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Multiplexed single-cell transcriptome analysis reveals molecular
characteristics of monkey pluripotent stem cell lines
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Abstract: Efforts have been made to establish various human pluripotent stem cell lines. However, such methods have not yet
been duplicated in non-human primate cells. Here, we introduce a multiplexed single-cell sequencing technique to profile the
molecular features of monkey pluripotent stem cells in published culture conditions. The results demonstrate suboptimized
maintenance of pluripotency and show that the selected signaling pathways for resetting human stem cells can also be
interpreted for establishing monkey cell lines. Overall, this work legitimates the translation of novel human cell line culture
conditions to monkey cells and provides guidance for exploring chemical cocktails for monkey stem cell line derivation.
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1 Introduction

Human pluripotent stem cells (hPSCs) are cur-
rently well recognized for holding gigantic promise
for regenerative medicine and studies on development
(Moris et al., 2020; Girgin et al., 2021; Yu et al.,
2021). However, research on hPSCs is challenged by
ethical concerns at both workbench and bedside
(Bredenoord et al., 2017). Recently, groundbreaking
work on the non-human primate stem cell systems
has made it an alternative for hPSC research and ap-
plications in the future (Ma et al., 2019; Niu et al.,
2019; Chen et al., 2021).

The current method of maintaining non-human
primate stem cells is largely based on the use of hPSC
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medium. Unfortunately, although various culture con-
ditions have been developed to induce primed/naive/
extended/formative pluripotency for hPSCs (Theunis-
sen et al., 2014; Yang et al., 2017; Kinoshita et al.,
2021), efficient and defined conditions optimized for
maintaining non-human primate PSCs still have not
been attained. Whether or to what degree the current
protocols for hPSCs can be translated to non-human
primate systems is a fundamental question for promo-
tion of this field. Therefore, it is urgent to profile the
identity and molecular signatures of non-human pri-
mate cells in human-optimized culture medium.
Single-cell transcriptome sequencing technol-
ogies have recently gained great interest in stem cell re-
search for determining the molecular signatures of vari-
ous cell types and defining cell identities (Theunissen
et al., 2016; Posfai et al., 2021; Tyser et al., 2021).
However, such investigations are often hampered by
high costs, batch variance, and labor-consuming sam-
pling processes when performed on multiple samples.
Therefore, multiplexed sampling of single-cell tran-
scriptome sequencing using oligo-tagged antibodies
has been employed to overcome these limitations
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(Stoeckius et al., 2018). In this work, we validate for
the first time the capability of a multiplexed single-
cell transcriptome system to label and analyze mon-
key PSCs. We address the capacity of different human
culture conditions to induce or maintain the pluripo-
tency of monkey PSCs based on bio-informatic analy-
sis, and provide guidance for improving non-human
primate stem cell culture systems.

2 Results

2.1 Multiplexing various monkey pluripotent stem
cell (PSC) lines based on 10x genomics

The “Cell Hashing” method developed by Stoeck-
uis et al. (2017) uses single-stranded DNA (ssDNA)-
integrated antibodies (termed “Hashtags™) that bind to
ubiquitous cell-surface membrane proteins to mark and
pool experimental samples. The barcoded oligos with
antibodies are captured along with messenger RNAs
(mRNAs). This allows the obtained data to be demul-
tiplexed according to the barcoded antibody signals.
In this work, we used the Cell Hashing method for
multiplexed analysis of various monkey PSC lines.

Currently, commercial Hashtags are designed for
human and mouse systems, so we first sought to verify
their feasibility for cynomolgus monkey cell lines. The
commercial Hashtags (Biolegend) were comprised of
a pair of antibodies aimed at surface markers cluster
of differentiation 298 (CD298) and P2-microglobulin
(2M2). This ensured a high labeling rate of human
cells. Considering the species similarities between hu-
mans and monkeys, we first sorted out the protein-
sequence alignment of CD298 and 2M2 between the
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two species via the public database the National
Center for Biotechnology Information (NCBI; https://
www.ncbi.nlm.nih.gov). We found that CD298 was
strictly conserved between human and monkey cells,
but for 2M2 there was a ten-amino-acid difference. To
investigate the specificity of Hashtags for labeling
monkey cells, we used individual antibodies against
human surface markers CD298 and 2M2 for flow
cytometry analysis (Fig. S1a). Of note, although both
human and cynomolgus monkey cells showed a strong
human CD298-positive (hCD298") signal, cynomol-
gus monkey cells were not detected by human 2M?2
(h2M2) antibody. Moreover, the flow results con-
firmed that the corresponding signals to CD298
lacked noise from mouse embryonic fibroblast (MEF)-
derived feeders because MEF showed no binding
capacity to either antibody (Fig. Sla). Although the
single-cell sequencing system and flow cytometry sys-
tem had different technical processes, the antibody-
specificity data have been proved to be mutually trans-
latable (Stoeckius et al., 2017). In conclusion, the
commercial hybridized Hashtags were sufficient to
specifically label monkey stem cells.

Next, we established eight monkey PSCs and
captured them for the experiment (Fig. S2). The de-
tails of the eight cell lines are displayed in Table 1.
pooled monkey cells were labeled with distinct
Hashtags and analyzed by 10x genomics (Fig. la).
The 10x genomics analysis results indicated that each
of eight samples could be clustered separately based
on Hashtags, demonstrating good demultiplexing of the
samples (Fig. 1b).

For quality control, we looked at the unique mo-
lecular identifier (UMI) family read count of the

Table 1 Denotation of different monkey pluripotent stem cell lines

No. Hashtag Sample denotation Cell source Culture condition” Reference
1 Hashtagl P 2-4iPS hPSM Aietal., 2020
2 Hashtag? PEP 2-4iPS LCDM Yang et al., 2017
3 Hashtag4 PN 2-4iPS SiLA Theunissen et al., 2014
4 Hashtag5 E ABE-CESI hPSM Aietal., 2020
5 Hashtag6 NE ABE-CESI1 SiLA Theunissen et al., 2014
6 Hashtag7 NTE NTI hPSM Aietal., 2020
7 Hashtag8 EP Dan4-1 LCDM Yang et al., 2017
8 Hashtag10 EPT Dan10-2 TS Dong et al., 2020

" For detailed information, please refer to supplement materials and methods. P denotes monkey induced pluripotent stem cells (iPSCs) cultured
in conventional human stem cell medium; PEP denotes monkey iPSCs cultured in extended pluripotent stem medium; PN denotes monkey
iPSCs cultured in human naive medium; E denotes monkey embryonic stem cells (ESCs) derived from blastocyst in conventional human stem
cell medium; NE denotes monkey ESCs derived from blastocyst in human naive medium; NTE denotes nucleus transferred monkey PSCs
cultured in conventional human stem cell medium; EP denotes monkey ESCs derived from blastocyst in extended pluripotent stem medium;
EPT denotes monkey cells derived from blastocyst in trophoblast stem cell medium.
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Fig. 1 Sample multiplexing of various monkey pluripotent stem cell (PSC) lines based on 10x genomics. (a) Multiplexing
of monkey PSCs based on 10x genomics; (b) Demultiplexing of eight monkey PSC samples via Hashtags in t-distributed
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cell line. SOX2: SRY-box transcription factor 2; POUSF1:

POU domain class 5 transcription factor 1, also known as

octamer-binding transcription factor 4 (OCT4). The sample denotations were as listed in Table 1.

mixed pool and observed that the majority of UMI
reads for each Hashtag barcode occurred in singlet
droplet (stringent tested), indicating efficient single-cell
encapsulation (Fig. S1b). Moreover, comparable counts
were observed between double and single droplets in
terms of feature genes, while significantly fewer fea-
ture genes were detected in negative droplets, suggest-
ing that our method enabled accurate assignment of

Hashtags to original samples without altering the total
gene numbers among samples in the library.

2.2 Complex pluripotency of monkey PSC lines in
hPSC media

Unsupervised clustering of the established 10x
library gave 17 clusters (Fig. 1c left), and further
convergence on embryonic development reduced the



clusters to seven groups (Figs. S1d and 1c right). We
defined the group with the highest level of pluripotency-
associated genes (POU domain class 5 transcription
factor 1 (POUSF1), NANOG, and SRY-box transcrip-
tion factor 2 (SOX2)) and epigenetic modification-
associated genes (DNA methyltransferase 3 alpha
(DNMT3A4), DNMT3B, LINE-1 type transposase
domain-containing 1 (L/7D1)) as authentic embryonic
stem cells (ESCs), while we named the group with high
trophoblast-associated genes (GATA-binding protein
3 (GATA3), Keratin 7 (KRT7), and Keratin 19 (KRT19))
as TE, due to its trophoblast-like genotype. Moderate
levels of pluripotent genes and simultaneously upregu-
lated developmental genes in some groups suggested
that these subpopulations were multipotent stem cells
(Fig. S1d). In particular, the group that had randomly
activated expression of markers like Nestin (NVES, ec-
toderm), Erb-B2 receptor tyrosine kinase 2 (ERBB?2),
and podocalyxin-like (PODXL, mesoderm) seemed to
exhibit a progressed ESC state that was uncommitted
to a specific lineage. Therefore, we termed this group
“scrambled ESCs” (S-ESCs). Co-upregulation of plu-
ripotent genes (octamer-binding transcription factor
4 (OCT4) and NANOG) and neuron development-
related genes (paired box 6 (PAX6) and NES) in another
group indicated neural-biased stemness, and therefore
we termed it “N-ESC.” Other groups were designated
as P1-3 because they showed gene-expression pat-
terns biased for specific cell fates and were not our
focus in this work. Briefly, they showed deceased plu-
ripotent genes and upregulated lineage-specific genes,
which included markers for fibroblast (P1; actin a2
(ACTA2), collagen type I al chain (COLIAI)), endo-
derm (P2; CXCR4, Cerberus 1 (CERI), left-right de-
termination factor 1 (LEFTY1)), and neuron (P3; tubu-
lin B3 (TUBB3J3)) (Fig. S1d). P1-3 groups had more
developed identities as compared to the ESC group.
On the whole, all the samples consisted of ESC,
S-ESC, and N-ESC cell identities, while P1-3 identi-
ties only made up a minor fraction (Figs. 1c and 1d).
This suggested that our samples were in complex plu-
ripotent states even though they were cultured in state-
defined conditions. It was surprising to note that even
under trophoblast-directing conditions, only less than
25% of the EPT samples (monkey EPSCs derived in
trophoblast stem cell (TSC) medium) exhibited a tro-
phoblast identity, while over 50% of the population
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still had an ESC identity, implying inefficient differen-
tiation. One reason could be that the medium was not
optimized for monkey cells and cell-identity change
toward trophoblast identity was incomplete.

P, which was maintained in conventional human
PSC medium, showed a minimal percentage of devel-
oped identity (P1, P2, and P3) and mainly consisted
of ESC, S-ESC, and N-ESC (Fig. 1d). The small pro-
portion of P1-3 demonstrated the capacity of hPSC
medium (hPSM) to suppress differentiation in mon-
key stem cells, yet the hybrid pluripotency indicated
that knockout serum replacement (KSR) and fibroblast
growth factor-2 (FGF-2) were not sufficient to main-
tain a pure primed state. Interestingly, although PEP
(monkey induced PSC (iPSCs) cultured in extended
pluripotent stem medium) and PN (monkey iPSCs cul-
tured in human naive medium) were both derived from
P with the aim of reprogramming cell identity from
primed pluripotency towards extended or naive pluri-
potency, PN presented similar cell-identity composi-
tion to that of P, while PEP had a reduced ESC com-
ponent (less than 50%). This indicated that 5iLLA con-
ditions (for naive pluripotency) exclusively impacted
the ESC component of P, while LCDM conditions
(for extended pluripotency) affected lineage-specific
genes and caused differentiation of ESC in P.

The non-optimization of these culture conditions
for non-human primate cells was also evident in other
samples (Figs. 1d and le). Greater heterogeneity was
obtained in lines derived from embryos using the
same culture conditions for iPSC-derived lines. Com-
pared with P and PN, smaller proportions of the ESC
group were found in E (monkey ESCs derived from
blastocyst in conventional human stem cell medium)
or NTE (nucleus transferred monkey PSCs cultured in
conventional human stem cell medium) primed lines
and in the blastocyst-derived naive line (NE, monkey
ESCs derived from blastocyst in human naive me-
dium). Interestingly, although E and NTE were both
derived under the same culture conditions, NTE had
more ESC and less P2, suggesting that the origin of
materials had some influence on the quality of derived
cell lines. Moreover, P1-3 cells were apparently less
abundant in NE compared to the proportion in E, sug-
gesting that the culture system designed to induce the
naive network in hPSCs also improved pluripotency
in non-human primate PSCs. Whether the increased
proportion of P2 in NE compared to NTE was a result
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of the glycogen synthase kinase 3 (GSK3) signaling
manipulation in 51ILA medium (Jiang et al., 2021) re-
quired further validation. In contrast, when compared
with PEP, EP (monkey ESCs derived from blastocyst
in extended pluripotent stem medium) showed a higher
proportion of ESC, indicating that LCDM conditions
were better optimized for deriving ESCs from blasto-
cysts than from iPSCs. This was also evidenced by
the lower proportion of P1-3 in EP compared with
that in PEP. Notably, NANOG was the most strongly
influenced pluripotent marker among the eight cell
lines (Fig. 1e), consistent with the fact that its require-
ment could be bypassed by modulating other path-
ways for maintaining or inducing pluripotency (Taka-
hashi et al., 2007; Stuart et al., 2014).

Additionally, we focused on the ESC commit-
ment of all eight cell lines. Spearman correlation anal-
ysis of ESC components between all samples illus-
trated that all of them were highly correlated (>0.90)
(Fig. S1c). The ESC component from EPT and PEP
exhibited a lower correlation to primed ESC identity.
Although the difference was minor and the details
were not clarified, the data suggested that ESCs in
TSC medium and EPS conditions displayed a certain
degree of difference from the primed state.

In sum, culture conditions that were optimized
for maintaining or inducing human pluripotency were
shown to be inefficient for non-human primate PSCs,
resulting in a complex hybrid of pluripotent cells. Of
the culture conditions tested, P had the highest propor-
tion of cells with high pluripotent gene levels.

2.3 Molecular features of monkey PSC under dif-
ferent culture conditions

In order to elucidate the impact of environmental
factors on cell identity, we first looked into the de-
tailed molecular features of samples that were derived
from the same origin (P, PEP, and PN). In the Uniform
Manifold Approximation and Projection (UMAP) plot,
P and PN were both enriched for the ESC compart-
ment, indicating good maintenance of pluripotency
(Figs. 1c and 2a left & middle). We noticed colocal-
ization of P and PN dots, which implied that cells in
these two conditions shared some similarities. How-
ever, PEP, which was derived and maintained in EPS
culture conditions, showed a distinct pattern (Figs. 1c
and 2a right).

Since the culture conditions in these samples
were designed to induce distinct pluripotent states, we

specifically analyzed the ESC components of P, PEP,
and PN to depict their molecular features. Fig. 2b
shows the differentially expressed gene (DEG) pat-
terns of ESC components in P, PEP, and PN. Intrigu-
ingly, although PEP had the greatest proportion of N-
ESC identity in comparison to the other two samples,
PN_ESCs were found to have the highest level of
SOX2. Unexpectedly, TSC22 domain family member
1 (TSC22D1) and microtubule-associated protein 1B
(MAP1B) were more actively expressed in PEP_ESCs
and PN_ESCs than in P_ESCs. MAP1B plays a role
in cytoskeleton structure changes, which is associated
with neuronal migration and development. TSC22D1
is a transforming growth factor- (TGFB) downstream
target. While these two genes are closely related to
differentiation and development, their expression was
found to be activated in response to naive media.
This phenomenon indicated that different from the
mouse system, in which TGFp signaling was required
for primed pluripotency, a fine tuning of TGF sig-
naling was required for inducing naive or extended
pluripotency in primates (Tesar et al., 2007; Pastor
et al., 2016; Ai et al., 2020; Bayerl et al., 2021).

Gene Ontology (GO) analysis of the DEGs from
Fig. 2b manifested higher enrichment of genes in as-
sociation with metabolic processes and response to
hypoxia in P_ESCs versus PEP_ESCs and PN_ESCs
(Fig. 2c). In addition, PEP_ESCs showed enrichment
of mitosis-related processes compared to P_ESCs,
while negative regulation of RNAs and positive regu-
lation of cell death were found to be more active in
P_ESCs versus PN_ESCs, suggesting that P ESCs
had the lowest self-renewal capability. Interestingly,
terms related to mitosis and chromosome organization
were also enriched in PEP_ESCs versus PN_ESCs,
suggesting the nucleus activities were more robust in
PEP_ESCs. In contrast, GO terms related to differenti-
ation and development were enriched in PN_ESCs
versus PEP_ESCs, indicating that LCDM conditions
were more suppressive for the progression of cell
identity. Whether this was a sign of naive network es-
tablishment remained to be discovered. Variances
were not enriched in these terms between PN_ESCs
and P_ESCs, suggesting that the two groups shared
similar pluripotent states.

In all, our data demonstrated that LCDM and
SiLA conditions virtually reset cells from the same ori-
gin to distinct pluripotent states. ESCs in primed con-
dition had a higher metabolic level and were more
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Fig. 2 Molecular features of monkey pluripotent stem cells in different culture environments. (a) Highlighted region of
P/PN/PEP in the UMAP dataset; (b) Differentially expressed genes in the ESC component of P/PN/PEP; (c) Dot plot of
the Gene Ontology (GO) analysis of the ESC component of P/PN/PEP. UMAP: Uniform Manifold Approximation and
Projection; ESC: embryonic stem cell; NA: not available. The sample denotations were as listed in Table 1.

biased to development, and LCDM and 5iLLA condi-
tions were sufficient to promote self-renewal and
reprogram monkey stem cells to less-developed cell
identities.

2.4 Molecular features of different monkey PSC
lines derived under the same environment

Next, we investigated how different contexts from
non-human primates would respond to the same human
culture conditions. Considering that hPSM yielded the
highest ratio of the ESC group (Fig. 1d), we analyzed
the single-cell transcriptomes of different lines main-
tained under these environments. As expected, cells
directly derived from the embryos (E) showed differ-
ent patterns in the UMAP compared to iPSC line (P)
(Figs. 1c and 3a). Transcriptome analysis of the ESC

components of P and E displayed distinct signatures
(Fig. 3b). When we included another type of embryo-
derived cell line (NTE) in hPSM, NTE ESCs and
E ESCs were close to each other in the UMAP plot
(Fig. 3a) and had similar gene signatures (Fig. 3b).
This phenomenon indicated that original contexts had
a profound impact on the transcriptomic features of
the cell lines.

GO analysis revealed enrichment of genes asso-
ciated with energy and nucleic-acid metabolism in
P_ESCs (Fig. 3c). Additionally, E exhibited enrich-
ment of activated genes in the terms in relation with
cell-substrate junction when compared to P_ESCs. As
expected, the same result was found when we analyzed
NTE_ESCs against P_ESCs, suggesting that it was the
result of the different materials rather than the culture
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Fig. 3 Molecular features of different monkey pluripotent stem cells derived under the same culture conditions.
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Approximation and Projection; ESC: embryonic stem cell; NA: not available. The sample denotations were as listed in

Table 1.

conditions. This indicated that ESCs derived from em-
bryos robustly adapted to the physical environment
in vitro. The fact that the selected GO terms barely
showed any difference between E_ ESCs and NTE
ESCs validated our former conclusion that the identi-
fied DEGs between different cell lines might reflect
context variance rather than culture environments
(Fig. 3¢).

In sum, our data demonstrated that the origin of
the cells could significantly affect the molecular fea-
tures of the derived lines. Conversion or maintenance
of cell identity under certain environments was depen-
dent on cell context. This points to the need for cau-
tious filtering to remove the noise from material vari-
ance when evaluating culture conditions.

2.5 Mapping monkey PSC cell lines to their in vivo
counterparts during embryogenesis

In order to investigate the in vivo counterparts of
the non-human primate PSCs, we collected single-cell
RNA-sequencing (RNA-seq) data from monkey em-
bryos representing different developmental stages (Liu
et al., 2018) (Figs. 4b and 4c). Visualization of the data
showed segregation of distinct clusters representing
early blastocyst (EB), late blastocyst (LB), and hatch-
ing blastocyst (HB) stages in both two and three di-
mensions. Reducing the level of dimension did not
obscure the border of these clusters (Fig. 4c). In par-
ticular, medium blastocyst (MB) colocalized with EB,
suggesting a close resemblance of the two types of
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Fig. 4 Mapping monkey pluripotent stem cell lines to in vivo counterparts during embryogenesis. (a) 3D (top) and 2D
(bottom) UMAP analyses of in vivo embryo data; (b) Heatmap of differentially expressed genes in EB, MB, LB, and
HB; (c) Monkey pluripotent stem cells were mapped to in vivo features (left) and compared to the ESC identities of
each sample (middle and right); (d) Proportion of cells with embryo features in ESCs of each sample. UMAP: Uniform
Manifold Approximation and Projection; ESC: embryonic stem cell; EB: early blastocyst; MB: medium blastocyst; LB:
late blastocyst; HB: hatching blastocyst. The sample denotations were as listed in Table 1.
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blastocysts. This was in accordance with their devel-
opmental status. Interestingly, LB had an elongated
distribution in projection to UMAP 1, representative
of the occurrence of progressive development in this
stage. Also, a small part of LB was close to EB and
MB, indicating that a minor fraction of LB still pos-
sessed features similar to MB. The segregation of HB
from all the other clusters suggested significant identity
variance between HB and other embryo stages.

Mapping the transcriptome features of in vivo
embryos to our data showed that a majority of cells
with MB, LB, and HB features fell into the ESC iden-
tity region (Fig. 4a). Further mapping the ESC clus-
ters to the embryo data illustrated that most of our
obtained ESCs had a molecular profile similar to
that of HB (Fig. 4d). Comparison between samples
cultured under the same conditions showed similar
proportions of MB, LB, and HB for P_ESC, E ESC,
and NTE ESC. Surprisingly, PEP and EP had signifi-
cantly higher proportions of MB than the other groups,
suggesting that EPS conditions reset cells to earlier
developmental stages. However, the different ratios of
MB in PEP_ESC and EP_ESC also supported our ear-
lier conclusion that conversion or maintenance of cell
identity under the same conditions could be altered
using different starting materials.

In conclusion, our data demonstrated that non-
human primate cells in culture conditions currently
used to maintain human stem cell pluripotency closely
resembled HBs, indicating their primed-state pluripo-
tency. Of note, EPS conditions tended to induce earlier
developmental stages of cell identity than all the other
conditions tested.

3 Discussion

Here, we developed a multiplexed single-cell
RNA-seq platform and successfully performed analy-
sis of eight monkey cell lines that were cultured in
conditions optimized for hPSCs. By utilizing DNA
barcodes coupled with antibodies (Hashtag) to label
cells, we were able to distinguish samples from a sin-
gle organism without disturbing cell status. Hashtags
containing a hybrid of two antibodies were applied to
label and demultiplex cynomolgus monkey cells. A
flow chart (Fig. S1a) demonstrated specificity to mon-
key cells, ensuring the results that reflected cynomol-
gus monkey cells in defined culture conditions.

Various culture conditions have been used in stem
cell research to maintain or induce different states of
pluripotency for hPSCs. Since non-human primate
models have recently become a promising platform for
clinical translation, optimization of culture conditions
for monkey cells is desirable rather than simply using
hPSC-based media. To this end, we profiled the mo-
lecular features of eight monkey PSC lines cultured
under hPSC conditions. Annotation of the sample clus-
ters demonstrated heterogeneity of outcomes (Fig. 1d).
While hPSC-optimized medium was shown to direct
cell identity to some extent, its efficiency is subopti-
mal for monkey PSCs. hPSM is the most efficient me-
dium, as it generates the least upregulation of develop-
mental genes. Although 5iLA culture conditions have
been proven to reset human primed PSCs to a naive-
like state (Theunissen et al., 2014, 2016), in our study
these conditions did not seem to cause any significant
variation in the ESC ratio compared to conventional
hPSM (Fig. 1d). However, a deeper look into the ESC
transcriptome profiles of P and PN reveals distinct
molecular signatures (Fig. 2b). GO analysis confirms
the capacity of 51LA conditions to suppress differenti-
ation of associated genes (Fig. 2¢); however, mapping
the molecular profile to in vivo data reveals a resem-
blance of these ESCs to HB, which is a sign of primed
pluripotency (Fig. 4d). At the least, we found evi-
dence that 5iLA conditions select the exact signaling
pathways to suppress differentiation and that they pro-
mote expansion of the proportion of LB and MB in
monkey PSCs. Therefore, future work may require
manipulation of inhibitor concentration in 5iLA media
to improve monkey naive-cell culture. Another poss-
ible reason that the naive state was not established is
the presence of FGF signaling (Fig. 2b), since it has
been reported that adaptation to FGF-2-free condi-
tions enhances upregulation of naive-related genes
during reprogramming (Chen et al., 2015).

The PEP line used LCDM conditions as an EPS-
directing medium. Given the fact that ESCs in LCDM
or 5iLA environments show little variance in GO
terms associated with differentiation and development
(Fig. 2c¢), the two conditions are proven to reset the
primed ESCs to more primitive and undeveloped plu-
ripotent states. Simultaneously, ESCs in LCDM con-
ditions were endowed with better self-renewal ability,
even though FGF-2 was not included in the medium.
Interestingly, overall analysis indicated that PEP had
the highest rate of N-ESCs (Fig. 1d) and the lowest



level of NANOG (Fig. 1e). However, mapping the
ESC from PEP to the in vivo counterpart revealed the
highest frequency of early embryos (MB) identity,
which suggests improved pluripotency (Fig. 4d). There-
fore, we conclude that LCDM conditions are capable
of bypassing NANOG and FGF signaling pathways
to enhance self-renewal of primate ESCs while rewir-
ing the molecular signatures towards an earlier plurip-
otent state.

Analysis of the molecular profiles of cells cul-
tured in the same environments illustrates that the ma-
terial origins have a profound impact on single-cell
techniques. Indeed, the differences in DEGs between
reprogrammed cells (P_ESCs) and embryo-derived
cells (E_ESCs and NTE_ESCs) reflect variations in
material rather than cell identity. Notably, the data in
Fig. 3b show that the ESCs in E in general had higher
levels of forkhead box protein A2 (FOXAZ2), mix
paired-like homeobox 1 (MIXLI), and CERI. This sug-
gests a primed state biased to endoderm lineages, as
these genes are in close association with mesendo-
derm (Kempf et al., 2016; Su et al., 2020). This phe-
nomenon might account for the higher P2 ratio in E,
as the E_ESCs are prone to auto-differentiating into
endoderm cells due to robust expression of FOXA2.

GO analysis confirmed the presence of enhanced
energy and nucleic acid metabolism in the iPSCs
(Fig. 3c). It is worth noting that both lines derived
from embryos (E and NTE) showed enrichment of
GO terms in association with cell-substrate junction,
indicating that these ESCs retained some degree of
polarity and had robust interactions with extracellular
matrix. This polarity was lost in iPSCs as a result of
reprogramming. Interestingly, NTE _ESCs showed el-
evated activity in GO terms for mesodermal differenti-
ation, perhaps due to the imprinted pattern inherited
from the fibroblasts from which the NTE nucleus was
extracted. However, this elevated activity of mesoderm-
biased gene expression was not observed in the iPSC
line P, which was reprogrammed from fibroblasts,
demonstrating efficient removal of the imprints from
the parents by the reprogramming factors (Takashima
et al., 2015; Pastor et al., 2016). Our results therefore
demonstrate the direct effects of nuclear reprogram-
ming in erasing original molecular features; neither
nuclear transfer nor switching culture conditions was
effective in completely disentangling parental genome
patterns. Nevertheless, in vivo mapping of the tran-
scriptome profile indicates similar developmental
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status for P and E, while NTE shows a slightly in-
creased fraction of population with similarity to earlier
developmental status (Fig. 4d). The contrary conclu-
sions drawn from GO analysis and in vivo mapping
might be due to misunderstanding of the functional-
ities of mesoderm-related genes. Stuart et al. (2019)
reported that during nuclear reprogramming in the
murine system, stem cells could be cultivated into a
mesoderm-like state and then returned to naive pluri-
potency. This routine showed the activation of mul-
tiple mesoderm-related genes that were likely to be
categorized into GO terms associated with mesoder-
mal differentiation. We do not know whether the same
scenario was taking place in the NTE line, and fur-
ther work would be required to unravel the role of
these marker genes in lineage specification.

To conclude, this work demonstrates that non-
human primate PSCs exhibit a complicated cell-identity
mixture in hPSC conditions due to species variation.
On the whole, primed pluripotency was obtained under
most culture conditions, yet the selected signaling path-
ways in hPSC conditions were found to only partially
direct monkey stem cells to the designated identities.
This work provides an in silico reference for establish-
ing optimized conditions for non-human primate PSC
culture.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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