramming, ZGA, and genomic stability surveillance in human early

embryogenesis and may provide insights for improved homologous recombination-mediated gene editing in monkey.

[Supplemental material is available for this article.]

Although preimplantation embryo development extends over
only a few days in mammals, it encompasses successive critical
events, including paternal and maternal genome reprogramming,
zygotic genome activation (ZGA), and the two earliest cell-fate
determination events. In addition, embryos possess unique cell
cycles, particular metabolism, and a critical dependence on geno-
mic stability during preimplantation development (Jaroudi and
SenGupta 2007; Niakan et al. 2012; Lee et al. 2014). Prior to
ZGA, embryonic activities rely entirely on maternal factors that
also are essential for ZGA to facilitate the smooth transition from
maternal-to-zygotic control of embryogenesis (Lee et al. 2014).
At the 16- to 32-cell stage, blastomeres acquire apical-basal polari-
ty, and inside cells eventually become the inner cell mass while
outside cells become extraembryonic trophectoderm. Following

the first cell-fate decision, the inner cell mass continues to segre-
gate into the extra-embryonic primitive endoderm and the pluri-
potent epiblast that gives rise to the embryo proper (Stephenson
et al. 2012). This complex preimplantation embryo development
is accompanied by drastic changes in transcriptome profiles and
epigenetic modifications (Niakan et al. 2012).

In mouse, considerable information has been obtained re-
garding maternal factors involved in genome reprogramming
(Nakamura et al. 2007, 2012; Shen et al. 2014) and the maternal-
to-zygotic transition (MZT) (Bultman et al. 2006; Li et al. 2008b;
Messerschmidt et al. 2012; Lee et al. 2014; Yu et al. 2016a).
Several key transcription factors (TFs) and signaling pathways
have been implicated in initiating and/or maintaining the first
and second cell-fate segregations (Home et al. 2012; Cockburn
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et al. 2013; Do et al. 2013; Frum et al. 2013). However, due to
ethical constraints, much less is known about regulation of preim-
plantation embryonic development in human. This is beginning
to change with several recent studies reporting on the dynamic
transcriptome, DNA methylome, and lineage determination of
human preimplantation embryos (Vassena et al. 2011; Xue et al.
2013; Yan et al. 2013; Guo et al. 2014; Smith et al. 2014;
Petropoulos et al. 2016), but there remains a dire need for more
in depth information.

The rhesus monkey (Macaca mulatta) and human share a
high degree of similarity in genome sequence (92.5%–95.0%)
and physiology (Yan et al. 2011). Rhesus monkeys have long
been considered a reliable model to study human physiology
and diseases (Hewitson and Schatten 2002; Roberts et al. 2012),
as well as to evaluate preclinical safety of medical treatments
(Duncan 2001; Han et al. 2009). Recent success of gene editing
with CRISPR/Cas9 and TALENs in monkeys (Liu et al. 2014; Niu
et al. 2014) suggests potential development of human disease
models and a platform for investigating preimplantation develop-
ment in nonhuman primates. However, current protocols for ge-
nome editing by homologous recombination (HR)–mediated
DNA replacement inmonkey one-cell embryos are extremely inef-
ficient (Doudna and Charpentier 2014). Thus, a comprehensive
map of dynamic transcriptome changes during preimplantation
development is urgently needed for studying the molecular mech-
anisms of monkey embryogenesis, for evaluating the suitability of
rhesus monkey as a model for early human embryo development,
and for better understanding the deficiencies in DNA recom-
bination. Here, we used RNA-seq to analyze the transcriptome
profile of individual and pooled oocytes and preimplantation
embryos in rhesus monkey.

Results

The dynamic transcriptome changes during the preimplantation

development of rhesus monkey

We collected fully grown germinal vesicle (GV)–stage oocytes,
metaphase II (MII)–stage oocytes, one-cell embryos at the pronu-
cleus (PN) stage, two-cell embryos, four-cell embryos, eight-cell
embryos, morulae, and blastocysts (Fig. 1A; Supplemental Table
S1). RNA sequencing was conducted in each single oocyte/em-
bryo, with two or more biological replicates at each stage. We
also pooled five to 23 oocytes or embryos collected from one to
10 female monkeys at each developmental stage for RNA-seq anal-
ysis (Supplemental Table S1). These two types of RNA-seq data
were analyzed separately to avoid potential batch effects, and the
results were compared against each other.

By using the Illumina sequencing platform, we generated
282.3 million paired-end reads of high quality, with an average
of 10.1 million reads per sample for individual-oocyte/embryo se-
quencing, and 28.5million reads per sample for pooled-sample se-
quencing. The read quality was examined by fastQC (http://www.
bioinformatics.bbsrc.ac.uk/projects/fastqc). Filtered reads were
aligned to the rhesus monkey genome database (Zimin et al.
2014). In individual-oocyte/embryo samples, the numbers of
detectable genes (defined as fragment per kilobase per million
[FPKM] > 1) in each stage ranged from 7588–9940 within the
16,049 RefSeq genes (Supplemental Fig. S1A; Supplemental
Tables S1, S2). In pooled-oocyte/embryo samples, we detected
4700–10,000 genes (Supplemental Fig. S1A; Supplemental Table
S1). Examination of the FPKM distribution by violin plot

(Supplemental Fig. S1B) or density plot (Supplemental Fig. S1C) re-
vealed that the pooled-oocyte/embryo sequencing detected more
weakly expressed genes than individual-oocyte/embryo sequenc-
ing, as previously reported (Kharchenko et al. 2014). We then con-
ducted principal component analysis (PCA) on all the individual
and pooled samples (Fig. 1B). The individual and pooled samples
at the same developmental stagewere generally clustered together.
These samples fell into two clusters. One cluster contained GV,
MII, PN, two-cell, four-cell, and eight-cell stage samples; the other,
morula and blastocyst stage samples.

The segregation into two clusters could reflect the maternal
RNA degradation as well as the major wave of ZGA at MZT, which
takes place at about the eight-cell stage in monkey (Schramm and
Bavister 1999). To test this hypothesis, we examined the up- and
down-regulated genes between each two adjacent stages by
DESeq2 (FDR < 10−5) in individual-embryo samples or by GFOLD
(generalized fold change; P-values <0.01 and GFOLD > 4) (Feng
et al. 2012) in pooled-embryo samples. We found about 3000
genes down-regulated during meiotic maturation (GV to MII) in
both the individual- (Fig. 1C; Supplemental Table S3) and
pooled-embryo data sets (Supplemental Fig. S2A). On the other
hand, over 1000 genes were up-regulated at the eight-cell–morula
transition in both the individual- and pooled-embryo data sets
(Fig. 1C; Supplemental Fig. S2A), corresponding to the major
ZGA. Thus, like in the mouse (Tadros and Lipshitz 2009), MZT in
the monkey is characterized by drastic maternal mRNA decay as
well as ZGA, both of which contribute to the segregation of the
two clusters.

We next performed a pairwise comparison across all time
points, that is, each time point is compared to every other time
point, or all versus all n∗(n−1)/2 comparisons, where n is the num-
ber of time points. For individual-embryo samples, we identified a
total of 6963 differentially expressed genes (DEGs) between any
two stages by DESeq2 (FDR < 10−5). These DEGs are clustered
into 10 distinct groups by BICSKmeans (Zhang et al. 2013). The
representativeGeneOntology (GO) terms for each cluster were list-
ed (Fig. 1D; Supplemental Fig. S1D; Supplemental Table S4).
Clusters 1–4 are enriched inmaternal genes (specifically expressed
prior to the major wave of ZGA), whereas clusters 6, 8, and 9 are
enriched in zygotic genes (only expressed at/after the eight-cell
stage). Genes in clusters 5, 7, and 10 are expressed bothmaternally
and zygotically. The same analysis for the pooled-sample sequenc-
ing data identified 5560 DEGs between any two stages. These
genes were grouped into 12 clusters (Supplemental Fig. S2B;
Supplemental Table S5). Despite the technical differences with
detection limits and batch effects, the maternal and zygotic genes
identified from the single and pooled embryos show significant
overlap (Fisher’s exact test, P < 2.2 × 10−16) (Supplemental Fig.
S2C).

To compare the similarities and differences in the overall gene
expression profiles of early embryonic development among mon-
key, human, and mouse, we used public RNA-seq data sets (http
://www.ncbi.nlm.nih.gov/geo/; accession number: GSE44183)
(Xue et al. 2013) and performed comparative analysis using the
reported method in Tirosh et al. (2007). We also conducted
hierarchical clustering to quantitatively assess the similarities
and differences. Samples were separated into two large clusters
by their similarity in gene expression, corresponding to the mater-
nal and zygotic expression clusters. By using either individual- or
pooled-embryo data sets, we consistently observed the similarity
in the timing of MZT between human and monkey (Fig. 1E;
Supplemental Fig. S2D). These data support that rhesus monkey
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Figure 1. Gene expression profiling of the rhesus monkey oocytes and preimplantation embryos. (A) Brightfield images of the GV oocyte (GV), mature
oocyte (MII), one-cell embryo at the pronucleus stage (PN), two-cell embryo (2C), four-cell embryo (4C), eight-cell embryo (8C), morula, and blastocyst.
(B) Principal component analysis (PCA) of the transcriptomes of individual- and pooled-oocyte/embryo samples. Two major clusters were identified, sug-
gesting two discrete developmental stages. (C) Histogram showing up- and down-regulated genes between each of the two adjacent stages identified by
DESeq2 (FDR < 10−5). (D) DESeq2 identified 6963 differentially expressed genes (DEGs). These DEGs were then clustered into 10 groups by BICSKmeans.
Their average log transformed expression values, representative Gene Ontology (GO) terms, and corresponding enrichment P-values are listed. (E)
Comparative transcriptome analysis and Pearson correlation coefficient (PCC) between species of pairwise PCCs within each species. (C–E) Based on mon-
key individual-oocyte/embryo sequencing data. Similar results for the pooled-embryo data are shown in Supplemental Figure S2.

Reduced DNA DSB repair in monkey early embryos
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is more suitable than mouse in studying very early human embry-
onic development. In summary, the individual- and pooled-em-
bryo data showed high consistency in their dynamic gene
expression changes and DEG sets. In the following analyses, we
show the individual-embryo results in the main text as they con-
tain two or more biological replicates for each time point and,
whenever relevant, show the pooled-embryo results in the
Supplemental Information as further confirmation.

Maternal gene classification and stage-specific functional

prediction

Maternal mRNAs are subject to poly(A) tail adenylation and
deadenylation for stage-specific translation and functions (Stitzel
and Seydoux 2007; Subtelny et al. 2014; Yu et al. 2016b). Due to
the scarcity of the material, we could not directly measure the
poly(A) tail length of maternal mRNAs through the PAT assay
(Murray and Schoenberg 2008). But, notably, adenylation increas-
es the efficiency of reverse transcription using oligo(dT) as primers.
We therefore selected eight genes that showed lower FPKM values
in MII eggs than in GV oocytes (WLS, ARG2, PABPC1L, ALKBH5,
NPM2, AKR1B1, HIP1R, and LAD1 in clusters 2 and 4 in Fig. 1D).
Real-time PCR using cDNA samples of MII oocytes showed that
all gene expression levels were significantly higher in samples
reverse-transcribed with random primers than in those prepared
with oligo(dT) primers (Fig. 2A; Supplemental Fig. S3A).
Consistently, gene expression levels were comparable in the GV
andMII oocyteswhen cDNAswere preparedwith randomprimers,
whereas the expression levels were higher in GV oocytes than in
MII oocytes with oligo(dT) primers (Fig. 2B; Supplemental Fig.
S3B). We also tested two genes (AURKC and TMEM70 in clusters 1
and 3 in Fig. 1D) that displayed higher expression in MII oocytes
than inGV oocytes in RNA-seq data.AURKC expressionwas slight-
ly higher in the MII stage than in the GV stage when cDNAs were
preparedwith oligo(dT) primers, butwas comparable at both stages
when cDNAs were prepared with random primers (Supplemental
Fig. S3C). Taken together, the results suggested that the poly(A)
tail length was regulated in a proportion of maternal mRNAs.
When using oligo(dT) reverse-transcription–based sequencing, a
dramatic increase in theexpressionofmaternal genesat stagesprior
to ZGA indicates active regulation of RNA polyadenylation and
translation of these genes.

By using the individual-embryo data set, we then classified
the maternal genes into five different types based on their expres-
sion change patterns from the GV through to the eight-cell stages
(Fig. 2C; Supplemental Tables S6, S7). Specifically, type I maternal
genes might play fundamental roles in meiosis resumption and
early embryo development prior to ZGA. For examples, Btg4 has
been shown to directly regulate the maternal RNA decay in mouse
(Yu et al. 2016b), and Tet3 is a critical enzyme involved in de-
methylation of the paternal and maternal genome (Shen et al.
2014). Type III genes displayed a similar pattern as type I genes,
and some of them (e.g., YAP1) were shown to be important for
ZGA in the mouse (Yu et al. 2016a). We also conducted maternal
gene classification on the pooled-embryo data set (Supplemental
Fig. S4A), and several clusters overlapped with the ones classified
in the single-embryo sequencing data.

Genes with similar expression patterns in different species
may have conserved functions. By comparing the monkey mater-
nal genes identified in the individual-embryo data set to those
genes reported in human and mouse (Xue et al. 2013), we found
more maternal genes were shared between human and monkey

(1203) than between primate and mouse (546 and 646 for human
vs. mouse and monkey vs. mouse, respectively). A total of 326
common maternal genes was shared among the three species
(Supplemental Fig. S4B; Supplemental Tables S8, S9), including
some functionally annotated genes in the mouse, such as TP63,
ZP1, ZP2, ZP3, WEE2, OOEP, BRCA1, NLRP4, TET3, GDF9,
FOXO1, TCF3, and DNMT1 (Rankin et al. 2001; Su et al. 2004;
Bultman et al. 2006; Suh et al. 2006; Cole et al. 2008; Li et al.
2008a; Hanna et al. 2010; Cui et al. 2012; Tsai et al. 2012; Shen
et al. 2014). Similar results were obtained when using the
pooled-embryo data for maternal gene conservation analysis
among the three species (Supplemental Fig. S4C; Supplemental
Table S10).

Differential expression patterns of zygotic genes

To study the functional time frames of zygotic genes, based on the
individual-embryo data set, we classified the zygotic genes into
four types and summarized their enriched GO terms or signaling
pathways (Fig. 2D; Supplemental Tables S11, S12). Type IV genes
showed expression activation at the eight-cell stage and might
be involved in regulating ZGA. Notably, several histone variants,
which play critical roles in modulating chromosome accessibility
to TFs, fall into this class (Supplemental Table S11). Type I–III zy-
gotic genes were activated after the eight-cell stage, and genes for
protein synthesis, energy production, and the post-transcriptional
regulation were enriched. Specifically, type I genes were highly ex-
pressed in blastocyst and might play roles in the cell-fate determi-
nation and acquisition of pluripotency. Several key TFs regulating
the specification of the trophectoderm (e.g., HAND1, GATA2, and
GATA3) (Bai et al. 2011) and primitive endoderm (e.g., SOX17 and
GATA4) (Artus et al. 2011) belonged to type I. The pluripotency
regulators TET2 and TBX3 (Han et al. 2010; Costa et al. 2013)
were also highly expressed at the blastocyst stage (Fig. 2E). These
data suggested that the two cell-fate determination events
(trophectoderm segregation from the inner cell mass and primitive
endoderm segregation from the epiblast) may take place at the
blastocyst stage. Similarly, studies on human preimplantation de-
velopment proposed the simultaneous segregation of the three cell
lineages (trophectoderm, primitive endoderm, and epiblast) at the
blastocyst stage (Petropoulos et al. 2016). However, TFs associated
with pluripotency (e.g., NANOG, POU5F1, and SOX2) started their
high expression at the morula stage, suggesting their roles in initi-
ating and maintaining pluripotency (Fig. 2E).

We next classified the zygotic genes and examined the ex-
pression patterns of the above key TFs using the pooled-embryo
data set. The clusters (Supplemental Fig. S4D) and the expression
patterns (Supplemental Fig. S5) similar to those in individual-em-
bryo datawere obtained.We also examined the conservation of zy-
gotic genes in the three species. The results from the individual-
embryo (Supplemental Fig. S4E; Supplemental Table S13) and
pooled-embryo (Supplemental Fig. S4F; Supplemental Table S14)
data sets showed a similar pattern of conserved zygotic genes.

Potential TFs regulating preimplantation development

TFs play critical roles in regulating embryo development. We em-
ployed the software Hypergeometric Optimization of Motif
Enrichment (HOMER) on the above-identified 6963 DEGs to
find the potential TFs implicated in early development regulation.
We only focused on the highly expressed TFs (FPKM> 5 in at least
one developmental stage among the three species). We identified
60 TFs in our monkey individual-embryo data and 50 and 40 TFs
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Figure 2. Classification of maternal and zygotic genes. (A) Real-time PCR examination in cDNA samples of MII oocytes. Gene expression levels were sig-
nificantly higher in samples reverse-transcribed with random primers than in those prepared with oligo(dT) primers. (B) Real-time PCR examination in
cDNA samples of GV and MII oocytes. Gene expression levels were comparable between GV and MII oocytes when cDNAs were prepared with random
primers, but showed significant difference when cDNAs were prepared with oligo(dT) primers. (C) Five expression patterns of maternal genes were iden-
tified. Typical genes and representative GO terms are listed. (D) Four expression patterns of zygotic genes were identified. Their representative GO terms are
shown. (E) The expression patterns of several zygotic genes implicated in the cell-fate determination. (C–E) Based on monkey individual-oocyte/embryo
sequencing data. Similar results for the pooled-embryo data are shown in Supplemental Figures S4 and S5.
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in human and mouse data (Supplemental Table S15; Xue et al.
2013). To understand the differences and similarities of the devel-
opmental regulation by TFs among the three species, we then com-
pared the expression patterns of these 142 TFs. Distribution of
pairwise Pearson correlation coefficient (PCC) between any two
species showed that human and monkey were more similar
(Kolmogorov-Smirnov test, P-value <1 × 10−5) (Supplemental Fig.
S6A). We further identified 19 TFs with expression highly correlat-
ed between human and monkey (P-value <0.05 by permutation),
but not between primate and mouse (P-value >0.05) (Fig. 3;
Supplemental Fig. S6B; Supplemental Table S16). Additional anal-
ysis with rank correlation coefficient (RCC), which is insensitive to
outliers, revealed that 11 out of 19 TFswere identified by both PCC
and RCC (IRF3,NR3C2,NR2C2, TFDP1, E2F1,MYCN,NFE2, EGR1,
POLR2A, BACH1 and NKX3-1). Among the 19 TFs, many are in-
volved in the regulation of apoptosis, stress response and epigenet-
ic modification, such as HSF1 (Dayalan Naidu et al. 2015), IRF3
(Freaney et al. 2013), BACH1 (Cantor et al. 2001; Litman et al.
2005), EGR1 (Virolle et al. 2001), NKX3-1, MYCN (Slack et al.
2005; Lei et al. 2006), and EBF1 (Gao et al. 2009).

We performed the same analyses using the pooled-sample
data set. Consistent with the single-embryo results, human and
monkey are more similar in the expression patterns of
motif-enriched TFs (Kolmogorov-Smirnov test, P-value <0.001)
(Supplemental Fig. S7A). Among the 13 TFs correlatively expressed
between human and monkey (P-value <0.05 by permutation), but
not between primate and mouse (P-value >0.05) (Supplemental
Fig. S7B), almost half of them are also involved in the regulation

of apoptosis, stress response, and epigenetic modification (HSF1,
ATF3, IRF3, BCLAF1, BMI1 and SUZ12) (Sarras et al. 2010; Lee
et al. 2012; Benetatos et al. 2014). Taken together, the differential
expression patterns of these TFs between primate and rodent sug-
gest that primate and rodent might possess distinct adaptive and
protective abilities to copewith cytotoxic and genotoxic stress dur-
ing the early stages of embryogenesis.

Interaction networks between the maternal and zygotic control

of embryonic development

To investigate the regulatory circuitry controlling MZT, we em-
ployed a negative-positive (NP) network approach (Xia et al.
2006; Xue et al. 2007; Huang et al. 2015), which is particularly use-
ful for extracting network modules that may regulate the switch
between two alternative temporal phases, in our case, the transi-
tion from maternal-to-zygotic control. The NP network is es-
sentially a subnetwork within the template protein–protein
interaction (PPI) network, where only PPIs between genes that
are positively or negatively transcriptionally correlated during a
temporal switch (in our case, during the time course of MZT) are
included. Based on the PPIs from Human Protein Reference
Database (HPRD), we used the individual-sample data set and con-
structed a monkey NP network comprising 763 correlated interac-
tions (PCC > 0.8, P-value <0.05 by permutation) and 433 anti-
correlated interactions (PCC <−0.8, P-value <0.05) among 1064
genes. This interaction network is composed of three modules: a
maternal module containing maternal genes, a zygotic module

Figure 3. Transcription factors (TFs) with differential expression patterns between primate and rodent. The pairwise PCCwas calculated. TFs, which have
P-value <0.05 between human and monkey and P-value >0.05 between human and mouse or between monkey and mouse, were considered to be differ-
entially expressed between primate and rodent. This figure is based on monkey individual-oocyte/embryo sequencing data. Similar results for the pooled-
embryo data are shown in Supplemental Figure S7.
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containing zygotic genes, and an intermediate module containing
genes expressed in both the maternal and zygotic stages
(Supplemental Fig. S8A; Supplemental Table S17). Notably, more
positive edges were observed within the modules, while negative
edges were dominant between the modules, especially between
the maternal and zygotic modules. This NP network reflected the
mutually exclusive relationship between the maternal and zygotic
genes. The overrepresented GO terms of the genes in maternal
and zygotic modules are listed in Supplemental Figure S8A.
Comparison of these functional enrichments suggested that em-
bryos prior to and post ZGAwere different in their DNAdamage re-
sponses (DDRs).

Genes that are anti-correlated and interact between alterna-
tively expressed modules are defined as interface genes in the NP
network and are found to be enriched in regulatory functions
(Xue et al. 2007). Indeed, the interface genes between thematernal
and zygotic modules are primarily involved in cell cycle, RNA
splicing, negative regulation of protein metabolic process, intra-
cellular transport, protein localization, and cellular response to
stress (Supplemental Table S18). As regulatory interactions fre-
quently form feedback loops, we explored all the three-node loops
traversing the maternal-zygotic interface by requiring at least one
negative edgewithin the loop. A total of 72 genes formed 158 feed-
back loops, which in turn formed four subnetworks (Fig. 4A;
Supplemental Fig. S8B; Supplemental Table S19). In these subnet-
works, 22 genes (HDAC1, HDAC2, SMAD4, EP300, RPS27A,
SMAD2, DNMT1, ABL1, LEF1, XRCC6, YWHAZ, FYN, SIN3A,
PCNA, TGFBR1, SMAD7, SHC1, SMURF2, BCAR1, SAP30, RBBP7,
andGRB2) have connections with at least four other genes, imply-
ing that theymight be hubs and play critical roles in early develop-
ment. Analysis of the largest subnetwork (Fig. 4A) showed that the
zygotic hub gene GRB2 was negatively connected with 10 mater-
nal genes and positively correlated with three zygotic or interme-
diate genes. GRB2 is highly expressed in the morula and
blastocyst. It represses NANOG and is essential for the establish-
ment of primitive endoderm lineage in the mouse blastocyst
(Cheng et al. 1998; Chazaud et al. 2006; Hamazaki et al. 2006).
The negative correlation of GRB2 with maternal genes suggests
that a subset of maternal genes cooperate to suppress the inappro-
priate initiation of cell-fate commitment genes. Interestingly,
GRB2 is positively correlated with MAPK14. Suppression of
MAPK14 facilitates the derivation of human naive pluripotent
stem cells (Gafni et al. 2013). Maternal hub PCNA is negatively
connectedwith zygotic and intermediate genes. PCNA is a cofactor
of DNA polymerase and plays important roles in DNA replication
and cell proliferation (Kelman 1997; Strzalka and Ziemienowicz
2011). Of interest, most of PCNA’s negatively correlated genes
(e.g., XRCC5, XRCC6, and HDAC1) are involved in DDR and
DNA damage repair (Gu et al. 1997; Schulte-Uentrop et al. 2008;
Miller et al. 2010), implying thatmonkey oocytes and early embry-
os prior to ZGAmight undergo progression and proliferation at the
expense of efficient DNA damage repair. Moreover, only one core
component gene of DDR and repair was expressed prior to ZGA in
this network (XRCC6), whereas more core DDR genes were detect-
ed post ZGA (XRCC5, XRCC6, HDAC1, and HDAC2).

To confirm these findings, we performed the same analyses
on the pooled-sample data set. The functional enrichment of
genes in eachmodule is highly consistent between the individual-
and pooled-sample data sets (Supplemental Fig. S9A). Similar
hub genes including GRB2 and PCNA were identified in subnet-
works, and more DDR hub genes were expressed post ZGA
(Supplemental Fig. S9B). Thus, these data collectively suggested

that monkey embryo development prior to ZGA might have less
robust control over genomic stability.

Distinct capacity for HR-mediated DNA double-strand break

repair between primate and rodent

To examine if similar regulatory circuitry exists in human and
mouse, we performed NP network analysis and identified the
three-node loops traversing the maternal-zygotic interfaces in
human (Fig. 4B; Supplemental Fig. S10) and in mouse (Fig. 4C;
Supplemental Fig. S11). Like in monkey (Fig. 4A; Supplemental
Figs. S8B, S9), fewmaternally expressed node genes in the feedback
loops of human are involved in the DDR (Fig. 4B; Supplemental
Fig. S10). In contrast, many maternally expressed hub genes in
mouse NP network are key components of the DDR and repair
(e.g., Fancc, Fancg, Brca1, Trp53bp1, Mdm2, and Cdc25a) (Fig. 4C;
Supplemental Fig. S11). These results suggested that a rodent
might have a superior competence to that of a primate in
maintaining genomic stability in oocytes and early embryos prior
to ZGA.

To test this hypothesis, we examined the expression patterns
of 190 “DNA damage response”–related genes in the three species.
Genes showing high expression level (FPKM≥ 5) in any two devel-
opmental stages within each of the three species were included in
the analysis. Based on their functions and involved pathways in
DDR as previously described (Beerman et al. 2014), these genes
were classified into six groups, including DNA damage response
and checkpoints (DDRC), HR-mediated DNA repair, nonhomolo-
gous end-joining DNA repair (NHEJ), nucleotide excision repair
(NER), mismatch repair (MMR), and base excision repair (BER).
By utilizing the monkey individual-embryo sequencing data set,
152 out of 190 genes were analyzed (Supplemental Fig. S12).
Comparisons among the three species revealed that the overall
expression patterns of genes in the BER, DDRC, and HR groups
were statistically different between primates and mouse (P < 0.05,
Kolmogorov-Smirnov test) but were similar between monkey and
human (Fig. 5A; Supplemental Table S20). Similarly, when using
the monkey pooled-sample sequencing data set, 174 out of the
190 DDR genes were analyzed (Supplemental Fig. S13). Again,
genes involved in DDRC and HR groups were significantly
different between primates and mouse (P < 0.05, Kolmogorov-
Smirnov test) but were similar between monkey and human
(Supplemental Fig. S14A). These results not only support the hy-
pothesis that primate and rodent embryos possess distinct compe-
tence in DNA damage repair but also pinpoint the pathways in
which they differ. Of interest, the key HR genes (EME1, RAD51,
RAD54L, RECQL, SHFM1, UBA2, and XRCC2), which play central
roles in HR-mediated DNA double-strand break (DSB) repair,
showed distinct expression patterns between primates and mouse
(Supplemental Table S20). These genes were highly expressed post
ZGA in monkey and human but equally expressed prior to and
post ZGA inmouse (Fig. 5B; Supplemental Fig. S14B). This suggest-
ed that oocytes and early cleavage embryos prior to ZGA in pri-
mates have poorer HR-mediated DNA DSB repair capacity than
in the mouse.

To further validate this finding, we compared the response
of GV oocytes to DNA DSB between monkey and mouse by
immunostaining with antibodies against gamma H2AFX (phos-
phorylated histone H2AFX at serine 139) and RAD51. Upon
DSB, gamma H2AFX is induced and required for eliciting down-
stream damage responses (Rai et al. 2007; Jackson and Bartek
2009). RAD51 is a key recombinase in HR-mediated DSB repair
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Figure 4. Feedback loops extracted from NP networks of monkey, human, and mouse. (A) The largest feedback loop in the monkey. The three-node
loops were explored by requiring at least one negative edge within the loop. Red or green edges represent that the two nodes are transcriptionally
correlated or anti-correlated, respectively. Node color indicates the module to which the gene belongs. Node shape indicates whether a gene is related
(hexagon) or unrelated (circle) to the DNA damage response (DDR). (B) The largest feedback loop in humans. (C ) The largest feedback loop in the mouse.
This figure is based on monkey individual-oocyte/embryo sequencing data. Similar results for the pooled-embryo data are shown in Supplemental
Figure S9.
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Figure 5. Comparison of six groups of DDR and HR-mediated repair genes among three species. (A) Distribution of pair-wise PCC. Genes in the BER,
DDRC, and HR groups were statistically different between the primates and mouse (P-value <0.05, Kolmogorov-Smirnov test). (B) Mean log-transformed
expression pattern of HR-related genes (EME1/Eme1, RAD51/Rad51, RAD54L/Rad54l, RECQL/Recql, SHFM1/Shfm1, UBA2/Uba2, and XRCC2/Xrcc2) in hu-
man, monkey, and mouse. (C) Examination of gamma H2AFX and RAD51 foci in untreated and etoposide-treated GV oocytes recovered for 0 h (Etop
+0h) and 3 hr (Etop+3h). More gamma H2AFX foci were observed in mouse GV oocytes than in monkey GV oocytes after etoposide treatment.
Consistently, more mouse oocytes accumulated RAD51 on damage sites, whereas fewer monkey oocytes had RAD51 foci formation. Images in squares
are enlarged in the enlargement panels. (D) Quantification of fluorescence foci intensity of gamma H2AFX (top) and RAD51 (bottom). Intensity was nor-
malized by the number of oocytes examined. (E) Immunoblotting analysis of RAD51 and ACTB protein level inmouse andmonkey GV oocytes untreated or
treated with etoposide followed by 3-h recovery. (F) Quantification of RAD51 protein level by normalization to ACTB. Data are represented as mean ± SEM.
Scale bar, 10 μm. (∗) P-value <0.05, (∗∗) P-value <0.001, (∗∗∗) P-value <0.0001, two-tailed t-test. (A,B) Based onmonkey individual-oocyte/embryo sequenc-
ing data. Similar results for the pooled-embryo data are shown in Supplemental Figure S14.
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and recruited to DSB sites (Shrivastav et al. 2008). GV oocytes from
the monkey and mouse were subject to the same etoposide treat-
ment to induce a similar level of DSB (Nagy and Soutoglou
2009). As shown in Figure 5C, in the untreated condition, a few
gamma H2AFX foci were detected in both the monkey and mouse
GV oocytes, and no RAD51 foci were observed (more than 60 oo-
cytes were examined in each species). Interestingly, etoposide
treatment elicited different damage responses in mouse and mon-
key oocytes. More gamma H2AFX foci were induced in mouse oo-
cytes than inmonkey oocytes at both 0 and 3 h post treatment. Of
note, immediately after treatment, 71.4% (n = 28) mouse oocytes
but only 28.1% (n = 32) monkey oocytes contained more than
five RAD51 foci colocalized with gamma H2AFX. At 3 h post treat-
ment, 83.6%mouse oocytes (n = 61) versus 38.7% (n = 31)monkey
oocytes displayed RAD51 accumulation on damage sites. Foci in-
tensity quantification further confirmed more focal gamma
H2AFX and RAD51 in mouse oocytes than in monkey oocytes
(Fig. 5D). Moreover, immunoblotting analysis showed that
RAD51 protein expression was higher in mouse oocytes than in
monkey oocytes in either untreated or etoposide-treated condi-
tions (Fig. 5E,F). These results indicate that in response to similar
level of DSB treatment, monkey oocytes have a lower ability to
evoke efficient DNA damage signaling and HR-mediated DSB re-
pair than mouse oocytes.

Discussion

Several recent studies have reported on the gene expression dy-
namics of human preimplantation embryos by microarray or sin-
gle blastomere RNA sequencing (Vassena et al. 2011; Xue et al.
2013; Yan et al. 2013; Petropoulos et al. 2016). But no effort has
been made to dissect the genome-wide RNA expression profiling
and molecular characteristics of preimplantation embryos of
rhesus monkey, the most suitable nonhuman primate animal
model. In the present study, all representative stages of oocytes
and preimplantation embryos, including GV oocyte through to
blastocyst, were investigated by individual- and pooled-oocyte/
embryo RNA sequencing. For the first time, we report the ge-
nome-wide gene expression dynamics in rhesus monkey oocytes
and preimplantation embryos and evaluate the feasibility of utiliz-
ing the rhesus monkey in studying early human embryonic devel-
opment. We also explore the gene expression features of MZT.
Moreover, we provide a list of maternal as well as zygotic genes,
and the classification of these genes helps to narrow down the
stages where they might function.

The comparison of human, rhesus monkey, and mouse em-
bryos reveals similarities and differences between primate and
rodent. Fundamental biological processes of embryo development
prior to and post ZGA are preserved among the species. For in-
stance, regulation of protein localization and transport, cell
cycle, mitosis, and cytoskeleton organization is prominent in
developmental stages prior to ZGA,whereas regulation of RNApro-
cessing/splicing, translation, mitochondria, and energy metabo-
lism is predominant in the stages post ZGA. We looked carefully
at the differences between primate and rodent and emphasize
that oocytes and early embryos of primate and rodent possess dif-
ferent DNA damage response and repair abilities. DDR is an evolu-
tionary conserved mechanism to preserve genome stability and
ensure the success of organism development. Maintaining the ge-
nome integrity is of particular significance to oocytes and early
embryos. DNA strand break, especially DSB, is lethal to cells and
must be repaired immediately and properly. DSB can be repaired

by the NHEJ or HR pathway. The NHEJ pathway is error-prone
and cell cycle independent, whereas the HR pathway has high fi-
delity but is restricted to the S and G2 phases (Rai et al. 2007;
Jackson and Bartek 2009). In this study, our results show that HR
repair of DSB in oocytes and early embryos is more efficient in
mouse than in primates. First, NP network analysis identifies
more maternal hub genes involved in DNA damage response and
repair in the mouse than in primates. Second, genes participating
in DNA damage signaling, cell cycle checkpoint, and HR-mediated
DNA DSB repair display a differential expression pattern between
primates and mouse. Specifically, core components of the HR re-
pair pathway exhibit a zygotic expression pattern in the monkey
and human but are equally expressed in all stages of oocytes and
preimplantation embryos in mouse. Third, a similar level of DSB
damage elicits lower levels of gamma H2AFX production in mon-
key GV oocytes than in mouse GV oocytes. Consistently, a lower
levels of RAD51 is expressed and recruited to DSB sites in monkey
oocytes than in mouse oocytes. Overall the evidence suggests that
monkey GV oocytes have a reduced ability to conduct DDR and
HR-directed repair. The HR pathway is the primary mode of DNA
DSB repair in oocytes (Sung and Klein 2006). Accumulating evi-
dence supports a causal relationship between the decrease in the
HR-mediated DNA DSB repair and the decline of oocyte quantity
and quality in mouse and human (Perry et al. 2013; Titus et al.
2013; Day et al. 2015). Therefore, HR-based DNA DSB repair in
oocytes and early embryos plays a key role in regulating female
reproductive performance. DNA DSB are often associated with
chromosome instability (Roukos andMisteli 2014). Our study pro-
vides an explanation for the higher rates of embryo chromosome
instability and wastage in primates than in any other species
ever studied (Dupont et al. 2009; Vanneste et al. 2009). In addition,
this finding implies that the efficiency of precise gene editing by
HR-based gene replacement in monkey is intrinsically lower
than that in mouse. Thus, increasing HR efficiency (e.g., by forced
expression of recombinase RAD51) in one-cell embryos may help
to improve the efficiency of precise gene editing in monkey.

Methods

Animals

Young adult rhesus monkeys (7 to 14 yr old) with a successful re-
productive history were used in this study. All experimental proce-
dures and animal care were performed according to the protocols
approved by the ethics committee of the Kunming Institute of
Zoology, Chinese Academy of Sciences.

Identification of DEGs

In the individual-embryo samples, DEGs were identified by the
package DESeq2 (Love et al. 2014). For the pooled-embryo se-
quencing, DEGs were identified by GFOLD (Feng et al. 2012).
Details of parameters and cutoffs used in the present study are in-
cluded in the Supplemental Methods.

Enrichment of TF motifs

We used HOMER (Heinz et al. 2010) to identify TFs whose motifs
are enriched in each cluster using the following criteria: P-values
<0.01 based on hypergeometric distribution, and offset from tran-
scription start site is −1000 to 500. Motif length is set to six, eight,
10, or 12.
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NP network analysis

The NP networks were constructed according to the method de-
scribed previously (Xia et al. 2006; Xue et al. 2007; Huang et al.
2015). To extract the NP network from the HPRD database, we first
calculated the PCC of each pair of PPIs based on gene expression
level. PCC > 0.8 or PCC <−0.8 is used as positive or negative corre-
lation cutoff, based on permutation (P-value <0.05). To extract
feedback loops within this NP network, we explored all the
three-node loops traversing the maternal-zygotic interface by re-
quiring at least one negative edge within the loop.

Comparison of gene expression among three species

Comparison among the three species was conducted according
to the methods previously described (Tirosh et al. 2007) with
the procedures illustrated in Figure 1E. Details are included in
Supplemental Methods.

Other methods

Details of the methods on sample collection, low input cDNA
amplification, RNA sequencing, read mapping and gene quantifi-
cation, BICSKmeans clustering, quantitative RT-PCR, etoposide
treatment of GV oocytes, immunofluorescence staining, and im-
munoblotting are included in Supplemental Methods.

Data access

RNA-seq data from this study have been submitted to the NCBI
Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE86938. Source codes, including
normalization, DEG analysis, cross-species comparison, and NP-
network analysis, are available at Supplemental_Source codes file.
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