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Abstract

Early mammalian embryonic transcriptomes are dynamic throughout the process of preimplanta-
tion development. Cataloging of primate transcriptomics during early development has been ac-
complished in humans, but global characterization of transcripts is lacking in the rhesus macaque:
a key model for human reproductive processes. We report here the systematic classification of
individual macaque transcriptomes using RNA-Seq technology from the germinal vesicle stage
oocyte through the blastocyst stage embryo. Major differences in gene expression were found be-
tween sequential stages, with the 4- to 8-cell stages showing the highest level of differential gene
expression. Analysis of putative transcription factor binding sites also revealed a striking increase
in key regulatory factors in 8-cell embryos, indicating a strong likelihood of embryonic genome ac-
tivation occurring at this stage. Furthermore, clustering analyses of gene co-expression throughout
this period resulted in distinct groups of transcripts significantly associated to the different embryo
stages assayed. The sequence data provided here along with characterizations of major regula-
tory transcript groups present a comprehensive atlas of polyadenylated transcripts that serves as
a useful resource for comparative studies of preimplantation development in humans and other
species.

Summary Sentence

The embryonic genome is activated at the 8-cell stage in the rhesus macaque.

Key words: Rhesus, embryo, transcriptome, EGA, oocytes.

Introduction

The transcriptomic profile of the mammalian oocyte and developing
embryo is subject to complex changes throughout the entire period
of preimplantation development. Molecular shifts are the signatures
of crucial biological milestones (e.g. oocyte maturation [1], maternal
to zygotic transition of transcription [2], embryonic genome activa-

tion [3], and differentiation of cellular lineages [4–6]) that must be
achieved to ensure the developmental competence of the oocyte and
subsequent embryo. At worst, failure to coordinate these events can
lead to embryonic mortality [7,8], compromise the viability of an
embryo for transfer or cryopreservation, and affect various aspects
of the resultant offspring’s health well throughout the duration of
its life [9,10].

C© The Authors 2017. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com

353

http://www.oxfordjournals.org
mailto:pross@ucdavis.edu
mailto:journals.permissions@oup.com


354 J. L. Chitwood et al., 2017, Vol. 97, No. 3

Figure 1. Global transcriptome analysis segregates individual embryos to their respective stages. (A) Clustering of samples by global transcript levels following
PCA. Circles and arrows indicate clustering of samples within broad stages of preimplantation development: oocyte, pre-EGA embryo, and post-EGA embryo.
The post-EGA embryos divided into two groups: the 8-cell samples and the morula/blastocyst samples. (B) Hierarchical clustering of sample relatedness based
on global transcript levels. Distances of clustering reflect those seen in the PCA graph, with the oocyte stages indicated in purple, the pre-EGA embryo stages
in blue, and the post-EGA stages in green.

The onset of significant embryonic de novo gene transcription,
known as embryonic genome activation (EGA), is of particular inter-
est during early development. Embryonic survival involves usage of
maternally-derived proteins and transcripts [11], while the genome
of the embryo itself remains transcriptionally quiescent until a spe-
cific developmental time point that varies between species. In mice,
EGA occurs at the 2-cell (2C) stage [12]: earlier within the preim-
plantation period when compared to bovine (8–16 cell stage [13]),
humans (4–8 cell stage [14]), and macaques (6–8 cell stage [3]). The
initiation of EGA is most obviously manifested through large-scale
increased abundance of transcripts; however, degradation of ma-
ternal transcripts and protein as well as remodeling of chromatin
conformation also occur, underscoring changes in the epigenetic sta-
tus of the embryonic genome at this time point [15]. Errors in the
regulation of these biological phenomena can result in embryonic
loss. Therefore, understanding the biology regulating the onset of an
organism’s transcriptional program is of enormous importance; yet,
the mechanisms that promulgate and sustain EGA in mammals have
yet to be completely deciphered.

Towards the goal of improving our understanding of early mam-
malian development, our objective was to characterize the transcrip-
tomes of individual rhesus macaque embryos by sequencing global
transcripts (RNA-Seq) obtained from sequential stages of preim-
plantation development. The macaque is a long-standing model for
human reproductive biology [16], and there is a current dearth of
global-scale characterization of early development in this species.
Furthermore, the expense and difficulty inherent to working with
non-human primates makes the data described in this paper a valu-
able addition to the understanding of early development in pri-
mates, and presents a useful supplement to studies conducted with
human samples.

We report here an analysis of comprehensive transcriptome data
for rhesus macaque embryos for each distinct stage of preimplan-
tation development spanning from the germinal vesicle (GV) to the
blastocyst (BL). Our data indicate a large increase in gene transcript
levels beginning at the 8-cell (8C) stage, indicating major EGA at this
time point. Increases in alignment of reads to intronic sequence at
this time point further support this conclusion. Additionally, putative
key transcription factors also increased in abundance at the 8C stage,
indicating a global shift in the regulatory landscape. Finally, cluster-
ing analyses of the data identified distinct groups of co-expressing
genes with key significance to early developmental processes.

Materials and methods

Reagents/chemicals
All chemicals were obtained from Sigma-Aldrich Company (St.
Louis, MO) unless otherwise stated.

Superovulation, oocyte collection, and fertilization
Animals were housed at the California National Primate Research
Center and maintained according to Institutional Animal Care and
Use Committee protocols at the University of California. Meth-
ods for harvesting of oocytes from superovulated donors, semen
collection, and subsequent intracytoplasmic sperm injection (ICSI)
have been detailed previously [17–19]. Briefly, rhesus females were
superovulated with recombinant human follicle-stimulating hor-
mone (FSH) (30 IU i.m. twice daily, Follistim, Merck) and Acycline
(60 μg/kg/day s.c.) for 8 days starting on days 1–4 of menses. Re-
combinant human Luteinizing hormone (LH) (30 IU s.c. twice daily)
was injected during the last 3 days of the 8-day interval. Oocytes
were collected by follicular aspiration of ovaries recovered following
euthanasia, 35 h after human chorionic gonadotropin (hCG) treat-
ment (1300 IU i.m., Ovidrel, EMD Serono). Sperm used for ICSI
were collected from semen by electroejaculation that was washed
and suspended in HEPES-Biggers, Whitten, and Whittingham me-
dia. Embryos were produced by ICSI of meiosis II (MII) oocytes
[20–22] with visibly motile sperm and cultured in 25 μL drops of
HECM-9 [23] under oil and cultured at 37◦C in 6% CO2, 5% O2,
and 89% N2.

Oocyte and embryo processing for complementary
DNA synthesis
Individual oocytes and embryos were collected at different develop-
mental stages and frozen until use. GV, MI, and MII oocytes were
classified according to the presence or absence of a polar body. ICSI-
derived embryos were collected at different developmental stages
(2-cell, 4-cell, 8-cell, morula, and blastocyst) based on morphologi-
cal appearance and frozen in a minimal volume of HECM-9 at –80◦C
until further processing. The Clontech SMARTer Ultra Low Input
RNA Kit for Illumina Sequencing (Clontech, Mountain View, CA)
was used for complementary DNA (cDNA) synthesis (oligo dT prim-
ing). Fifteen cycles of PCR amplification were done for most sam-
ples, except for blastocysts (12 and 13 cycles) and samples requiring
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Figure 2. DEGs between sequential developmental stages. (A) The number of DEGs between each developmental stage (adjusted P-value < 0.05) was found
using DESeq2. The top and bottom cell from each comparison indicate number of up- and downregulated genes, respectively (fold change >2 or <0.5). Color
gradation indicates lower (green) or higher (red) number of genes. (B) Transcript abundance in each sample of genes differentially expressed between the 4-cell
and 8-cell stages (adjusted P-value < 0.05 and fold change >8 or <0.125).

re-amplification to obtain sufficient quantities of cDNA pronuclear
(PN 2, 2C’s 1 and 3, 8C’s 1 and 3, and MO 2). Re-amplification cycle
number varied between 4 and 9 cycles. One microliter of cDNA (of
12 μL total following purification) was used to verify appropriate
size, quantity, and lack of overamplification (based on Clontech’s
protocol) of the product with a High Sensitivity DNA Bioanalyzer
chip (Agilent Technologies, Santa Clara, CA).

RNA sequencing library preparation from Clontech
complementary DNA
Amplified cDNA was diluted by adding 49 μL of Illumina TruSeq
DNA kit Resuspension Buffer to 11 μL of cDNA. Samples were
sonicated with an S2 Sonicator (Covaris Inc., Woburn, MA)
using parameters provided in the Clontech protocol. Sonicated
cDNA was used as input for an Illumina TruSeq DNA library

preparation kit (Illumina, San Diego, CA) following the gel-free
protocol. The low amount of input to the TruSeq kit necessitated
dilution of adapters depending on the amount of cDNA input
used (between 1:4 and 1:50). Adapter-ligated products were am-
plified for 15 PCR cycles. Library size and concentration were as-
sessed using a 1K DNA chip and Experion Instrument (Bio-Rad,
Hercules, CA) and Qubit DNA HS assay (Invitrogen, Carlsbad,
CA). Libraries were sequenced as 100 bp single-end reads (50 bp
for MII and GV samples) with a Hi-Seq 2000 apparatus at the
Vincent J. Coates Genomics Sequencing Laboratory (University of
California, Berkeley).

Read mapping and analysis of differential expression
All read processing and mapping was performed using the CLC
Genomics Workbench 6.0.2 (Qiagen, Valencia, CA). Reads were
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Figure 3. Proportion of reads aligning to different gene regions during early development. Different types of unique read alignment as a proportion of all uniquely
aligned reads at specific stages. An increase in the proportion of intron aligned reads (both intron and intron-exon) at the 8-cell stage suggests an increase
transcriptional activity as compared to other stages.

Table 1. Gene ontology enrichment for genes not differentially expressed from PN to BL (padj > 0.05) and with significant differences in
intron alignment between 4C and 8C samples (P < 0.01).

GO term Gene count P-value

Biological process Steroid hormone receptor signaling pathway (transcription factors) 12 3.70E-06
Protein localization 33 1.10E-04
Cell cycle 48 1.10E-04
Regulation of pigmentation during development 5 3.80E-04
Positive regulation of macromolecule metabolic process 47 1.70E-03
Response to DNA damage stimulus 24 5.00E-03
Cellular macromolecule catabolic process 39 6.40E-03
Regulation of transcription 106 6.70E-03
Vesicle docking 5 1.10E-02
Posttranscriptional regulation of gene expression 15 1.40E-02

Molecular function DNA binding 190 9.80E-07
Steroid hormone receptor binding (transcription factors) 10 6.90E-06
Transition metal ion binding 127 4.30E-03
DNA-dependent ATPase activity 8 4.60E-03
Microtubule binding 8 1.60E-02
Protein serine/threonine kinase activity 4 2.10E-02

Cellular component Intracellular organelle lumen (nucleoplasm) 93 9.40E-06
Spliceosome 12 4.80E-03
Intracellular nonmembrane-bounded organelle (cytoskeleton) 108 9.50E-03
Cytoplasmic membrane-bounded vesicle 30 1.10E-02
Mitochondrion 49 2.90E-02
Eukaryotic translation initiation factor 4F complex 3 3.40E-02

processed based on quality (quality limit = 0.05) and GC con-
tent at the beginning of the read (10 bp cut from 5’ end) us-
ing tools previously described [24]. Mapping was done to the
reference sequences for Macaca mulatta obtained from Ensembl
and annotated with a .gtf file provided as part of RhesusBase
[25]. A gene was considered expressed if the reads per kilobase
of transcript model per million mapped reads was >0.4. Differ-
ential gene expression between sample groups was analyzed us-
ing the DESeq2 package in R [26] using total exon counts for
each gene. Genes were considered differentially expressed if the
fold change between stages was >2 or <0.5 and had an adjusted
P-value (adjp) <0.05. In addition, DESeq2 was used for hierarchi-
cal clustering of samples based on all expressed genes and principal
component analysis.

Network and cluster analyses
The self-organizing tree algorithm (SOTA) [27] function from the
clValid package in R was used to identify clusters of co-expressed
genes across developmental stages (from PN to BL). The number of
clusters generated was set at 16.

Groups of genes were identified as belonging to co-expression
clusters, and network analysis was performed using the weighted
gene co-expression network analysis (WGCNA) package [28] in R.
Variance-stabilized expression values for all annotated genes from
DESeq2 were used as input for block formation and module de-
tection. A single block was used for module detection. The soft
threshold for the correlation matrix of co-expression was 12, and
a correlation cutoff of 0.7 was used for merging highly correlated
modules. Modules were assigned to developmental stages based on
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Figure 4. Clustering of genes by sequential stages of development. Genes expressed from PN to BL were analyzed for co-expression using the SOTA clustering
(x-axis labels: 1 = PN, 2 = 2C, 3 = 4C, 4 = 8C, 5 = MO, 6 = BL). Clusters were assigned an expression profile based on fluctuations between stages: decreasing
after 8C (5 clusters; red), 8C elevated (1 cluster; orange), EGA (3 clusters; green), MO and BL elevated (1 cluster; cyan), MO elevated (3 clusters; navy), decreasing
post-EGA (1 cluster; purple), and neutral (2 clusters; grey).

high correlation and statistically significant P-values to specific sam-
ple groups. Hub genes within modules were identified using a cutoff
value of kME > 0.95 for module membership. Connectivity between
genes within a module was visualized using VisANT [29].

Gene ontology (GO) enrichment of modules and clusters was
performed using the Functional Annotation tool from the DAVID
Bioinformatics Database [30,31]. Enrichment clusters were deemed
significant for P < 0.05. Enrichment for GO terms was performed
with medium stringency settings.

Identification of key regulatory factors
For each pair of consecutive stages, promoters of upregulated dif-
ferentially expressed genes (DEGs) were evaluated for presence or
absence of transcription factor binding site (TFBS) for each TF fam-
ily. To determine if a given TFBS is over-represented in a particu-
lar set of DEG promoters as compared to promoters of all genes,
we applied the hypergeometric distribution as a model. Thus, P-
values were generated for each TFBS (corresponding to a TF fam-
ily) in each pairwise comparison, and then adjusted for multiple
testing using the Benjamini-Hochberg correction. Only TF fam-
ilies with an adjusted P-value < 0.05 that appeared more fre-
quently in DEG promoters than all promoters were considered sig-
nificantly over-represented. Genes encoding TFs that belonged to
over-represented TF families were then examined to determine if

they were also upregulated DEGs, which classified them as putative
key regulatory factors (Figure 4A). Gene ontology and Swiss-Prot
Protein Information Resource (SP-PIR) term enrichment were per-
formed using the Functional Annotation tool from the DAVID
Bioinformatics Database [30,31], using medium stringency settings.
Generated P-values were corrected using the Benjamini-Hochberg
correction and terms were deemed significant if the adj-P < 0.05
and gene count >30.

Results

Sequencing and sample mapping statistics
Individual rhesus macaque oocytes and embryos were prepared for
RNA-Seq using oligo(dT)-based cDNA synthesis and amplification
prior to sequencing library construction. Sequencing of 21 samples
from nine distinct developmental stages yielded a total of 508 mil-
lion reads, with an average of 23 million reads per sample. All raw
sequencing data are available through the Gene Expression Omnibus
(GEO) under accession number (GSE103313). Of 53,788 genes in
the annotation, 14,527 (27% of the total in the reference) were ex-
pressed in all replicates of at least one developmental stage, with
an average of 11,101 genes expressed per developmental stage. Of
the embryonic samples, the 8C stage showed the highest number of
expressed genes (n = 12,600).
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Figure 5. Clusters of genes with similar co-expression throughout multiple developmental stages were identified using WGCNA. (A) Nineteen unique co-
expression groups, shown in clustering dendrogram, were each assigned a unique module color. (B) Correlation and statistical significance is shown for each
co-expression group (y-axis) that was significantly correlated to a developmental stage (x-axis).

Oocytes (GV, MI, and MII) expressed an average of 11,385
genes, with 7613 genes expressed in all three stages and maintained
in cleavage stage embryos. These transcripts likely correspond to ma-
ternal transcripts that are necessary to sustain development up until
EGA. Most transcripts expressed uniquely during embryonic stages
(PN to BL in at least one sample per group, n = 2823) started expres-
sion at the 8C stage (42%), while 39% began expression at morula
(MO) or BL stage, and 18% started expression between the PN and
4-cell (4C) stages. These data indicate that the most significant in-
crease in diversity of gene expression begins at the 8C stage and
continues through to the BL stage, while the pre-EGA transcriptome
is approximately half as diverse.

Relation of stage-specific transcriptome profile to
developmental phases
Principal component analysis (PCA) of global transcript levels segre-
gated different developmental stages into unique clusters (Figure 1A).
The three stages representing oocytes (GV, MI, MII) formed one dis-
tinct cluster while pre-EGA embryos (PN, 2C, 4C) formed another.
These two clusters were more proximal to each other than the later
stage embryos, forming two subclusters of a larger pre-EGA group.
Embryos at the 8C stage formed a unique cluster, demonstrating
the unique transcriptional environment of what is most likely major
EGA. Morula and blastocyst samples formed a fourth cluster that
was closer to the 8C embryos than any others, but which was con-
siderably less tightly grouped together, suggesting that post-EGA
transcriptomes may exhibit greater variation than other stages of

preimplantation development. Unsupervised hierarchical clustering
of expression profiles supported the PCA and revealed clusters with
similar relationships to one another (Figure 1B).

Differential gene expression indicates major
embryonic genome activation at the 8-cell stage
DEGs were identified through all possible pairwise comparisons be-
tween the sample groups (Figure 2A). The incidence of DEG was
most prominent between 4C and 8C embryos, with 3063 genes
upregulated and 2635 downregulated (Figure 2B), suggesting that
EGA in the macaque is at the 8C stage. Significant up- and down-
regulation of transcript levels were also observed when comparing
maturing oocytes and zygotes, specifically the MI-MII and MII-PN
transitions, which likely reflects changes in the transcriptome result-
ing from oocyte maturation and fertilization. Because the oocyte is
mostly transcriptionally quiescent prior to major EGA, the changes
in gene expression observed during these stages likely reflect post-
transcriptional regulation of transcript polyadenylation and selective
degradation of maternal transcripts [32,33].

Comparisons across nonsequential stages identified large shifts
in the transcriptome from maternal to embryonic stage, with large
number of DE genes between MII-stage oocytes to 8C, MO, and
BL stage embryos (8965, 9635, and 9100 DEG, respectively). Also,
many genes showed up- and downregulation between MII samples
and PN, 2C, and 4C embryos (average of 2073 upregulated and
1614 downregulated genes). This activity could correspond to mi-
nor EGA as reported in mice [34] and cattle [35], but ascertaining
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Figure 6. Gene network visualization of a morula-specific gene expression module. VisANT was used to graph the cluster of genes most highly correlated with
the morula stage (Morula 1, P = 5e-06, R = 0.91). The 30 genes with the highest connectivity within the network (kME) are charted, and hub genes within the
network (kME > 0.95) are highlighted with yellow dots.

if these changes are related to onset of a possible minor EGA is
confounded by post-transcriptional regulation of poly(A) tails and
the use of a poly(A) amplification method in the workflow that pre-
cludes assessing whether genes are being regulated at the expression
or post-transcriptional level. Furthermore, use of oligo-dT priming in
these experiments means that any maternal RNA in a de-adenylated
state, or transcripts with poly(A) tails of limited length, would not
be captured in the transcriptome profile.

The proportion of transcribed intronic sequences
increases at the 8-cell stage
Transcription of genes initially includes intronic sequences that are
spliced from the mature transcript during processing. Increases in
alignment of transcript reads to introns could indicate higher lev-
els of transcription [36] between developmental stages due to the
increased presence of de novo transcripts yet to undergo splicing.
The proportion of reads aligning uniquely to intronic sequence in-
creased significantly between the 4C and 8C stages, indicating a
probable spike in transcriptional activity coinciding with major EGA

(Figure 3). Transcripts with higher intron content at the 8C stage
were enriched for biological processes related to transcription and
post-transcriptional regulation, DNA binding, and spliceosome and
eukaryotic translation initiation factor 4 (EIF4) (Table 1). Together,
these enrichment terms strongly indicate that the onset of regulatory
programs facilitating large-scale transcription occurs at the 8C stage.

Genes form co-expression clusters specific to
developmental stage and process
Transcript expression levels were analyzed for co-expression
throughout early development using two forms of clustering anal-
ysis. A SOTA was used to identify clusters based on similarity of
changes in gene expression from PN to BL (Figure 4). Each clus-
ter was assigned to a broad developmental phase depending on the
stage-specific pattern of expression shown: 8C elevated (1 cluster,
643 genes), 8C, MO, and BL elevated, or “EGA” (3 clusters, 1364
genes), MO and BL elevated (1 cluster, 252 genes), MO-elevated
(3 clusters, 1095 genes), decreasing at 8C (5 clusters, 2053 genes),
and decreasing post-EGA (1 cluster, 274 genes).
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Figure 7. The majority of key TFs identified were associated with the 8-cell stage. (A) An increased abundance of regulatory factors was observed at EGA (4C-8C
and 8C-MO transitions); many of these TFs have been implicated in early embryonic development and EGA. (B) Normalized expression of upregulated DEGs
(4C-8C and 8C-MO pairwise comparisons; padj < 0.05 and FC > 8) containing the TFBS of key regulatory factors within their promoters. (C) Key regulatory
factors of macaque EGA are shown in the context of the regulatory network established for human embryonic stem cells (Homo Sapiens v1.2 cell type hESCT0).
Interactome includes interactions between key TFs (blue) and targets (green if regulated by multiple key TFs; grey if regulated by one). Network was generated
at www.regulatorynetworks.org [62,63].

A cluster of genes with increased expression only at the 8C stage
had enrichment for embryonic development and RNA binding on-
tology terms. The three clusters showing increased expression at the
8C, MO, and BL stages were enriched for DNA-dependent transcrip-
tion, translation, and ribonucleoprotein complex related GO terms.
MO and BL gene clusters showing increased expression in either one
or both stages were enriched for nucleotide processing (RNA pro-
cessing, ncRNA processing, nucleotide binding, mRNA binding),
translation and protein metabolism (translation and translational
elongation, ribonucleoprotein complex biogenesis, cellular protein
metabolic processes, translation initiation factor activity), and energy
metabolism (regulation of cellular protein metabolic process, ATPase
activity, respiratory electron chain transport chain). Together, genes
belonging to 8C-elevated and “EGA” clusters strongly relate to an
increase in transcription and metabolism associated with EGA and
the formation of the morula and blastocyst. Clusters exhibiting pro-
nounced decreases in transcript levels starting at the 8C stage (5 of 16
clusters) cumulatively accounted for the majority of genes included
in this analysis. These clusters were functionally enriched primarily

for gross cellular functions (maintenance of location in cell, pro-
tein localization) and regulation of cell growth. These results suggest
a drastic shift in the developing transcriptome as embryonic genes
begin expression and maternal transcripts undergo degradation.

WGCNA [28,37] was performed to further understand gene re-
lationships and identify potential regulators of major co-expression
clusters. A total of 19 expression clusters were identified (Figure
5A), with 13 showing a statistically significant correlation to a single
developmental stage between the PN and BL (Figure 5B). The num-
ber of genes within clusters varied widely, between 34 and 10,579.
The cluster correlated most highly with the ML stage (Morula 1)
contains 815 genes (average number per cluster is 1369). The gene
POU5F1 (also known as OCT4) was one of 16 hub genes for this
cluster, demonstrating the presence and importance of this well-
known regulator of development and lineage specification at the
ML stage (Figure 6). Expression of CDX2 was closely tied to this
cluster as well. Another gene associated with lineage differentiation
and maintenance of pluripotency (SOX2) was a hub gene within a
cluster specific to the blastocyst (Blastocyst 2). In that same cluster,

http://www.regulatorynetworks.org
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FGF4 was found to be a hub gene as well. Transcripts for KLF4,
LIN28, and SALL4 were found in a cluster correlated to morulae
and strongly associated with blastocysts (Morula 3). Importantly,
Polymerase II A (POLR2A) was also found in Morula 3, suggest-
ing that this gene is most strongly correlated to genes expressed
post-EGA.

The proportion of key embryonic genome activation
regulatory factors increases at 8-cell stage
Considering that clustering analyses depend almost singularly on
gene co-expression to determine “hub” genes, we sought to identify
key regulatory factors for transitions between developmental states
using the TFBS method [38], which involves promoter analysis of
DEG for TFBS of known transcription factors. Using the MatIn-
spector tool (available at genomatix.de), we obtained a list of 70,740
macaque promoters, belonging to 16,264 genes sequences ortholo-
gously conserved between the macaque and human genomes. We
also obtained a list of TFBS, corresponding to 165 known macaque
transcription factor families found within these promoters. Of these,
675,059 high confidence TFBS with core and matrix similarities of
1, corresponding to 100% confidence, were selected for analysis.
Transcription factor families with enriched TFBS in promoters of
multiple upregulated DEG were identified as key regulatory factors
for the given comparison of developmental stages. No key regulatory
factors were identified for the MII-PN, PN-2C, or 2C-4C compar-
isons, suggesting that increases in transcript abundance at these early
stages may not be accomplished by canonical transcriptional regula-
tion. The lack of key factors in these stages is also expected due to the
fact that pre-EGA eggs and embryos are transcriptionally quiescent.
Two transcription factors were identified for the 4C-8C comparison
(FOXJ3 and FOXM1), 11 for the 8C-MO comparison (ATF1, DP1,
E2F4, FOXK2, FOXO1, HLTF, JARID2, MSX2, RREB1, SPI-C,
and VBP1), and 1 for the MO-BL comparison (SMAD3) (Figure 7A),
indicating their potential role in regulating transcriptional programs
at these stages. Putative targets of the key regulatory factors identi-
fied for the 4C-8C and 8C-MO transitions (Figure 7C) were func-
tionally enriched for terms related to epigenetic regulation, such as
acetylation and transferases (Table 2).

Using a pre-established human embryonic stem cell (ESC) reg-
ulatory network, possible interactions between transcription fac-
tors identified at the 8C stage were analyzed (Figure 7B), revealing
strong interconnectivity—particularly between ATF1, DP1, E2F4,
FOXM1, and FOXO1.

Discussion

Comprehensive cataloging and characterization of the early mam-
malian transcriptome help elucidate some of the crucial biological
processes that take place during this critical developmental period.
Other studies have successfully addressed this question in humans
and mice using next generation sequencing technology [39,40], but
until now the only characterization of macaque oocyte and early
embryo transcriptomes has been conducted with smaller-scale and
pathway-oriented RT-PCR [41] or quantitative assay by dot blot-
ting [42–44]. The global perspective of the transcriptome given by
RNA-seq provides valuable insights into molecular mechanisms and
serves as a useful adjunct to pre-existing transcriptome databases for
the rhesus macaque that do not include NGS sequence from early
embryonic tissues [25].

Table 2. Gene ontology and SP-PIR term enrichment for differen-
tially upregulated genes (4C-8C and 8C-MO) with putative TFBS of
key regulatory factors in their promoters.

Term Gene Adjusted P-value
count

Gene ontology Mitochondrion 97 4.10E-10
Mitochondrial part 61 4.10E-08
Membrane-enclosed lumen 130 2.10E-07
Organelle lumen 125 1.30E-06
Intracellular organelle lumen 121 3.40E-06
Nucleolus 56 3.10E-04
Ribonucleoprotein complex 45 3.40E-04
Mitochondrial envelope 38 6.60E-04
Envelope 50 7.10E-04
Organelle envelope 50 7.40E-04
RNA binding 54 2.50E-03
Nuclear lumen 90 3.80E-03
Mitochondrial membrane 34 4.10E-03
Translation 35 6.70E-03
Organelle membrane 68 2.50E-02

SP-PIR Mitochondrion 72 2.00E-07
Transit peptide 41 4.20E-04
Acetylation 148 4.40E-04
Transferase 87 1.10E-03
RNA binding 42 2.50E-03
Nucleus 205 2.70E-02
Transport 91 3.50E-02

Defining the time of EGA in the macaque has largely been ac-
complished by examining the onset of nucleolar transcription [3,45],
which places macaque EGA at the 6–8 cell stage, agreeing closely
with the 4–8 cell stage timing reported in humans [14]. Although
it is important to note that earlier studies examining nucleogenesis
and uridine incorporation indicated that human and bovine EGA
occurs at the 8–16 cell stages [46,47], EGA can be characterized in
any number of ways at different time points. We define EGA as the
onset of transcription from a large number of genes at high levels.

The use of oligo(dT) amplification of cDNA for library prepa-
ration in this study should be taken into consideration as it mostly
encompasses mature transcripts. Many other RNA species with reg-
ulatory roles such as miRNA [48,49] would be unaccounted for
with our sequencing methodology. Also, due to the unfeasibility of
acquiring in vivo embryos for this study, in vitro maturation (IVM)
oocytes and in vitro fertilization (IVF) embryos were used. It is well
established that in vitro culture methods can have influences on gene
expression that could result in over-representation of certain molec-
ular pathways (e.g. stress response) and the culture methodology
should be considered when examining this data. Those considera-
tions notwithstanding, our data reflect the timing of EGA in the
macaque through several findings: (1) a significant increase in the
number of differentially expressed genes (both up- and downregu-
lated) between the 4C and 8C stages; (2) an increased proportion
of intron alignment beginning at the 8C stage, indicating global
increases in pre-spliced mRNA; (3) an increase in the number of ex-
pressed key regulatory factors at the 8C stage; and (4) transcription
GO enrichment within gene clusters associated with the 8C stage.

The significant correlation of three gene co-expression modules
to the 8C stage revealed the presence of many biological processes
and molecular functions that can be attributed to large-scale tran-
scription. Indeed, the two most significant terms enriched in the “8-
cell_3” module were for transcription regulation and transcription
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associated with zinc ions. Following that, GO terms relating to em-
bryonic development were enriched in the morula- and blastocyst-
specific expression module (“Morula 3”) and in utero embryonic
development was enriched in “Morula 2.” In a blastocyst-specific
module (“Blastocyst 2”), enriched GO terms included differentia-
tion events, such as tube development and appendage morphogen-
esis. The overall processes depicted by the cluster genes and en-
richment terms indicate the onset of EGA and beginning of lineage
differentiation as the morula and blastocyst form.

The majority of key regulatory factors that were identified using
the TFBS method are associated with the 8C stage, further indicating
that EGA occurs at this stage of development in the macaque. The
key TFs associated with the 8C stage are highly interconnected within
the regulatory network established for human ESC. The interactions
between DP1 and E2F4 are particularly striking. DP1 regulates the
cell cycle through dimerization with E2F family members and trans-
activation of E2F target genes required for DNA replication [50,51].
Within the E2F family, E2F4 is a master regulator of histone genes
and likely plays a role in histone biogenesis [52]. In addition, since
many E2F-bound regions in vivo do not contain a binding motif
[53], it is possible that E2F4, and other E2F family members, may
play an even greater role in EGA than we were able to detect.

The other highly connected nodes of this regulatory network—
ATF1, FOXM1, and FOXO1—have all been strongly associated
with the pluripotent state in other mammals. ATF1 has been identi-
fied as a key regulator of EGA in the mouse [54], and FOXO1 has
been shown to activate transcription of SOX2 and OCT4 in vivo
[55]. Overexpression of FOXM1 in human fibroblasts stimulates
expression of SOX2, NANOG, and OCT4 [56], while knockdown
of FoxM1 in murine ESC decreases expression of Nanog, Oct4,
Utf1, and Esrrb [57]. Altogether, the components of this network
indicate functions related to cell cycle regulation, DNA replication,
proliferation, and expression of canonical pluripotency factors.

The roles of FOXJ3, HLTF, and SPI-C in this network remain
more unclear, and may indicate a degree of divergence between the
regulatory programs governing EGA in the macaque as compared
to humans. In the mouse, Spi-C regulates histone modifications such
as H3K9me2 [58], and has been linked to expression of eIF-1a and
Oct4 in zygotes [59]. FoxJ3 appears necessary for proliferation, and
may regulate an uncharacterized group of zinc finger proteins [60].

Generally, key TFs associated with the 8C stage are enriched for
functions relevant to EGA (cell cycle regulation, DNA replication,
proliferation, and expression of canonical pluripotency factors such
as SOX2, OCT4, and NANOG), suggesting that these TFs may be
integral to macaque preimplantation development. Overall, these
data provide a useful preliminary regulatory network that may be
interrogated in the future to establish functional relationships, and
determine which of these key regulatory factors are crucial for suc-
cessful preimplantation development.

The data presented here constitute a useful atlas of spatiotempo-
ral gene expression throughout preimplantation development in the
macaque. Important trends that take place during the time points
analyzed (fertilization, EGA, morula and blastocyst development)
are captured and described through gene co-expression and network
interconnectivity. Additionally, these data will serve as a valuable
comparison to molecular characterizations of human developmental
stages, given the vast array of studies previously conducted regard-
ing macaque embryology and reproductive physiology as models of
human reproduction [16]. In particular, these data may be applied to
studies of evolutionary divergence [61] at a biological time where the
most basal differences between species emerge. Finally, the presence

of a number of uncharacterized hub genes within stage-specific ex-
pression modules presents an opportunity for discovery of additional
players in these processes, improving our canonical understanding
of early development and providing new targets for markers of de-
velopmental competence or new possibilities for improving assisted
reproductive technologies in humans and other species.
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