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SUMMARY

Understanding the regulation of human embryonic stem cells (hESCs) pluripotency is critical to advance the field of developmental biology
and regenerative medicine. Despite the recent progress, molecular events regulating hESC pluripotency, especially the transition between
naive and primed states, still remain unclear. Here we show that naive hESCs display lower levels of O-linked N-acetylglucosamine (O-GIcNA-
cylation) than primed hESCs. O-GlcNAcase (OGA), the key enzyme catalyzing the removal of O-GIcNAc from proteins, is highly expressed in
naive hESCs and is important for naive pluripotency. Depletion of OGA accelerates naive-to-primed pluripotency transition. OGA is tran-
scriptionally regulated by EP300 and acts as a transcription regulator of genes important for maintaining naive pluripotency. Moreover, we
profile protein O-GlcNAcylation of the two pluripotency states by quantitative proteomics. Together, this study identifies OGA as an impor-
tant factor of naive pluripotency in hESCs and suggests that O-GlcNAcylation has a broad effect on hESCs homeostasis.

INTRODUCTION

Pluripotency is a fundamental feature of embryonic stem
cells (ESCs) that give rise to all cell types in an organism. It
is accepted that human ESCs (hESCs) possess two distinct
states of pluripotency, naive and primed states (Guo et al.,
2016; Theunissen etal., 2014). Naive hESCs resemble pre-im-
plantation epiblasts and display the highest developmental
potential. Primed hESCs are developmentally more
advanced than the naive cells and resemble post-implanta-
tion epiblasts (Guo et al., 2016; Van der Jeught et al., 2015).
ESCs in these two states are different in various ways,
including morphology, clonogenicity, signaling pathways,
epigenetic features, and metabolism (Bao et al., 2009; Guo
et al., 2016; Nichols and Smith, 2009; Sperber et al., 2015;
Van der Jeught et al., 2015). The hESCs cultured in conven-
tional conditions are in the primed state (Nichols and Smith,
2009; Van der Jeught et al., 2015). It is appealing to convert
primed hESCs back to the naive state, as naive hESCs are
unique to study early embryogenesis and lineage decisions.
Although several methods have been developed to convert
primed hESCs to naive hESCs (Bayerl et al., 2021; Breden-
kamp et al.,, 2019; Takashima et al.,, 2014), our current
understanding of mechanisms underlying their transition
still remains in its infancy.

O-GIcNAcylation is a prevalent form of protein glycosyl-
ation that modifies serine and/or threonine residues of

intracellular proteins (Hart et al, 2007). O-GlcNAc
transferase (OGT) catalyzes the addition of O-GIcNAc
onto proteins, while O-GlcNAcase (OGA) hydrolyzes
O-GlcNAc from proteins (Hanover et al., 2010; Yang and
Qian, 2017). Increasing evidence suggests that O-GlcNAc
plays critical roles in maintaining cell homeostasis through
various mechanisms, including transcriptional and epige-
netic regulation, signal transduction, metabolic reprog-
ramming, and stress response (Hardivillé and Hart, 2014;
Singh et al., 2015; Yang and Qian, 2017). Recently, O-
GIcNAc has emerged as a key regulator of stem cell identity
and cell fate decision. For example, OGT deletion in mouse,
zebrafish, or frog leads to developmental defects, or even
embryonic lethality (Love et al., 2010; Shafi et al., 2000).
OGA deletion leads to perinatal lethality or developmental
delay (Keembiyehetty et al., 2015; Yang et al., 2012).
O-GIcNAc regulates ESCs self-renewal and pluripotency
by controlling the stability and transcriptional activity of
key transcription factors, including OCT4, SOX2, ESRRB,
and SP1 (Constable et al., 2017; Hao et al., 2019; Lee
et al., 2016; Myers et al., 2016). OGT also interacts with
and modifies ten-eleven translocation family proteins
and other epigenetic cofactors, including HCF1, to regulate
ESC differentiation (Deplus et al., 2013; Maury et al., 2015;
Vellaetal., 2013). Our previous study demonstrated that O-
GIcNAc regulates the methionine cycle to impact mouse
ESC (mESC) pluripotency (Zhu et al., 2020). These studies
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Figure 1. OGA expression is increased in naive hESCs compared to primed hESCs

(A) Schemes and representative pictures for inducing primed hESCs into naive hESCs via RseT-ff and PXGL culture systems. Scale bars,
100 pm.

(B) gPCR analysis of OGA and OGT in H9 primed versus naive hESCs (n = 3 independent assays).

(C) Western blot analysis of 0GA, 0GT, and 0-GlcNAcylation levels (RL2) in H9 primed versus naive hESCs (n = 3 independent assays).
(D) gPCR analysis of OGA and OGT in H1 primed versus RSeT-ff naive hESCs (n = 3 independent assays).

(E) Western blot analysis of 0GA, OGT, and RL2 levels in H1 primed versus RSeT-ff naive hESCs (n = 3 independent assays).
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on the function and mechanism of O-GlcNAc in ESCs were
mainly carried out using mESCs. It is known that mESCs
and hESCs differ substantially in various ways (Tsogtbaatar
et al., 2020; Varzideh et al., 2023). The role of O-GlcNAc
and the recycling enzymes (OGT and OGA) in hESCs ho-
meostasis remains largely unexplored.

Here, we sought to delineate the role of OGA in the main-
tainance and transition of the two states of hESCs. We
show that OGA expression is upregulated in naive hESCs
and is important for naive pluripotency. In contrast, OGA
inhibition has no effect on the primed pluripotency.
OGA depletion accelerates the naive-to-primed transition,
while OGA expression promotes the primed-to-naive tran-
sition. Our results indicate that OGA acts as a transcription
regulator of genes important for maintaining naive plurip-
otency in hESCs.

RESULTS

OGA expression is increased in naive hESCs compared
to primed hESCs

To reprogram primed hESCs to the naive state, we induced
two primed hESCs lines, H1 and H9, via either the feeder-
free (RSeT™ Feeder- Free Medium, RSeT-ff) system or the
feeder-dependent (PXGL medium) system (Figure 1A),
both of which have been well established (Bredenkamp
et al.,, 2019; Ward et al., 2017). Consistent with previous
studies (Collier and Rugg-Gunn, 2018; Taei et al., 2020),
the change of colony morphology (Figure 1A), upregula-
tion of naive markers (Figures S1A and S1D), and enhanced
single-cell clonogenicity indicate the successful acquisition
of naive-like hESCs (Figure S1B). Cells induced with the
RSeT-ff system showed lower upregulation of naive markers
compared to the PXGL system, consistent with the previ-
ous study (Chen et al., 2024). Western blot detected a
higher level of the naive marker KLF4 in reprogrammed
hESCs than in primed cells (Figure S1C). In addition, in
the PXGL system, reprogrammed hESCs displayed charac-
teristic SUSD2*/CD24" cell surface markers distinguished
from primed cells with SUSD27/CD24" markers (Figure S1E).
Together, we successfully reprogrammed primed hESCs to
naive hESCs.

Next, we examined levels of OGA, OGT, and O-GIcNAc in
both primed and naive hESCs. Notably, both mRNA and
protein levels of OGA increased significantly in H9 and
H1 naive cells compared to the primed cells (Figures 1B-
1G). Accordingly, O-GlcNAc levels were decreased in naive
hESCs (Figures 1C-1E, G). In contrast, OGT levels did not

show consistent changes (Figures 1B-1G). Our recent pro-
teomic study of naive and primed hESCs showed that
OGA was among the top 20 upregulated proteins in naive
cells (Figures S1F and S1G). Thus, naive hESCs possess a
higher level of OGA and a lower level of O-GIcNAc
compared to primed cells.

OGA regulates naive pluripotency of hESCs

To investigate the role of OGA in pluripotency and prolifer-
ation of naive hESCs, we depleted OGA in naive H9 cells
induced via both systems, which caused a drastic reduction
of NANOG and SOX2 protein levels (Figures 2A and 2B). A
range of naive markers were also significantly reduced
(Figures 2C and 2D). Moreover, OGA depletion reduced
positive clone ratio for alkaline phosphatase (AP) staining
and changed the typical dome-shaped morphology to the
flat morphology (Figures 2E and 2F). In contrast, lineage-
specific genes were significantly increased (Figures 2G
and 2H). These results suggest the impaired pluripotency
and naive identity upon OGA depletion in naive hESCs.
To further investigate whether OGA activity is required
for the naive pluripotency, we treated naive H9 cells with
a selective OGA inhibitor thiametG (TMG). TMG treatment
similarly decreased the expression of pluripotency markers
and naive markers (Figures 2I-2L), reduced the AP-positive
colonies (Figures 2ZM and 2N), and increased the expression
of lineage-specific genes (Figures 20 and 2P). We corrobo-
rated the aforementioned results using naive H1 hESCs.
Consistently, we observed that OGA depletion or inhibi-
tion similarly reduced expressions of pluripotent markers
and naive markers, as well as positive clone numbers of
AP staining (Figures S2A-S2G). To further support the
importance of OGA activity in naive pluripotency, we
introduced the catalytically dead OGA mutant (K98A)
into OGA-depleted naive cells. The results showed that,
introduction of wild-type (WT), but not K98A, OGA could
effectively restore naive pluripotency (Figures S2L and
S2M). Together, these data demonstrate that OGA is impor-
tant for naive pluripotency of hESCs.

We next investigated the role of OGA in the proliferation
of naive hESCs. OGA depletion did not have any appre-
ciable effect on colony formation or cell proliferation rate
of naive H9 cells (Figures S2ZH-S2K), suggesting that OGA
is not required for proliferation of naive hESCs.

As OGT catalyzes the opposing reaction compared to
OGA, we examined whether modulation of OGT has any ef-
fects on naive hESCs. Naive hESCs treated with OSMI-4, a se-
lective OGT inhibitor, reduced global O-GlcNAc levels but

(F) gPCR analysis of OGA and OGT in H1 primed versus PXGL naive hESCs (n = 3 independent assays).
(G) Western blot analysis of 0GA, 0GT, and RL2 levels in H1 primed versus PXGL naive hESCs (n = 3 independent assays). Error bar represents
means + SEM. ns, nonsignificant, *p < 0.05, **p < 0.01 (unpaired Student’s t test).
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slightly increased the expression of SOX2 (Figures S3A, S3B,
S3E and S3G) and naive markers STELLA and PRDM14 (Fig-
ure S3C). Consistently, no significant difference was
observed for positive clone ratio of AP staining in the pres-
ence or absence of OSMI-4, but it was observed that OGT in-
hibition resulted in smaller clonal morphology of naive
hESCs, which suggests a proliferation defect (Figures S3D
and S3E). We speculate that these results may be due to
the fact that naive hESCs are already in a high pluripotency
state. These data suggest that OGT activity is not required for
naive pluripotency.

OGA inhibition has no effect on pluripotency of
primed hESCs

We then investigated the role of OGA in primed hESCs. In-
hibition of OGA with TMG had no effects on the expres-
sion of pluripotent markers OCT4, NANOG, and SOX2 in
H9 primed cells (Figures S4A and S4B). Consistently, no dif-
ference was observed in AP-positive staining compared to
the control (Figure S4C). Similar results were obtained
with H1 primed cells (Figure S4D). Together, it suggests
that OGA inhibition has no effect on pluripotency of
primed hESCs.

We further treated H9 primed cells with OSMI-4 and
observed a significant reduction of pluripotency markers
(Figures S4B, S4E, S4F), AP-positive staining (Figure S4C),
and primed markers (Figure S4G). In line with the reduc-
tion of pluripotency, the expression of lineage-specific
genes was increased upon OGT inhibition (Figure S4H).
These data show that OGT inhibition impairs pluripotency
of primed hESCs.

OGA affects transitions between naive and primed
states

We next investigated whether OGA modulation influences
the transition of hESCs between naive and primed states.
As naive hESCs possess a higher level of OGA compared
to primed hESCs, we knocked down OGA in naive cells
and then induced naive-to-primed transition (a process

referred to as “repriming”) (Figure 3A) (Huang et al,
2021). Analysis of the mRNA levels of primed markers
showed a more rapid induction in OGA-depleted cells
compared to the control (Figures 3B and 3C). On day 7 of
repriming, the percentage of SUSD2~CD24" primed cells
reached 50.66% in OGA-depleted cells, compared to
40.76% in control cells in the PXGL system (Figure 3D).
These results indicate that OGA depletion accelerates
naive-to-primed transition of hESCs.

On the other hand, we ectopically expressed OGA in
primed hESCs and reprogrammed cells back to the naive
state. Notably, the mRNA levels of naive markers
(STELLA, DNM3TL, and DPPAS) were induced more rapidly
during reprogramming in OGA-expressed cells than in con-
trol cells (Figure 3E), suggesting that OGA expression pro-
motes primed-to-naive transition of hESCs.

EP300 upregulates OGA transcription in naive hESCs

As OGA transcription was upregulated in naive hESCs, we
sought to identify the potential transcription factor(s) or
cofactor(s) regulating OGA expression. The promoter re-
gion of OGA was defined as about 1,500 bp upstream of
the transcription start site (TSS) and 200 bp downstream
of TSS. The putative promoter was provided to the Univer-
sity of California Santa Cruz (UCSC) Genome Browser
(https://genome.ucsc.edu) (Figure 4A). A total of 192 tran-
scription factors were obtained. Alternatively, we predicted
possible transcription factors of OGA using hTFtarget, and
184 transcription factors were obtained. There are 76 tran-
scription factors predicted by both datasets. Then we chose
six stem cell-associated transcription factors or cofactors for
further verification, which include STAT3, ETS1, c-MYC,
HIF1a, JUN, and EP300 (Figure 4A). Among them, deple-
tion of STAT3, c-MYC, JUN, and EP300 resulted in a reduc-
tion of OGA mRNA levels (Figure S5A). However, c-MYC
protein level was upregulated in H9 primed cells and down-
regulated in naive cells, opposite to the trend of OGA
expression (Figure 4B). Thus, we narrowed down the list
to STAT3, JUN, and EP300. We then examined the effect

Figure 2. OGA has a role in regulating pluripotency of naive hESCs

(A and B) Western blot analysis of 0GA, RL2, and pluripotent markers in H9 naive hESCs upon OGA depletion (n = 3 independent assays).
(C and D) gPCR analysis of naive markers in H9 naive hESCs upon OGA depletion (n = 3 independent assays).

(Eand F) Representative images of AP staining and statistical graph of AP-positive clones ratio in H9 naive hESCs infected with scramble or
0GA-targeting short hairpin RNA (shRNA) (n =3 independent assays). Scale bars, 200 um. The quantification was performed using ImageJ.
(G and H) gPCR analysis of the lineage-specific genes in H9 naive hESCs upon OGA depletion (n = 3 independent assays).

(T and J) Western blot analysis of RL2 levels and pluripotent markers in H9 naive hESCs treated with TMG for different time points (n =3
independent assays).

(K and L) gPCR analysis of naive markers in H9 naive hESCs with TMG treatment (n = 3 independent assays).

(Mand N) Representative images of AP staining and statistical graph of AP-positive clones ratio in H9 naive hESCs with TMG treatment (n =
3 independent assays). Counting was performed using ImageJ.

(0 and P) gPCR analysis of the lineage-specific genes in H9 naive hESCs with TMG treatment (n = 3 independent assays). Error bar represents
means + SEM. ns, nonsignificant, *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired Student’s t test).
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on naive pluripotency upon depletion of the three pro-
teins. Notably, pluripotency was significantly decreased
only upon EP300 depletion (Figure 4C), which had a
similar phenotype as with OGA depletion. Moreover,
EP300 depletion reduced OGA expression and increased
global O-GIcNAc levels in naive hESCs (Figure 4D). We
further performed dual luciferase reporter assays and
observed that EP300 could bind to the promotor region
and transactivate OGA (Figure 4E). On the other hand,
the reduced expression of OCT4 and NANOG upon
EP300 depletion was partially recovered by forced expres-
sion of OGA (Figures 4F and 4G). In addition, we performed
RNA sequencing (RNA-seq) in PXGL naive hESCs depleted
of OGA, depleted of EP300, or depleted of EP300 with OGA
re-expression. There were 770 differentially expressed
genes (DEGs) co-upregulated in OGA-depleted and
EP300-depleted hESCs; among them 357 genes were
restored upon OGA re-expression. Among the co-downre-
gulated 433 DEGs, 35 genes were restored (Table S1).
Enrichment analysis of restored genes revealed that OGA
can rescue EP300-depleted phenotypes associated with
extracellular matrix (ECM), embryonic development, and
differentiation (Figure 4H). Together, these results suggest
that EP300 transcriptionally regulates OGA to impact naive
pluripotency.

To investigate the mechanism by which EP300 regulates
OGA transcription, we tested whether EP300 directly binds
to OGA promoters. We designed 8 pairs of primers that
cover the entire predicted OGA promoter region (Fig-
ure S5B) and performed chromatin immunoprecipitation-
quantitative PCR (ChIP-qPCR) assays. Significant enrich-
ment of EP300 was observed with all 8 pairs of primers,
with primer 3, 4, and 5 being the highest in either H9 or
H1 primed hESCs (Figures S5C and S5D). Interestingly,
EP300 ChIP sequencing (ChIP-seq) data of H1 primed
hESCs derived from the Encyclopedia of DNA Elements
(ENCODE) database showed a binding peak of EP300 at
the OGA promoter (Figure SSE). Furthermore, we conduct-
ed an EP300 ChIP-seq assay in PXGL naive hESCs, which
showed a notable binding peak of EP300 at the OGA pro-
moter (Figure 4I). Inspection of genome-wide peak distri-

bution revealed that EP300 binding sites were mainly
located at the promoters, introns, and distal intergenic re-
gions (Figure SS5F). The Hypergeometric Optimization of
Motif EnRichment (HOMER) motif analysis for EP300
binding peaks indicated that EP300 may target transcrip-
tion factors (e.g., NANOG, KLF5, TEAD1) known to be
involved in gene transcription and embryonic organ devel-
opment (Figure S5G). In addition, EP300-regulated genes
are mainly involved in protein modification, metabolism,
and gene transcription (Figure SSH). Besides, ChIP-qPCR
assays were performed to further verify the significant
enrichment of EP300 at the primer3, 4, and 5 regions of
the OGA promoter (Figures 4] and 4K).

Considering the histone acetyltransferase activity of
EP300, we next examined the acetylation states of histones
atthe OGA promoter region in naive hESCs. Itis known that
histone H3 lysine 9 (H3K9), lysine 14 (H3K14), and lysine
27 (H3K27) residues are substrates of EP300, and their acet-
ylation usually leads to transcriptional activation of down-
stream genes (McManus and Hendzel, 2003). ChIP-qPCR
assays were performed with specific antibodies against
acetyl-H3K9, acetyl-H3K14, and acetyl-H3K27, respec-
tively. The result showed that the signal of acetyl-H3K14
at the primer 3 and 4 binding regions decreased signifi-
cantly upon EP300 depletion in naive hESCs compared
with the control, as well as acetyl-H3K27 at the primer 3,
4, and 5 binding regions (Figure 4L). In contrast, no signif-
icant difference was observed for the signal of acetyl-H3K9,
suggesting that EP300 regulates H3K14 and H3K27 acetyla-
tion but not H3K9 acetylation at the OGA promoter region.
Together, our data indicate that transcriptional regulation
of OGA by EP300 may be mediated through histone acety-
lation at the OGA promoter region in naive hESCs.

OGA depletion impacts global gene expressions to
regulate pluripotency of hESCs

To gain a better understanding of how OGA regulates
hESCs pluripotency, we performed RNA-seq analysis to
compare gene expressions during PXGL naive-to-primed
transition (Figure 5A). There were 2,809 and 6,382 DEGs
significantly upregulated in WT PXGL naive and reprimed

Figure 3. 0GA modulation affects transition between naive and primed states
(A) Schematic depiction of promoting transitions between naive and primed states.
(B) gPCR analysis of primed markers at different time points during transition from PXGL naive to primed state in hESCs infected with

scramble or 0GA-targeting shRNA (n = 3 independent assays).

(C) gPCR analysis of primed markers at different time points during transition from RseT-ff-naive to primed state in hESCs infected with

scramble or 0GA-targeting shRNA (n = 3 independent assays).

(D) Flow cytometry analysis of SUSD2 and CD24 expressions during transition from PXGL naive to primed state in hESCs infected with

scramble or 0GA-targeting shRNA (n = 3 independent assays).

(E) gPCR analysis of naive markers at different time points during transition from primed to naive state in hESCs with or without 0GA
overexpression (n = 3 independent assays). Error bar represents means + SEM. ns, nonsignificant, *p < 0.05, **p < 0.01, ***p < 0.001

(unpaired Student’s t test).
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H9 hESCs, respectively (Figure 5B; Table S2). Clustering
analysis of DEGs indicates that repriming cells possessed
intermediate transcriptional identity (Figure 5C). During
5 days of repriming, 3,332 (out of 6,382, 52%) and 1,183
(out of 2,809, 42%) DEGs were significantly up- and down-
regulated, respectively, compared with naive WT hESCs
(Figure S6A). Consistent with the role of OGA in naive
pluripotency, OGA depletion caused a significant reduc-
tion of naive-related gene expressions, but a significant in-
crease of primed-related gene expressions in naive hESCs
(Figures S6B and S6C). Gene set enrichment analysis
(GSEA) of naive hESCs showed that cell differentiation
pathways and fibroblast growth factor (FGF)/mitogen-acti-
vated protein kinase (MAPK) signaling pathways that were
usually inhibited in naive hESCs were upregulated upon
OGA depletion, as well as ECM-related pathways that
participate in embryonic development (Eastham et al.,
2007). In contrast, pathways related to oxidative phos-
phorylation, which usually displays a higher level in naive
hESCs (Zhou et al., 2012), were downregulated (Figure 5D).
On day 5, 222 DEGs were upregulated and 200 DEGs were
downregulated in OGA-depleted cells compared with the
WT hESCs (Figure SE). Consistent with promoting naive-
to-primed transition upon OGA depletion, upregulated
DEGs include cell differentiation-related genes such as
GATA4 and TBXT and primed-specific genes OTX2, CERI,
and DUSP6.

We further analyzed the DEGs shared by all three stages
upon OGA depletion (Figures 5F and 5G). MMP2, partici-

pating in epithelial-mesenchymal transition (EMT) during
embryonic development (Eastham et al., 2007), was upre-
gulated among the three stages. The lineage-determining
transcription factor GATA6, which promotes the inner cell
mass (ICM) commitment to the primitive endoderm (PrE)
(Thompson et al., 2022), was also upregulated. We further
differentiated naive hESCs into PrE and nEND (Linneberg-
Agerholm et al., 2019) and observed a significant increase
in the expression of PrE markers in either PrE or naive ex-
tra-embryonic endoderm (nEND) cells upon OGA deple-
tion (Figure S6D), suggesting that depletion of OGA acceler-
ated the differentiation of naive hESCs toward PrE.
FBXO15, a target of OCT3/4 and SOX2 (Donato et al.,
2017), which was associated with the entrance of primed
pluripotency, was significantly downregulated (Figure 5G).
GSEA analysis between WT and OGA-depleted cells in the
three stages showed an enrichment of two major cellular
pathways: cell differentiation/embryonic development
and transcription regulation (Figure SH). These data further
support the role of OGA in maintaining naive pluripotency.

Next, we focused on the DEGs affected by OGA depletion
during naive-to-primed transition by comparing the DEGs
between the naive and repriming stages (Figure 5I). There
were 4,187 and 3,933 DEGs upregulated in WT and OGA-
depleted hESCs, respectively. Among them 2,884 genes
were shared. Among the downregulated DEGs 1,083 genes
were shared. Enrichment analysis of these common
DEGs showed that upregulated genes were enriched in
ECM-related pathways and MAPK pathways, while

Figure 4. EP300 upregulates OGA transcription in naive hESCs

(A) Venn diagram of potential transcription factors that bind to the 0GA promoter between the UCSC-ENCODE database and hTFtarget
database, as well as transcription factors chosen for downstream research.
(B) Western blot analysis of the expression level of STAT3, c-MYC, JUN, and EP300 in H9 primed and naive hESCs (n = 3 independent

assays).

(C) gPCR analysis of pluripotency markers in H9 naive hESCs upon depletion of STAT3, JUN, and EP300 (n = 3 independent assays).
(D) Western blot analysis of OGA and RL2 levels in H9 naive hESCs upon EP300 depletion (n = 3 independent assays).
(E) Dual luciferase reporter assay was performed to test the transcriptional activation ability of EP300 on OGA promotor (n =4 independent

assays).

(F) gPCR analysis of OCT, NANOG, and SOX2 in H9 naive hESCs upon EP300 depletion and ectopic expression of 0GA. (n = 3 independent

assays).

(G) Western blot analysis of 0GA and pluripotent markers in H9 naive hESCs upon EP300 depletion and ectopic expression of 0GA (n =3

independent assays).

(H) Left, Venn diagram showing the overlap of up- or downregulated DEGs between siOGA versus siNC, siEP300 versus siNC, and siEP300
versus siEP300+0GA group. Right, enrichment analysis of the common upregulated or downregulated genes in the three comparison

groups.

(I) Integrative genomics viewer images showing tracks of EP300 occupancy on OGA in PXGL naive hESCs.

(J) The binding of EP300 to the primer 3, 4, and 5 regions of OGA is analyzed by ChIP-gPCR in H9 naive hESCs. ChIP-gPCR data were
normalized to input. IgG served as a negative control (n = 3 independent assays).

(K) The binding of EP300 to the primer 3, 4, and 5 regions of OGA is analyzed by ChIP-gPCR in H1 naive hESCs. ChIP-gPCR data were
normalized to input. IgG served as a negative control (n = 3 independent assays).

(L) The acetylation state of H3K9, H3K14, and H3K27 on the promoter region of OGA is analyzed by ChIP-qPCR using P3, P4, and P5 primers
in H9 naive hESCs upon EP300 depletion (n = 3 independent assays). Error bar represents means + SEM. ns, nonsignificant, *p < 0.05,

**p < 0.01, ***p < 0.001 (unpaired Student’s t test).
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downregulated genes were enriched in lipid metabolic and
small molecule transport pathways. Further analysis of up-
regulated (1,049) and downregulated (1,114) genes
specifically in OGA-depleted cells showed that FGF/MAPK
pathways and differentiation-related pathways were
upregulated, while mitochondrial respiration and epige-
netic-related pathways were downregulated. These ana-
lyses suggest that OGA depletion promotes naive-to-
primed transition by upregulating differentiation-related
pathways and FGF/MAPK pathways and downregulating
oxidative respiration and epigenetic-related pathways.

OGA is involved in transcriptional regulation of
pluripotency-related genes in hESCs

Considering its broad impact on gene expression, we sub-
jected PXGL naive hESCs to Cleavage Under Targets & Tag-
mentation (CUT&Tag) assays. Enrichment for occupancy
by OGA was probed with a specific antibody against OGA
in WT or OGA-depleted PXGL naive hESCs. Control experi-
ments were carried out with immunoglobulin G (IgG). There
were 8,978 peaks overlapped in WT PXGL naive cells.
Expectedly, in OGA-depleted cells reads around the center
of OGA binding were significantly decreased compared to
WT cells (Figure 6A). Inspection of genome-wide peak distri-
bution revealed that OGA binding sites were mainly located
at the promoter, introns, and distal intergenic regions (Fig-
ure 6B). To identify relevant genes directly regulated by
OGA, we integrated the CUT&Tag data with the RNA-seq da-
tasets according to the flowchart shown in Figure 6C. We
observed that 4,952 genes contained OGA binding sites, sug-
gesting that these genes maybe directly regulated by OGA.
The significant difference analysis revealed 117 DEGs
(Table S3). These OGA-targeted DEGs include genes involved
in MAPK/ERK signaling, cell differentiation, and ECM-
related pathways, which were upregulated upon OGA deple-
tion (Figures 6D and F), as well as genes involved in signal
transduction and pluripotency, which were downregulated
(Figure 6E). Interestingly, we observed that among the

DEGs were 13 genes (all upregulated upon OGA depletion)
that encode distinct histone variants (Figure 6F), which
were recently emerging as important regulators of ESC
identity and cell fate (Li et al., 2022; Pan and Fan, 2016).
Further, the HOMER motif analysis for OGA binding peaks
of 117 DEGs suggests that OGA may target transcription fac-
tors (e.g., FOXA1, NeuroG2, SOX9) known to involve in
stem cell differentiation (Figure 6G). Interestingly, it was
observed that OGA binds to the promoter region of naive
markers STELLA, DNMT3L, and PRDM1I4, suggesting
that OGA may directly regulate naive gene expressions (Fig-
ure 6H). Together, these results suggest that OGA is involved
in the transcriptional regulation of genes important for the
maintenance of naive pluripotency in a trans-acting fashion.

Profiling OGA-mediated protein O-GlcNAcylation of
the two pluripotency states

As OGA catalyzes hydrolysis of O-GIcNAc from substrate
proteins, we profiled protein O-GlcNAcylation of the two
states by mass spectrometry (MS)-based quantitative prote-
omics. Cell lysates of PXGL naive and primed hESCs were
enzymatically tagged with azido-N-acetylgalactosamine
(GalNAz) and subsequently derivatized with alkynyl-
biotin via the Cu(I)-catalyzed click reaction. Biotinylated
O-GlcNAcylated proteins were enriched on streptavidin-
coated beads and further subjected to on-beads trypsin
digestion to release peptides. The released peptides were
subjected to isotopic dimethyl labeling of amino groups
by reductive amination and further quantified by MS
(Figure 7A). The analysis of all identified proteins revealed
that primed hESCs have a higher level of O-GlcNAcylated
proteins, consistent with the western blot results
(Figures 7B, 1C, 1E, and 1G). Overall, we identified a total
of 812 differentially expressed glycoproteins (fold change
>1.5, p value <0.05, Student’s t test), with 69 upregulated
and 743 downregulated in naive cells (Figure 7C; Table S4).
Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) analyses were performed with the

Figure 5. 0GA depletion impacts global gene expressions to regulate pluripotency of hESCs

(A) Schematic depiction of repriming transition of PXGL naive hESCs and the experimental design for RNA-seq.

(B) Volcano plot showing DEGs between WT reprimed and H9 naive hESCs. (fold change >2, q value <0.05).

(C) Clustering analysis of RNA-seq data for naive, repriming, and reprimed hESCs with or without OGA depletion based on naive-specific
genes (N =2,809) and reprimed-specific genes (N = 6,382), as defined in Figure 5B.

(D) GSEA analysis in WT and 0GA-depleted naive hESCs. Gene sets were considered differentially enriched with p value <0.05.

(E) Volcano plot showing DEGs between WT and OGA-depleted naive hESCs on day 5 of repriming. (fold change >2, g value <0.05).
(F) The number of up- or downregulated DEGs in 0GA-depleted versus WT naive, repriming, and reprimed hESCs. (fold change >2, q value

<0.05).

(G) Venn diagram showing the overlap between DEGs in OGA-depleted versus WT naive, repriming, and reprimed hESCs.
(H) Common clusters of gene sets in 0GA-depleted versus WT naive, repriming, and reprimed hESCs. Gene sets with |[NES| > 1, p value <

0.05, or FDR q value <0.25 were considered.

(I) Heatmap of unique and common DEGs from repriming versus naive cell in shNC or shOGA group and the associated enriched pathways.
Venn diagram showing the overlap between DEGs (fold change >2, g value <0.05).
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Figure 6. OGA is involved in transcriptional regulation of stem cell-related genes in hESCs
(A) Average read density and chromatin occupancy heatmaps across the center of 0GA binding in 0GA-depleted and WT PXGL naive hESCs

using CUT&Tag sequencing.
(legend continued on next page)
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differentially expressed proteins to investigate which path-
ways/processes were regulated by O-GIcNAcylation. In the
top 20 significantly enriched KEGG pathways are ribosome
biogenesis/processing and cell metabolism pathways (Fig-
ure 7D). GO analysis of biological processes (BPs) further
showed that a large number of proteins (155 out of 812,
19.1% of the total differentially expressed proteins) are
involved in cell differentiation and tissue development
(Figure 7E). Also, among the differentially expressed O-
GlcNAcylated proteins, 238 transcription factors/cofactors
were identified. These data further support that OGA-medi-
ated O-GlcNAcylation is important for embryonic develop-
ment and lineage commitment. However, it is still
challenging to identify how many or which specific DEGs
are regulated due to the change of protein expression or
change of O-GlcNAc.

DISCUSSION

Accumulating evidence has shown that O-GlcNAc plays a
pivotal role in regulating the pluripotency of both mESCs
and hESCs. In mESCs, upon differentiation OGT decreased
and OGA increased, leading to a reduction of O-GlcNAc
levels (Hao et al., 2023). Both OGA expression and global
O-GIcNAc level were higher in the primed mESCs
compared to the naive state (Miura and Nishihara, 2016).
Inhibition of OGT or OGA with inhibitors reduced the tran-
sition efficiency from primed mESCs to naive cells (Miura
and Nishihara, 2016). Moreover, elevating O-GIcNAc
through OGA inhibition delayed mESC differentiation
but did not affect the transition of naive cells to the primed
state (Speakman et al., 2014). Notably, the role of OGT and
OGA appears to be quite different in hESCs. Both OGT and
OGA expressions were reduced during primed hESCs differ-
entiation (Maury et al., 2013). We show that OGA expres-
sion increased and O-GlcNAc levels reduced in naive hESCs
compared to the primed state. OGA inhibition impaired
pluripotency in naive hESCs, but not in primed cells.
Consequently, OGA inhibition promoted the transition
of naive cells to the primed state, while OGA overexpres-
sion promoted the reverse transition. Consistent with pre-
vious studies, inhibition of OGT, but not OGA, reduced
pluripotency in primed hESCs and accelerated cell differen-
tiation (Andres et al., 2017; Maury et al., 2013). Therefore,

OGA and OGT play differential roles in pluripotency regu-
lation between mouse and hESCs. This is not surprising as
mESCs and hESCs differ substantially in molecular proper-
ties, including signaling pathways, pluripotency marker
networks, and cell metabolism (Nichols and Smith, 2009;
Van der Jeught et al., 2015; Varzideh et al., 2023). Our study
suggests that O-GlcNAc regulation may be a key aspect of
the human-mouse difference during early embryogenesis.
It is also important that modulation of O-GIcNAc may
improve the efficiency of generating naive hESCs from
the conventional primed hESCs in vitro.

As O-GIcNAc is dynamically controlled by OGT and
OGA, it is intriguing to observe that OGT or OGA is differ-
entially required in maintaining pluripotency in different
developmental stages of hESCs. In naive hESCs, OGA, but
not OGT, plays a role in maintaining pluripotency. Yet in
primed hESCs, OGT, instead of OGA, regulates pluripo-
tency. The mechanisms underlying this difference remain
to be investigated. We speculate that the expression levels
and localization of OGT and OGA isoforms have an impor-
tant impact. OGT and OGA are likely associated with stage-
specific protein complexes (such as chromatin remodelers)
to control distinct transcriptional programs in naive and
primed hESCs (Hardivillé and Hart, 2016; Myers et al.,
2011). Understanding the mechanisms may provide
important insights into the complex regulatory network
during the pluripotency transition.

O-GlcNAc is important in regulating gene transcription.
Both OGT and OGA are shown to localize at gene pro-
moters throughout the genome, with considerable over-
laps with RNA polymerase II (Pol II) positions (Resto
et al.,, 2016). In addition, nearly all Pol II transcription
factors possess O-GIcNAc (Jackson and Tjian, 1988).
O-GlcNAcylation of the C-terminal domain (CTD) of Pol
II is a prerequisite for the initiation of transcription cycle
(Ranuncolo et al., 2012). OGA interacts with the transcrip-
tion elongation machinery, and OGA-mediated deglycosy-
lation of RNA Pol II precedes the elongation (Chatham
et al., 2021; Resto et al., 2016). Furthermore, recycling of
O-GlcNAc on transcription factors changes their activity,
localization, and/or stability, which would further impact
the expression of downstream target genes (Chatham
etal., 2021). Consistently, we observed that OGA depletion
impacts pathways associated with transcription regulation,
including RNA Pol II-specific terms (Figure SH). Subsequent

(B) Distribution of OGA binding peaks across the genome in PXGL naive hESCs.
(C) Schematic of integrative analysis of CUT&Tag and RNA-seq datasets.
(D and E) Enrichment analysis of the upregulated (D) and downregulated (E) 0GA-targeted DEGs in 0GA-depleted versus WT PXGL naive

hESCs.

(F) Heatmap of genes involved in selected pathways and encoded histones.
(G) Motifs enriched at 0GA-occupancy sites of DEGs, as determined using HOMER.
(H) Integrative genomics viewer images showing tracks of OGA occupancy on STELLA, DNMT3L, and PRDM14 in PXGL naive hESCs.
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Figure 7. Profiling 0GA-mediated protein 0-GlcNAcylation during PXGL naive-to-primed transition

(A) Workflow of 0-GlcNAcylated proteins enrichment and proteomic analysis.

(B) Violin plots showing the overall characteristics of 0-GlcNAcylation level in H9 naive verus primed hESCs.

(C) Volcano plot showing the differentially requlated 0-GlcNAcylated proteins between primed and PXGL naive hESCs. (fold change > 1.5, p
value <0.05). “No diff,” no significant difference.

(D) KEGG pathway enrichment analysis of the differential 0-GlcNAcylated proteins (showing the top 20 hits).

(E) Bubble plot of significantly enriched GO terms (biological process) associated with stem cell properties based on differential
0-GlcNAcylated proteins.
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CUT&Tag assays and DEGs motif analysis showed that
OGA directly regulates transcription factors involved in
stem cell pluripotency and differentiation. O-GIcNAc is
known to respond to cellular nutrient states (Hardivillé
and Hart, 2014; 2016) and is a metabolic hub integrating
nutrients ranging from glucose, glutamine, and fatty acids,
to impact protein structure and function (Akella et al.,
2019). The naive and primed hESCs differ drastically in
cellular metabolism (Cornacchia et al., 2019; Tsogtbaatar
et al., 2020; Zhou et al., 2012). The altered metabolism
greatly influences hESCs pluripotency (Cornacchia et al.,
2019; Sperber et al., 2015). Thus, O-GIcNAc may constitute
a key mechanism linking metabolism and the regulation of
pluripotency gene expression.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for reagents may be directed to
and will be fulfilled by the lead contact, Wen Yi (wyi@zju.edu.cn).
Materials availability

This study did not generate new unique reagents.

Data and code availability

EP300 ChIP-seq data of H1 hESCs (Figure SS5E) were derived
from the ENCODE database (https://www.encodeproject.org/)
(ENCSROOOBKK). The RNA-seq or CUT&Tag data generated in
this study have been submitted to the NCBI Gene Expression
Omnibus (GEO) datasets with accession number GSE228357,
GSE256456, GSE260670, and GSE264283.

The O-GlcNAcylated proteins quantitative MS data have been
uploaded to the ProteomeXchange Consortium via the PRIDE
partner repository (project accession: PXD041605).

Repriming of naive hESCs

The naive-to-primed hESCs transition was performed as previously
described, with minor modifications (An et al., 2020; Huang et al.,
2021). Naive hESCs were digested into single cells with Accutase
(Thermo Fisher, A1110501), and 1 x 10° cells were seeded onto
Matrigel/Geltrex (Thermo Fisher, A1413302)-coated six-well plate
in the corresponding naive hESCs medium supplemented with
5 uM Y27632 (Selleck, S$1049). The next day, media were replaced
into mTeSR1 for the following transition. During this period, cells
were maintained at 37°C, 5% O,, 5% CO, environment.

All other experimental procedures can be found in the supple-
mental information.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2024.05.009.
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