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Single-cell RN A-sequencing reveals the existence
of naive and primed pluripotency in pre-implantation
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Naive pluripotency exists in epiblast cells of mouse pre-implantation embryos. However, whether the naive pluripotency is
transient or nonexistent in primate embryos remains unclear. Using RNA-seq in single blastomeres from 16-cell embryos
through to hatched blastocysts of rhesus monkey, we constructed the lineage segregation roadmap in which the specif-
ication of trophectoderm, epiblast, and primitive endoderm is initiated simultaneously at the early blastocyst stage.
Importantly, we uncovered the existence of distinct pluripotent states in monkey pre-implantation embryos. At the early-
and middle-blastocyst stages, the epiblast cells have the transcriptome features of naive pluripotency, whereas they display a
continuum of primed pluripotency characteristics at the late and hatched blastocyst stages. Moreover, we identified poten-
tial regulators that might play roles in the transition from naive to primed pluripotency. Thus, our study suggests the tran-
sient existence of naive pluripotency in primates and proposes an ideal time window for derivation of primate embryonic

stem cells with naive pluripotency.
[Supplemental material is available for this article.]

The development of an organism begins with a fertilized one-cell
embryo. At early cleavage stage, the blastomere undergoes mitotic
division without cell fate segregation. In mouse, blastomeres ac-
quire apical-basal polarity and are located inside or outside of the
embryo following the eight-cell stage. The different location and
polarity properties of the cells provide them with cues toward
the first cell lineage segregation, in which the inside cells become
the inner cell mass (ICM) while the outside cells develop into
extra-embryonic trophectoderm (TE) (Stephenson et al. 2012).
Following the first cell lineage determination, the inner cell mass
continues to segregate into extra-embryonic primitive endoderm
(PrE) and pluripotent epiblast (EPI), and the latter develops into
the embryo proper (Schrode et al. 2013). While the regulation of
the two cell fate determination events has been extensively
explored in mouse, rudimentary knowledge has been obtained
in human or nonhuman primates. Several recent studies examined
the lineage specification of human pre-implantation embryos by
large-scale single-cell RNA-sequencing analysis and reported the
overall similarities as well as differences of lineage regulation be-
tween human and mouse (Xue et al. 2013; Nakamura et al. 2016;
Petropoulos et al. 2016). Despite these advances, large gaps remain
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in understanding the regulation of cell fate determination in early
embryogenesis of human and nonhuman primates.

Epiblasts at differential developmental stages exhibit distinct
pluripotent states, namely the naive and primed pluripotent states.
The two pluripotent states differ in many cellular and molecular as-
pects (Theunissen et al. 2016; Weinberger et al. 2016), including
the chimeric and differentiation potentials, specific markers, trans-
poson element expression profiles, X Chromosome activation in
female cells, the core pluripotency regulatory circuitry, and the epi-
genetic and metabolic states. In mouse, the in vivo naive and
primed pluripotent states exist in epiblast cells of pre-implantation
and early post-implantation embryos, respectively. The naive plu-
ripotent state can be stably captured in embryonic stem cells (ESCs)
derived from pre-implantation blastocysts, whereas the primed
pluripotent state is captured in epiblast stem cells (EpiSCs) derived
from post-implantation embryos (embryonic day 5.5) (Brons et al.
2007; Tesar et al. 2007). In contrast, the human and monkey ESCs
derived from pre-implantation embryos closely resemble mouse
EpiSCs and display the characteristics of primed pluripotency
(Rossant and Tam 2017). Although there are limited studies report-
ing the varying degree of success in generating human and monkey
naive pluripotent stem cells (PSCs) (Fang et al. 2014; Takashima
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et al. 2014; Theunissen et al. 2014; Ware et al. 2014; Chen et al.
2015; Guo et al. 2016b; Pastor et al. 2016), the experiences of
stem cell derivation and differentiation in human and monkey sug-
gested that the pluripotency dynamics in primates may be different
from that in mice (Rossant and Tam 2017). Thus, it is essential to
understand the pluripotency dynamics in primates.

Rhesus monkey is an ideal nonhuman primate animal model
to study various human diseases and physiology. Our recent study
reported a high degree of similarity in regulation of pre-implanta-
tion embryogenesis between human and rhesus monkey using sin-
gle embryo and pooled embryos (Wang et al. 2017). Moreover,
genome editing by CRISPR/Cas9 or TALEN has achieved success
in monkeys (Liu et al. 2014; Niu et al. 2014). These works highlight
the importance of studying cell lineage segregation as well as plu-
ripotency dynamics in monkeys. Herein, we collected single cells
from rhesus monkey early embryos encompassing the stages of
16-cell, early morula, late morula, early blastocyst, middle blasto-
cyst, late blastocyst, and hatched blastocyst. By utilizing single-
cell RNA-sequencing analysis, we investigated the regulation of
cell lineage segregation and pluripotency dynamics.

Results

Single-cell RN A-sequencing of blastomeres
from pre-implantation rhesus monkey embryos

Rhesus monkey 16-cell embryos, early morulae (EM), late morulae
(LM), early blastocysts (EB), middle blastocysts (MB), late blasto-
cysts (LB), and hatched blastocysts (HB) were collected to isolate
single blastomeres (Fig. 1A). The definition of developmental stages
and the criteria of embryo selection are described in Methods. To
tell the spatial position (inner or outer) of an isolated single cell
within an embryo, we incubated the embryos with PKH26 dye,
which labels the live outer cells with red fluorescence. Cells marked
with red fluorescence were considered as outer cells, whereas those
without fluorescence were inner cells. Both outer and inner cells
were collected at developmental stages from 16-cell to HB. Single-
cell RNA-sequencing was performed using the Illumina sequencing
platform (Supplemental Table S1). The read qualities were examined
by FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/), and the filtered reads were aligned to rhesus monkey ge-
nome MacaM_v7 (Zimin et al. 2014). The total reads, mapped
reads, and the numbers of detectable genes (defined as fragment
per kilobase per million [FPKM] > 1) were calculated (Supplemental
Fig. S1A; Supplemental Table S2). The saturation analysis revealed a
minimum of 0.5 million reads required for robust single-cell gene
expression quantification (Supplemental Fig. S1B). We removed
the potential batch effects by sva (Leek et al. 2012) and assessed
the effectiveness by Principal component analysis (PCA) (Supple-
mental Fig. S1C). To test whether these samples were sufficient to
capture all cell fates at each developmental stage, we compared
the single-cell RNA-sequencing average profile to that of single-em-
bryo RNA-sequencing at each matching stage (Wangetal. 2017) us-
ing our iCpSc package (Sun et al. 2017). The detection of major cell
types at stages from EM through to HB apparently reached satura-
tion level at our current coverage depth (Supplemental Fig. S1D).

Trajectories of cell lineage segregation in rhesus monkey early
embryo development

To investigate the cell lineage segregation, we first evaluated the
relative extent of heterogeneity of single cells at different stages

by calculating the sum of standard deviations (SSDs) based on
the expression level of all genes. The SSDs increased at late mor-
ula stage and thereafter, suggesting an increasing level of cell
diversification (Supplemental Fig. S1E). We then explored the
cell fate commitment and lineage formation in an unsupervised
manner. To this end, we first identified the top 600 most varia-
ble genes across all stages of samples, balancing the mean and
variation in single-cell RNA-seq (Supplemental Fig. S1F; Guo et
al. 2016a). The most variable genes included several key cell
lineage markers of TE (KRT18, GATA2, GATA3), EPI (NANOG),
and PrE (SOX17, GATA4) (Mitsui et al. 2003; Adjaye et al.
2005; Shimoda et al. 2007; Niakan et al. 2010; Artus et al.
2011; Bai et al. 2011). Using the top 600 most variable genes,
we constructed the lineage segregation trajectories by Monocle
(Trapnell et al. 2014). The blastomere of the 16-cell stage was
set as the starting point, and five developmental states and three
branches representing three cell lineages were identified (Fig. 1B;
Supplemental Table S3). Examination of the expression patterns
of several conserved lineage markers (GATA2 and GATA3 for
TE; GATA4 and SOX17 for PrE; and NANOG and SOX2 for
EPI) across the pseudotime revealed each lineage identity (Fig.
1C). To corroborate the lineage segregation obtained through
Monocle, we performed hierarchical clustering analysis of all
cells from the EB through to the HB stage, based on the gene ex-
pression of three well-known lineage markers. Consistently,
three cell clusters were identified corresponding to TE lineage
(23 cells), EPI lineage (31 cells), and PrE lineage (16 cells), respec-
tively (Fig. 1D). Each lineage contained blastomeres collected
from the EB stage (Fig. 1D), and lineage-uncommitted cells (state
2 cells) also included blastomeres from EB and MB stages (Fig.
1B). These observations suggested that the three lineages specifi-
cation occurred at as early as the EB stage and in an asynchron-
ized manner. Concordantly, the PCA analysis on samples from
EB through to HB stages, using the most variable genes within
these stages, showed three directions of separation (Supple-
mental Fig. S1G), with the PCA loading genes corresponding
to the known cell lineages of EPI, PrE, and TE (Supplemental
Fig. STH).

To further investigate the lineage segregation in detail, we
separately conducted the PCA analysis on samples from EB to
MB and from LB to HB. Consistently, cells at each stage of blasto-
cyst were segregated (Supplemental Fig. S2A,B). Unsupervised clus-
tering analysis also revealed that some blastomeres of EB and MB
already showed the preferential expression of certain lineage mark-
ers (Supplemental Fig. S2C), but some blastomeres still express-
ed two lineage marker genes at a similar level, indicative of their
noncommitment and bipotential state (Supplemental Fig. S2C).
However, this bipotential state no longer existed in cells from LB
and HB stages (Supplemental Fig. S2D), suggesting the completion
of cell fate commitment. In addition, no cell lineage segregation
was detected in embryos from the 16-cell stage through to LM by
PCA and clustering analyses. Although the inner and outer cells
were separated apart and many differentially expressed genes
(DEGs) were identified at each stage (Supplemental Fig. S2E-G;
Supplemental Table S4), the DEGs neither contained known line-
age markers (Supplemental Table S4), nor were enriched for terms
related to the TE or ICM properties (Supplemental Table S5). Taken
together, these data support the notion that the segregation of
three cell lineages is initiated at the EB stage and completed at
the LB stage in monkey, which is similar to human (Petropoulos
et al. 2016) but different from mouse embryogenesis (Cockburn
and Rossant 2010).
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Figure 1. Lineage segregation in rhesus monkey early embryos. (A) Representative photos of rhesus monkey embryos at the stages of 16-cell (16C), early
morula (EM), late morula (LM), early blastocyst (EB), middle blastocyst (MB), late blastocyst (LB), and hatched blastocyst (HB). Dashed lines depict the
blastocyst cavities. (B) Lineage segregation path constructed by Monocle based on most variable genes. Five cell states and three lineages were identified.
(C) Expression pattern of known marker genes of TE (GATA2, GATA3), PrE (GATA4, SOX17), and EPI (SOX2, NANOG) across the pseudotime assigned by
Monocle. (D) Hierarchical clustering based on conserved lineage marker genes identified three cell lineages and fate-undetermined cells.

Cell lineage markers and the regulation of lineage specification comparing one lineage against the other two at each blastocyst
stage (Petropoulos et al. 2016). Genes with a false discovery rate
Having defined the lineage identity of each cell collected from (FDR) <0.01 were considered as lineage specific. Based on this cri-

blastocysts, we went on to identify new cell lineage markers by terion, we identified a list of lineage markers for TE, PrE, and EP],
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respectively, at each stage (Fig. 2A; Supplemental Table S6). The en-
riched GO terms of these lineage markers reflected the lineage
properties (Fig. 2A). While many markers displayed a stage-specific
expression pattern and could only mark a lineage at certain devel-
opmental stages, a limited number of genes persistently labeled a
lineage throughout all the blastocyst stages. These genes include:
TE markers GATA2, GATA3, TSPAN15, ATP6V1B1, SLC12A3, and
TMEMS54; PrE markers NID2, GAL3ST1, SOX17, SERPINHI,
GATA4, and HMOX2; and EPI markers TMEM92 and SOX2.

Pluripotency markers including NANOG, POUSF1, GDF3, UTF1,
and PRDM14 displayed restrictive expression at middle and/or
late blastocyst stages (Fig. 2B; Supplemental Fig. S3A).

To understand the upstream regulators involved in the segre-
gation of TE from ICM, we performed DEG analysis between TE
cells and ICM/EPI cells at the EB stage. A total of 183 and 476 genes
were significantly highly expressed in TE and ICM (FDR <0.05), re-
spectively (Supplemental Fig. S3B; Supplemental Table S7). We no-
ticed that several DNA damage repair pathways were the most
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Figure 2. Lineage-specific genes in rhesus monkey early embryos. (A) Clustering of specific genes of three cell lineages and their GO term enrichment
(FDR<0.01). (B) Expression pattern of some marker genes for TE, EPI, and PrE lineages. Data were obtained from batch 1 samples including 23 TE cells, 16

PrE cells, and 31 EPI cells.
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enriched GO terms of ICM (Supplemental Table S8). DNA repair
pathways, such as base excision repair, are integral parts of DNA
de-methylation machinery (Hajkova et al. 2010; He et al. 2011;
Kohli and Zhang 2013). These suggest that the DNA repair proteins
might be actively involved in the establishment of ICM lineage,
probably via regulating DNA demethylation.

Toinvestigate the segregation of PrE from EPI, we analyzed the
transcriptomes of individual ICM cells from EB, MB, and LB-HB
stages. Most DEGs displayed stage-specific expression patterns
(Supplemental Fig. S3C; Supplemental Tables S9, S10), suggesting
that the PrE and EPI lineage formation was dynamically regulated
by a different set of genes at different stages. For instance, SIN3A
and DNMT3B were highly expressed in PrE lineage at MB, coinci-
dent with the establishment of de novo methylation and repressive
epigenetic features in PrE. On the other hand, GATA4 and SOX17
play critical roles at all stages of PrE formation and maturation.
NANOG and SOX2 displayed mutually exclusive expression pat-
terns with GATA4 and SOX17, whereas POUSF1 was expressed at
a similar level in two cell lineages throughout the blastocyst stages.
Of note, at the MB stage, EPI-specific genes are highly enriched for
terms of caspase activity regulation and apoptosis induction, while
PrE-specific genes were enriched in terms of macromolecular cata-
bolic processes, membrane organization, cell junction assembly,
and focal adhesion (Supplemental Fig. S3C; Supplemental Tables
S9, §10). These terms reflected the event of cell sorting in middle
blastocyst, which is accompanied by cell migration, apoptosis of
uncommitted cells, and the morphological change of PrE to epithe-
lium-like cells (Plusa et al. 2008; Meilhac et al. 2009; Xenopoulos
et al. 2015). At the LB stage, the EPI-specific genes are enriched in
DNA and RNA metabolic processes, translation, cell cycle, telomere
maintenance, DNA damage response and repair, and the TP53 sig-
naling pathway. These terms and pathways suggested active anab-
olism, catabolism, and genome stability surveillance in highly
proliferative epiblast cells.

Existence of distinct pluripotent states in rhesus monkey
pre-implantation embryos

In primates, the in vivo dynamics of the pluripotent state remain
unclear. To understand it, we examined the pluripotent state of
monkey EPI cells from early, mid, late, and hatched blastocysts.
Due to batch effect, only 25 out of 31 EPI cells were selected for fur-
ther study (five cells from EB, four cells from MB, seven cells from
LB, and nine cells from HB) (Supplemental Fig. S4A). PCA and un-
supervised clustering analyses revealed that EPI cells from EB and
MB tended to cluster together, whereas those from LB and HB
aligned together (Supplemental Fig. S4B,C). We also identified
the DEGs among the EPI cells of four stages and grouped them
into five classes by BICSKmeans (Supplemental Fig. S4D; Supple-
mental Table S11; Zhang et al. 2013). Consistently, the largest
number of DEGs was detected between the earlier two and latter
two stages (DEGs of group 2 and group 4). These results suggested
the possible existence of two discrete cellular states of EPI cells in
blastocysts.

To validate this observation, we collected an additional 161
individual blastomeres from EB through to HB (Supplemental
Table S1, batch 2). The cDNAs were amplified using Smart-seq2
protocol (Picelli et al. 2013, 2014) and were sequenced as described
above. All of the single cells passed the sequencing quality control
(Supplemental Fig. S5A). Among these 161 cells, we identified 90
EPI cells based on their expression of typical lineage markers (29
cells from EB, 20 cells from MB, 24 cells from LB, and 17 cells

from HB) (Supplemental Fig. S5B; Supplemental Table S12). We
then estimated the consistence of the two batches of EPI samples
(batch 1 and 2) by PCA analysis. Although there exist potential
batch effects on PC2, the two batches of EPI cells displayed a sim-
ilar segregation pattern on PC1, in which the earlier two stages (EB
and MB) were clearly separated from the latter two stages (LB and
HB) (Supplemental Fig. S5C). Further PCA and unsupervised clus-
tering analyses on the 90 batch 2 EPI cells also revealed the align-
ment of EB with MB, and of LB with HB (Supplemental Fig. S5D,E).
Thus, we conclude that the EPI cells from EB and MB are distinct
from those from LB and HB. In the following studies, we will pre-
sent the data from 90 batch 2 EPI cells in the main text, as they
contain a bigger sample size and, whenever relevant, show the re-
sults from the 25 batch 1 EPI samples in the Supplemental
Information as further support.

Pluripotency is one of the key features of EPI cells, and its dy-
namics remains elusive in primates. We wondered whether the
EPI cells from different developmental stages have distinct pluri-
potent states. To this end, we performed PluriNetWork analysis to
construct the pluripotency regulatory networks (Boroviak et al.
2015), in which the expression levels of the genes were normalized
and the preferentially active regulators were displayed as network
nodes. Analysis of the batch 2 (Fig. 3A) and batch 1 (Supplemental
Fig. S6A) EPI cells consistently revealed the following drastic
changes of the network topology at the transition from the mid-
to late-blastocyst stage: (1) At the EB and MB stages, the key naive
pluripotency regulators (e.g., STAT3, KLF4, ESRRB, and TBX3)
dominated the networks (van Oosten et al. 2012; Dunn et al.
2014; Adachi et al. 2018), whereas at the LB and HB stages, the ge-
neral core pluripotency regulators (NANOG, POU5F1, SALL4, and
S0X2) took over the pluripotency regulation; (2) the network
nodes of the latter two stages included MEK/ERK cascade compo-
nents FGF4, FGFR1, and GRB2, which trigger the ESC lineage com-
mitment (Kunath et al. 2007; Kang et al. 2013) and are required for
the in vitro propagation of primed human ESCs (Xu et al. 2005);
(3) the enzymes DNMT3A and DNMT3B responsible for de novo
DNA methylation were detected at the latter two stages, corre-
sponding to the overall increased methylation levels in the primed
pluripotent state. Thus, these network topology changes suggested
the existence of two different pluripotent states in monkey pre-im-
plantation blastocysts and their shift in between the middle- and
late-blastocyst stages.

To further corroborate this hypothesis, we compared the
expression level of marker genes for naive pluripotency, primed
pluripotency, and general pluripotency among the EPI cells of
the four blastocyst stages (Stuart et al. 2014; Guo et al. 2016b;
Sahakyan et al. 2016). As shown in Figure 3B (batch 2 EPI cells)
and Supplemental Figure S6B (batch 1 EPI cells), the naive pluri-
potent markers were overall highly expressed in EPI cells from EB
and MB. Conversely, the primed pluripotent markers were prefer-
entially expressed in EPI cells of LB and HB. Of note, the general
pluripotent markers SOX2, NANOG, and POUSF1 displayed in-
creased expression at LB and HB stages. This was in line with the
previous observation on cynomolgus monkeys pre- and post-im-
plantation embryo development (Nakamura et al. 2016). As a con-
trol, the housekeeping genes showed similar expression levels
across the four blastocyst stages (Supplemental Fig. S6C,D).

To further understand the differences of EPI cells from the
four blastocyst stages, we identified the DEGs among the 90 batch
2 EPI cells and grouped them into five clusters by BICSKmeans (Fig.
3C; Supplemental Table S13; Zhang et al. 2013). The enriched bi-
ological processes and pathways in each group were presented

Genome Research 1485

www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.233437.117/-/DC1

Liu et al.

A B EB VB LB HB
SOx2
s POUSF1
EPI-EB o NANOG I 4
68T é | DPPA3
TBX3 11 DPPAS5
K1 | DNMT3L 2
STA 45GIP1 TEAD4
\ sz ZFP42
[}
Boa OA1 _% STAT3 0
Gra FOS 3 TBX3
KLF4
LF.
Swmz g KLF5
RRB -2
TFCP2L1
KK 1 ID1
zZIc2 I
DFFA————CASP3 GATAD2B——GATAD2A 3 ZIC3
£ LEFTY1
EPI-MB & 111 | LEFTY?2
11.6ST—PTPN11 DNMT3B
sms%ss TF2 | FGFR1
\\ i1
DM:
HIF1A
Rag H2 Cc Row z score log(FPKM+1)
;-F CF. .
-1.09 0.00 1.09
SMAR BX:
RR% GSK: :> G\ZFX MB LB HB 0 KEGG
EB
HDAC1 angpm \\
AN MYCN
MR° A 4 doderm formation;
ETAZ G1 endoderm formation;
CAD——DFFA : cell adhesion
axon guidance; . .
EPI'LB G2 1 - cerebellar cortex morphogenesis; P|3K'Akt S|g_naI|ng pathway
i smoothened signaling pathway; Notch signaling pathway
HIF1A AXINT regulation of ERK cascade;
RNE2 MAPK1 GSK3B
/ POU2F1
DN 38 Er@r CT\NB1 G3 mitochondrial electron transport; Oxidative phosphorylation;
DNMT3A 4 BNIA2 4 ectodermal cell differentiation
2
UBE2 ) RIFL\ ZFP57
ARP1
PHF1 \\ = Y SR 09 epithelial structure maintenance; PI3K-AKt sianali th
MED VA i AR itive regulation of cell -Akt signaling pathway;
/ L= posi g ALt st
S ‘ EGER1 G4 migration; Wht signaling pathway;
2R1A | < a , .
SSRP1£P \\\:'\:\‘§§ D) GFa/G\ regulation of MAPK cascade;
BURINN . &
DDB1 acl ‘y‘" & CA,..,@\}9 PTPN11
ARID3B  [KDM4C, \ X\ i1 .
SM AA‘f » TF. MAP2K1 histone H3-K4 trimethylation; pathways regulating
GAP—cpKrNi1A PR SMAD7 3 i i positive regulation of cell pluripotency of stem cells;
\\: RiM24  DKK1 ATS G5 proliferation;
ST e endothelial cell development;
D F% DHX9 SINSA LED1 =55 P :
CASP3 %
EPI-HB
- D b Esc Pre-Imp Post-Imp
EZHz —JARID2 ——
| HGFc1 _ [T Pou5f1
| “THAP11 © Nanog
06T ¢ fpgy % Sox2
PTP‘NH\ 8 Dppa3 I 2
GRB2\  MAP2K1 Esrrb
e\ Dnmt3|
1,_SSRPY - piggeo Tead4 1
CAN10—KOM5C / 2042
/
ACZ\\ / _% ?[t)atg
X; 0
FGFR1 z
IRA "7 Kif4
@+ s Kif5
ve_ Tfcp2l1 -1
M MAPK1 - I1d1
Moo b7
1 SIN?/\ GK1\ REL L@R o Zic3 -
omd | Nc{ g Lefty1
CCND1SMARCA2 =
/ID1 : T Lefty2
SN s OPOTS Dnmt3b
UHRE1—DNMT3B i ‘ 1 Fgfr1
P
DNMT1 wol 01

Figure 3. Distinct pluripotent states exist in rhesus monkey pre-implantation embryos. (A) PluriNetWork analysis of EPI cells from four blastocyst stages
revealed a transition of network topology from mid- to late-blastocyst stage. (B) Expression pattern of marker genes for naive pluripotency, primed pluri-
potency, and general pluripotency in EPI cells of EB, MB, LB, and HB in rhesus monkey. (C) BICSKmeans clustering of differentially expressed genes (DEGs)
(FDR<0.01) in EPI cells from EB through to HB stages. The GO term and KEGG pathway enrichment of each group of DEGs are shown. In A-C, data were
from 90 batch 2 EPI cells (EB, 29 cells; MB, 20 cells; LB, 24 cells; and HB, 17 cells). (D) Expression pattern of marker genes for naive pluripotency, primed
pluripotency, and general pluripotency in EPI cells of pre-implantation and post-implantation embryos in mouse. Analysis was performed on the archival
data from Boroviak et al. (2015).
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(Fig. 3C; Supplemental Table S14). Specifically, DEGs highly ex-
pressed in EPI cells of EB and MB were enriched for the processes
of oxidative phosphorylation, histone H3-K4 trimethylation,
and regulation of pluripotency of stem cells (Fig. 3C; Supplemental
Fig. S4C; Supplemental Table S14). In contrast, DEGs highly
expressed in EPI cells of LB and HB were overrepresented in the
processes of cell adhesion, axon guidance, cerebellar cortex mor-
phogenesis, epithelial structure maintenance, and smoothened
signaling, which may reflect the initiation of morphogenetic
events of EPI cells heading for gastrulation at the LB and HB stages.
The highly expressed genes in LB and HB were also enriched for the
signaling pathways including MAPK/ERK and Notch pathways
(Fig. 3C; Supplemental Fig. S4C; Supplemental Table S14), which
drive the transition out of the naive state to the primed state and
promote stem cell differentiation (Schroeder et al. 2006; Hackett
and Surani 2014). Blockage of MAPK/ERK pathways facilitates
the derivation of naive pluripotent ESCs (Ying et al. 2008; Fang
et al. 2014; Hassani et al. 2014; Guo et al. 2016b). We also assessed
the transcriptome similarity among monkey EPI cells, human
naive ESCs, and primed ESCs, using two sets of human ESC tran-
scriptome data from different studies (Takashima et al. 2014;
Theunissen et al. 2014). PCA analysis consistently revealed that
monkey EPI cells from EB and MB aligned closer to human naive
ESCs, whereas EPI cells from LB and HB aligned with human
primed ESCs (Supplemental Fig. S6E,F).

Taken together, these lines of evidence support that naive
pluripotency transiently appears at EB and MB stages but starts
transition to the primed pluripotency thereafter. At the LB stage,
EPI cells display high heterogeneity, with some close to HB cells,
some close to EB/MB cells, and some in the intermediate (Sup-
plemental Figs. S5C,D, S6L,F). This observation may suggest that
EPI cells in LB are in a continuum state, acquiring primed pluripo-
tency. In sharp contrast, naive pluripotency persists in mouse pre-
implantation embryos and progresses to primed pluripotency after
implantation, as evidenced by the expression pattern of various
pluripotent markers (Fig. 3D; Boroviak et al. 2015).

Expression profiles of transposable elements and IncRNAs
in rhesus monkey early embryos

Transposable elements are mobile genetic entities and occupy
nearly half of the human genome. They play essential roles in early
embryonic development via rewiring the gene expression net-
works (Gifford et al. 2013; Gerdes et al. 2016) and serve as reliable
markers of pluripotent states (Theunissen et al. 2016). To examine
the profile of transposable elements in rhesus monkey early em-
bryos, we quantified their expression by the unit of subfamily
(FPKM >1) and identified the expressed subfamilies in embryos
at stages from 16-cell through to HB in batch 1 samples (Supple-
mental Fig. S7A; Supplemental Table S15). We then used their ex-
pression profiles to re-evaluate the cell fate segregation. PCA
analysis showed that the blastomeres at differential developmental
stages were clearly separated (Supplemental Fig. S7B). Likewise, the
blastomeres of three lineages defined by protein-coding genes were
also segregated by transposable elements (Supplemental Fig. S7C,
D). Thus, the transcription from transposable elements is also
dynamically regulated during monkey early embryogenesis and
lineage segregation.

Because transposable elements are reliable markers to define
the pluripotent states (Theunissen et al. 2016), we used the expres-
sion profiles of transposable elements in batch 1 and 2 EPI cells
(Supplemental Tables S16, S17) from EB through to HB to further

validate the existence of distinct pluripotent states in pre-implanta-
tion monkey embryos. The numbers of detected transposable ele-
ment subfamilies in EPI cells were comparable among four
blastocyst stages (Supplemental Fig. S8A,B). PCA (Fig. 4A; Supple-
mental Fig. S8C) and unsupervised clustering (Fig. 4B; Supplemen-
tal Fig. S8D) analyses revealed that EPI cells of EB and MB were
clustered together and separated from those of LB and, especially,
HB. This pattern was similar to the one obtained by analyzing pro-
tein-coding genes (Supplemental Fig. S5C,D). To find out the po-
tential transposable elements that may play roles in regulating
the cellular state changes of EPI cells between the earlier two and
latter two blastocyst stages, we identified the differentially ex-
pressed loci of transposable elements in the batch 2 EPI cells and
summarized them by subfamily (Fig. 4C,D). Some LB-HB highly ex-
pressed transposable elements, such as HERVH-int, LTR7C, Alujb,
AluSc, L2c¢, MIRc, and L2d2 (Fig. 4C), were previously shown to be
molecular signatures of the primed pluripotency (Theunissen
et al. 2016). Likewise, the known naive pluripotency marker
HERVK-int (Theunissen et al. 2016) was highly expressed in EB
and MB (Fig. 4D). Similar results were obtained when the differen-
tially expressed transposable elements (FDR < 0.01) were calculated
by the unit of subfamily (Fig. 4E; Supplemental Table $18). Analy-
ses of batch 1 EPI cells also showed consistent results (Supplemen-
tal Fig. S8E, F). Taken together, the transposable element expression
supports the existence of distinct pluripotent states in pre-implan-
tation monkey embryos.

Long noncoding RNAs (IncRNAs) play a wide range of regu-
latory roles in embryonic development and are highly tissue-specif-
ic (Deveson etal. 2017). To explore the dynamic expression pattern
of IncRNAs and their possible involvement in monkey early em-
bryogenesis, we assembled 909 expressed IncRNAs (FPKM >1)
from the 16-cell through to the HB stage in batch 1 samples (Sup-
plemental Table S19). Their expressions at each stage (Supple-
mental Fig. S9A) and cell lineage (Supplemental Fig. S9B) were
summarized. Like the protein-coding genes and transposable ele-
ments, IncRNA expression profiles could also define the develop-
mental stages (Supplemental Fig. S9C) as well as the cell lineages
(Supplemental Fig. S9D) of the single blastomeres. We next exam-
ined the IncRNA expression profiles in both batch 1 and 2 EPI cells
(Supplemental Tables S20, S21). Likewise, the EPI cells of the
four blastocyst stages were segregated into two discrete clusters
(EB-MB clusters versus LB-HB clusters) by PCA (Fig. SA; Supple-
mental Fig. S9E) and unsupervised clustering analyses (Fig. 5B; Sup-
plemental Fig. S9F), based on their IncRNA expression profiles.
To find out the IncRNA species which may regulate the naive-
primed pluripotency transition, we identified a list of stage-specific
IncRNAs among the batch 2 EPI cells of the four blastocyst stages
(Fig. 5C; Supplemental Table S22). The majority of these IncRNAs
were grouped into two classes, representing EB-MB-specific and
LB-HB-specific. These stage-specific IncRNAs may play potential
roles in the regulation of different pluripotent states and their
transition.

To better understand the pluripotency regulation as a whole,
using the batch 2 EPI cells we conducted co-expression network
analysis of three layers of regulators comprised of protein-coding
genes, transposable elements, and IncRNAs. Stage-specific pro-
tein-coding genes, transposable elements, and IncRNAs in EPI cells
from EB through to HB formed a highly contacted co-expression
network, constructed using WGCNA (Fig. 5D; Langfelder and
Horvath 2008). In the network, the transcriptional correlation
and anti-correlation between two nodes were annotated as red
and green edges, respectively. The network was composed of two
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Figure4. Transposable elements define the distinct cellular states of EPI cells from EB through to HB. PCA (A) and hierarchical clustering (B) analyses using
the expression profiles of transposable elements segregated the EPI cells of EB and MB from those of LB and HB. (C) Transposable element subfamilies that
showed biased expression in LB and HB stages. (D) Transposable element subfamilies that showed biased expression in EB and MB stages. In Cand D, col-
umns are split into segments, representing loci with higher expression in LB and HB (P-values < 0.05) (Higher in LB and HB), loci with higher expression in EB
and MB (Higher in EB and MB), and loci with no expression difference in all stages (No change). (E) Differentially expressed transposable element subfam-
ilies (FDR < 0.05) also identified the naive-primed transition at blastocyst stages. All data were obtained from 90 batch 2 EPI cells (EB, 29 cells; MB, 20 cells;

LB, 24 cells; and HB, 17 cells).

anti-correlated modules, of which one contained naive pluripo-
tency-related factors (e.g., TBX3, KLF3, KLF4), whereas the other
was enriched with primed pluripotency relevant factors (e.g.,
GDF3, ZIC3, DNMT3B, HERVH-int, LTR7C, MLTI1G, LIMe,
MERS58C, LIMA2). The dense connections between the two mod-
ules suggest that they might collaborate to regulate the two alter-
native cellular states of EPI cells and their transition.

Discussion

By utilizing single-cell RNA-sequencing analysis, we mapped the
developmental trajectory of the earliest cell lineage segregation
in rhesus monkey embryogenesis at the transcriptome level and
identified a list of markers specific for the three cell lineages of
TE, EPI, and PrE. Compared to the reports on human and mouse
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Red and green edges indicated that the two nodes were transcriptionally correlated and anti-correlated, respectively. All data were obtained from 90 batch

2 EPI cells (EB, 29 cells; MB, 20 cells; LB, 24 cells; and HB, 17 cells).

(Guoetal. 2010; Xue et al. 2013; Petropoulos et al. 2016), we found
that monkey and human are very similar in lineage segregation
regulation but are distinct from mouse. Notably, we uncovered
the existence of distinct pluripotent states in EPI cells of monkey

pre-implantation blastocysts. EPI cells at the EB and MB stages dis-
play the properties of naive pluripotency. Thereafter, they lose the
naive pluripotency and progressively acquire the primed pluripo-
tency. This pluripotency dynamic is distinct from that of mouse,
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in which naive pluripotency persists for the whole pre-implanta-
tion stage and shifts to primed pluripotency after implantation
(Wu and Izpisua Belmonte 2015). Thus, this study proposed an ap-
propriate time-window to derive primate ESCs with naive pluripo-
tency from pre-implantation embryos. It should be mentioned
that the primate pre-implantation embryo studies are all exclusive-
ly conducted on the in vitro fertilized and cultured embryos.
However, based on the high efficiency of in vitro embryo culture
system in primates, we proposed that the results obtained from
the in vitro embryos might reflect the bona fide in vivo situations.

We analyzed the EPI cells at more developmental stages than
the other related studies on monkey or human embryos (Naka-
mura et al. 2016; Petropoulos et al. 2016). This detailed time-series
analyses allowed us to capture the dynamics of pluripotency in
monkey embryos. We presented several lines of evidence support-
ing that naive pluripotency transiently exists at early- and middle-
blastocyst stages and gradually advances to primed pluripotency
thereafter. The EPI cells collected from four developmental stages
(early-, middle-, late-, and hatched-blastocyst stages) consistently
formed two distinct clusters (early-middle stage cluster and late-
hatched stage cluster), whether the analyses were based on the dif-
ferentially expressed protein-coding genes, transposable elements,
or IncRNAs. This implicated that EPI cells of the earlier two and
latter two developmental stages were in distinct cellular states. Spe-
cifically, EPI cells of the two clusters showed differences in pluripo-
tency regulation and the expression patterns of naive and primed
pluripotency markers including genes and transposable elements.
In addition, the potential regulators of EPI cells identified by co-ex-
pression network analysis also formed two anti-correlated mod-
ules, of which one contained the central regulatory factors for
naive pluripotency and the other contained primed pluripo-
tency-relevant factors. In line with our observations, Theunissen
et al. (2016) also reported that human naive pluripotent stem cells
have stronger convergence with morulae than with EPI cells of late
blastocysts (Theunissen et al. 2016). This transient existence of na-
ive pluripotency in monkey pre-implantation embryos provides
an explanation for the frequent failure in deriving and generating
naive pluripotent primate ESCs. Due to the high similarity of the
regulation of early embryo development between rhesus monkey
and human, we envision that similar pluripotency dynamics
might also exist in human.

Methods

Animals, treatment, oocyte recovery, in vitro fertilization,
and embryo culture

All experimental procedures and animal care were approved by the
Ethics Committee of the Kunming Institute of Zoology, Chinese
Academy of Sciences. Adult rhesus monkeys with a successful
reproductive history were used in this study. Cycling female mon-
keys were ovarian-stimulated by injection of rhFSH (recombinant
human follitropin alfa, GONAL-F, Merck Serono), 18 U twice daily
for 8 d from the onset of the menstrual cycle. On day 9, 1000 U
of thCG (recombinant human chorionic gonadotropin alfa,
OVIDREL, Merck Serono) were injected. After 32-35 h of thCG ad-
ministration, mature oocytes were collected by laparoscopic follic-
ular aspiration (Niu et al. 2010). Oocytes were removed of cumulus
cells and those with extrusion of the first polar body (metaphase II
stage) were collected for downstream experiments. Semen collec-
tion, sperm capacitation, and in vitro fertilization were performed
as described previously (Zheng et al. 2001). Successful fertilization
was assessed by the presence of two pronuclei. Embryos were then

cultured at 37°C, 5% CO, in 50-uL drops of equilibrated HECM-9
containing 10% FBS (HyClone Laboratories Inc.). Culture medi-
um was changed every other day. Morphologically normal embry-
os with few fragments were used in the study. Sixteen-cell
embryos with good morphology were collected at about em-
bryonic day 3 (E3). Early morulae with compacted blastomeres
were collected at about E4. Late morulae with more blastomeres
were collected at about E4.5. Early blastocysts having a small cav-
ity were collected at about E5. Middle blastocysts with a cavity
occupying around half the size of the embryos were collected at
about ES.5. Late blastocysts with a fully expanded cavity were col-
lected at about E6. Hatched blastocysts from the zona pellucida
were collected at about E7.

Single blastomere dissociation

To dissociate embryos into single blastomeres, batch 1 embryos
with good quality were transferred into 0.5% Pronase in TL-
HEPES to remove the zona pellucida, followed by three washes
in PVP-BSA. To distinguish the outer and inner cells, embryos
were incubated with PKH26 dye (Sigma) which labels the live outer
cells with red fluorescence. After labeling, embryos were rinsed
with Ca®*/Mg?*-free PVP-PBS and treated with 0.125% trypsin-
EDTA for at least 5 min at 37°C until the cell surface looked rough.
Disaggregating was done by a mouth pipette aided by several finely
pulled glass capillaries of different internal diameter. After most
cells were separated apart, single cells were individually transferred
into small droplets of PVP-PBS and the inner/outer cell identity
was identified by the fluorescent microscopy. Cells showing no
fluorescence were inner cells, whereas those with red fluorescence
were outer cells.

To dissociate batch 2 cells, blastocysts with good quality were
transferred into 0.1% Pronase (Merck) in PBS to remove the zona
pellucida, followed by three washes in 0.05% PVP-PBS. Blastocysts
were then incubated with PKH26 dye (Sigma) and washed in PVP-
PBS. The blastocysts were cut off with a 1-mL syringe and were dis-
sociated as described above.

Single-cell transcriptome generation

For batch 1 samples, single-cell cDNA amplification was prepared
according to the protocol from Tang et al. (2009). Briefly, single
cells were washed three times in PVP-PBS, and those with a clear
round shape were added into cell lysis buffer, followed by cDNA
synthesis, primer removal, poly(A) tailing, second-strand cDNA
synthesis, and PCR amplification. PCR products were purified by
Ampure XP beads and used for library construction. Libraries
were deep-sequenced on an Illumina HiSeq 2500 platform, using
a 100-bp single-end strategy.

For batch 2 cells, single-cell cDNAs were prepared using
Smart-seq2 (Picelli et al. 2013, 2014). Briefly, single cells were
washed three times in 0.1% BSA-PBS and were manually picked
into lysis buffer containing ERCC spike-in (Baker et al. 2005).
Full-length poly(A)-tailed RNA was reverse-transcribed and ampli-
fied with 21 PCR cycles to increase the cDNA amount. Sequencing
was performed using the Illumina X Ten platform with paired-end
150-bp reads.

Read mapping and quantification

Clean reads were mapped with TopHat v2.1.0 (Kim et al. 2013) to
rhesus genome MacaM_v7 (Zimin et al. 2014), with the parameters
“-g 1-N S5 --read-edit-dist 5 --microexon-search”. Only uniquely
mapped reads were used to calculate the counts of each gene by
HTSeq (Anders et al. 2015). Reads counts were normalized to li-
brary size by DESeq2 (Love et al. 2014) with default parameters,
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and normalized reads were then used to calculate the FPKM
(Fragments Per Kilobase of transcript per Million fragments
mapped). A gene was defined as expressed if the FPKM value is
above 1. The potential batch effect was removed by the sva (Leek
et al. 2012) package in R (R Core Team 2008).

Saturation curve analysis

To evaluate how many reads are sufficient to quantify expressed
genes, we first randomly and separately selected 0.0002S5,
0.0005, 0.0025, 0.00S, 0.025, 0.05, 0.25, 0.5, 2.5, and 5 million
reads from each sample as a pseudolibrary and then mapped these
reads to the reference genome and quantified the expressed genes.

To evaluate if the numbers of single cells we collected at each
stage are sufficient to capture all cell fates at each stage, we calcu-
lated the Pearson correlation coefficient (PCC) of expression level
of expressed genes between single-embryo RNA-sequencing data
(Wang et al. 2017) and the average profile of single-cell RNA-se-
quencing data.

Lowess coefficient of dispersion (LCOD) analysis for identifying
the most variable genes

Toidentify the most variable genes, we first fitted a Lowess curve to
the log, of the mean versus the log, of the standard deviation of all
these cells by loess function in R (R Core Team 2008). We then cal-
culated the distance of each gene to the curve and selected the top
600 genes for Monocle analysis.

Monocle and PCA analyses

Principal component analysis (PCA) was performed by
FactoMineR package in R (R Core Team 2008). Monocle analysis
was performed by the Monocle package in R with default parame-
ters, and the 16-cell stage was set as the starting point.

Differentially expressed gene identification and functional
enrichment analysis

Differentially expressed genes were identified by DESeq2 (Love
et al. 2014) for pairwise stages. Genes were identified as differen-
tially expressed between two developmental stages if the FDR<
0.00001. Functional enrichment analysis was conducted by
Database for Annotation, Visualization and Integrated Discovery
(DAVID) (Huang et al. 2008; Sherman and Lempicki 2009).

Lineage-specific gene identification

To find lineage-specific genes, we combined the Z scores of each
gene obtained from the differential expression analysis of one lin-
eage against the other two (Stouffer’s method) (Petropoulos et al.
2016). Genes that have an FDR<0.01 were considered as lineage-
specific genes.

Construction of PluriNetWork

The network of pluripotency (PluriNetWork) was constructed as
previous described (Som et al. 2010). First, we obtained all the plu-
ripotency-related genes and regulatory relationships from a pub-
lished database (Som et al. 2010). For each stage, we only
visualized genes that preferentially expressed at this stage, and
the network edge was required to have active source and target
nodes from the database (Som et al. 2010). Last, we visualized
the network by Cytoscape (Smoot et al. 2010).

Transposable element analysis

Transposable element counts were generated by iteres (https://
github.com/lidaof/iteres) based on the repeat annotations from
UCSC (https://genome.ucsc.edu/), with the version Mmul_8.0.1.
When using unique mapping for transposon sequences, there
might be a bias toward older transposons. Transposable elements
that do not have at least three samples with 10 reads were discard-
ed. Differentially expressed transposable elements were identified
by DESeq2 packages in R (R Core Team 2008) by requiring that P-
values <0.05.

LncRNA analysis

Because the annotation of IncRNAs in monkey was insufficient, we
assembled the transcripts of InCRNAs according to the previous re-
port (Hezroni et al. 2015). The analysis pipeline of IncRNAs was
similar to coding genes.

Cross-species transcriptome comparison

We performed a human-monkey cross-species comparison as pre-
vious described (Wang et al. 2014). We first scaled the expression
matrix within each species by Z-score and then combined them
into a matrix based on the homology genes annotation download-
ed from Ensembl (https://asia.ensembl.org). This matrix was fur-
ther subjected to PCA analysis to measure the transcriptome
similarity.

Data access

Single-cell 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 GSE117219.
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