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Conversion of human pluripotent stem cells from primed to naive
state is accompanied by altered transcriptome and methylome, but
glycosphingolipid (GSL) profiles in naive human embryonic stem
cells (hESCs) have not been systematically characterized. Here we
showed a switch from globo-(SSEA-3, SSEA-4, and Globo H) and
lacto-series (fucosyl-Lc4Cer) to neolacto-series GSLs (SSEA-1 and H
type 2 antigen), along with marked down-regulation of g-1,3-galac-
tosyltransferase (B3GALT5) upon conversion to naive state. CRISPR/
Cas9-generated B3GALT5-knockout (KO) hESCs displayed an altered
GSL profile, increased cloning efficiency and intracellular Ca%*, remi-
niscent of the naive state, while retaining differentiation ability. The
altered GSLs could be rescued through overexpression of B3GALT5.
B3GALT5-KO cells cultured with 2iLAF exhibited naive-like transcrip-
tome, global DNA hypomethylation, and X-chromosome reactivation.
In addition, B3GALT5-KO rendered hESCs more resistant to calcium
chelator in blocking entry into naive state. Thus, loss of B3GALT5
induces a distinctive state of hESCs displaying unique GSL profiling
with expression of neolacto-glycans, increased Ca®*, and conducive
for transition to naive pluripotency.
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calcium | naive pluripotency

t has been suggested that conventional mouse and human

embryonic stem cells (hESCs) exist in two developmental
stages, the naive and primed states, which recapitulate properties
of pre- and postimplantation blastocyst stages, respectively (1, 2).
Although both naive and primed ESCs express OCT4, NANOG,
and SOX2, can self-renew indefinitely, and differentiate into three
germ cells, they are morphologically, molecularly, and functionally
distinct. Naive-state cells harbor features of ESCs with specific
transcriptome, DNA hypomethylation, and X chromosome reac-
tivation, similar to human preimplantation embryos (3-6). They
require different extrinsic signals for the maintenance of self-
renewal and pluripotency (7).

Recently, multiple methods for conversion of primed hESCs
to naive-like phenotype have been reported (8-11). The hESCs
cultured in 5iLAF medium composed of five inhibitors (MEK,
GSK-3, Src, B-Raf, and ROCK inhibitors), leukemia inhibitory
factor (LIF), activin A, and FGF2 (8), are considered to be in the
naive state. These cells display features distinctly different from
primed hESCs and resemble early-stage human epiblasts (4, 5,
12). Mouse ESCs, which are naive pluripotent stem cells, express
stage-specific embryonic antigen-1 (SSEA-1) (13), whereas
hESCs, which are primed pluripotent stem cells, express SSEA-3,
SSEA-4, TRA-1-60, and TRA-1-81 (6, 7). Whether differences
in glycan markers in mouse and human ESCs reflect differences
in the development stages or species origins has not been re-
solved. In particular, the dynamic changes in glycosphingolipid
(GSL) expression during primed-to-naive state conversion in
hESCs remain to be delineated.

GSLs are omnipresent surface components of animal cells and
function as modulators in cell-cell interactions, cell-extracellular
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matrix interactions, and ligand-receptor interactions, including
FGF, Wnt, Hh, and BMP (14, 15). Emerging evidence suggests
that GSL profiles are cell- or tissue-specific and developmentally
regulated. Antibodies against several GSLs designated as SSEAs
have been widely used to characterize ESCs. However, due to
cross-reactivities of antibodies with many glycans (16-18), sys-
tematic mass spectrometry (MS) analysis is often employed to
decipher the GSL profiles (19). With the combined use of anti-
bodies and matrix-assisted laser desorption/ionization (MALDI)-
MS and MS/MS analyses, we previously showed that in addition to
the well-known hESC-specific markers, SSEA-3 and SSEA-4,
several previously undisclosed globo- (Gb4Cer, Globo H, and
disialyl-Gb5Cer) and lacto-series GSLs (Lc4Cer and fucosyl-
Lc4Cer) are also expressed in undifferentiated hESCs (18-20).
Upon differentiation, the GSLs profiles switched from globo- and
lacto- to ganglio-series. Furthermore, the GSL pattern shifted to
primarily ganglio-series dominated by GD3 during differentiation
into neural progenitors, but shifted to prominent expression of
Gb4Cer during endodermal differentiation (18, 20). Such alter-
ations of specific GSLs were accompanied by changes in glyco-
syltransferases in their biosynthetic pathways (18, 20). It was
reported that hESCs in 5iLAF culture did not stain with SSEA-4
antibody but displayed naive-like features (5). However, during
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conversion from primed to naive pluripotency, it remains to be
delineated whether there are systematic alterations in glycan
profile and whether these alterations are accompanied by specific
changes in glycosyltransferases.

In this study, we examined the dynamic changes in GSL profile
and glycosyltransferases in primed and naive state of hESCs by
combined use of mAbs and MS analysis. We demonstrated that
loss of B3AGALTS5 (p-1,3-galactosyltransferase) with consequent
shifts from globo- and lacto-series to neolacto-series glycans in
hESCs and increased intracellular calcium facilitated the tran-
sition to naive pluripotency.

Results

GSL Profiling in Naive and Primed hESCs. Primed hESCs reportedly
convert to the naive state (5, 8, 21) under SiILAF conditions, which
was originally designed by Theunissen et al. (8). This SILAF consists
of medium supplemented with LIF, activin A, and FGF2, plus five
inhibitors for ERK, GSK3, BRAF, SRC, and ROCK. As shown in
SI Appendix, Fig. S1 A and B, 5iLAF-cultured H9 hESCs grew in
small, round colonies similar to naive mouse ESCs and expressed
unique naive-specific markers (KLF4, TFCP2L1, STELLA, TBX3,
and TFE3). In contrast, pluripotent (NANOG, OCT3/4, and
SOX2) and surface markers (TRA-1-60 and TRA-1-81) were
expressed in both naive- and primed-state hESCs (SI Appendix, Fig.
S1C), as reported previously (3).

In immunostaining studies of GSL profile, SSEA-3, SSEA-4,
Globo H, and fucosyl-Lc4Cer (H type 1 glycan or SSEA-5) were
highly expressed in primed-state hESCs (Fig. 14). In contrast,
these GSLs disappeared almost completely after conversion of
cells to the naive state in SiLAF culture (Fig. 14). Considering the
cross-reactivity of glycan antibodies (16-18), we used MALDI-MS
analysis for GSL profiling of hESCs. MALDI-MS signals were
observed in primed cells for FuclHex4HexNAc1Cer (Globo H) at
m/z 1,838 to 1,950, Hex4HexNAclCer (SSEA-3) at m/z 1,664 to
1,776, NeuSAC1Hex4HexNAcCer (SSEA-4) at m/z 2,025 to 2,137,
and Fuco2GalB3GlcNAcp3Galp4GleplCer (fucosyl-LedCer) at m/
z 1,634 to 1,746, suggesting that these globo- and lacto-series GSLs
were indeed expressed in the primed but not naive state (Fig. 1B).
Thus, these results validate the observations from immunostaining
studies. In addition, Gb3Cer (the precursor of globo-series GSLs)
was detected in both primed- and naive-state hESCs (Fig. 1B).
However, signals for Gb4/Lc4Cer and LacCer were weaker in the
naive than the primed state (Fig. 1B).

Interestingly, immunostaining with antibodies against the
neolacto-carbohydrate chains SSEA-1 (CD15) and blood group H
type 2 antigen (H type 2 or CD173) was strongly positive in naive-
but not primed-state hESCs (Fig. 14). However, these glycans
were not detected by MALDI-MS analysis of GSL extracts
(Fig. 1B) in either primed or naive hESCs, suggesting that the
neolacto core chains are most likely present as glycoconjugates in
glycoproteins in naive hESCs.

Expression of GSL-Related Glycosyltransferases in Naive and Primed
hESCs. To investigate the mechanism of GSL changes in naive
hESCs, the expression of glycosyltransferases involved in GSL
biosynthetic pathways (Fig. 1D) was analyzed by qRT-PCR. In
naive hESCs, B3GALTS, which is involved in the synthesis of both
globo- (SSEA-3 [Gb5Cer]) and lacto-series (Lc4Cer) GSLs, was
down-regulated to 23% of the primed-state level, thus contribut-
ing to the reductions in SSEA-3 and Lc4Cer in naive cells. The
levels of two fucosyltransferases, FUT1 and FUT2, which catalyze
the synthesis of fucosyl-Gb5Cer (Globo H) and fucosyl-Lc4Cer,
decreased in naive-state cells to 43% and 36%, respectively, of
primed-state levels. The expressions of ST3GAL2 (ST3 p-
galactoside a-2,3-sialytransferase 2), which is responsible for sia-
lylation of Gb5Cer to generate SSEA-4, and of A4GALT (Gb3
synthase) decreased to 67% and 66%, respectively, of primed-
state levels (Fig. 1C). These changes in glycosyltransferase
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expression may explain the down-regulation of globo-series (SSEA-3,
SSEA-4, and Globo H) and lacto-series (fucosyl-Lc4Cer) GSLs, when
hESCs are converted to the naive state.

Furthermore, single-cell RNA-sequencing (RNA-seq) analysis
of the E-MTAB-6819 (22) online dataset revealed no detectable
B3GALT) in naive state, as compared to primed state (SI Ap-
pendix, Fig. S24). We also validated the down-regulation of
B3GALTS in HUESG cells, and four datasets (8, 10, 23, 24) of
microarray or next-generation sequencing for hESC lines H1,
H9, WIBR2, and WIBR3 when cultured in naive conditions (S/
Appendix, Fig. S2 B and C). These results suggested that
B3GALTS, which was involved in biosynthesis pathways for
globo- and lacto-series GSLs and markedly down-regulated in
naive hESCs, may play key roles in the unique changes of GSL
profiles upon primed to naive conversion.

Effect of B3GALT5 Knockout in hESCs. To further address the role of
B3GALTS in human naive pluripotency, we generated homozy-
gous deletion of B3GALT5 in H9 hESCs by genomic editing with
a CRISPR/Cas9 method. The lack of off-targeting effects in
B3GALTS knockout (KO) cells was validated as described in
Materials and Methods. In addition, the sequencing data verified
double-mutation alleles (16-bp and 11-bp deletion) near the
single-guide RNA (sgRNA) site in exon 4 of BSGALTS (Fig. 24),
thus confirming homologous KO in these cells. Next, to validate
the loss of B3GALTS function, KO cells were shown to be devoid
of expression of SSEA-3, SSEA-4, fucosyl-Lc4Cer, and Globo H
by immunostaining (Fig. 2B) and MALDI-MS analysis (SI Ap-
pendix, Fig. S3). Furthermore, overexpression of B3GALT5 in KO
cells rescued the expression of these GSLs (Fig. 2C). Collectively,
these results indicate that B3BGALTS is the key glycosyltransferase
responsible for the biosynthesis of SSEA-3, SSEA-4, fucosyl-
Lc4Cer, and Globo H.

B3GALTS reportedly is also responsible for biosynthesis of
type 1 chain structure (Galp1-3GIcNAc) (19, 25). Consequently,
the expression of stem markers, TRA-1-60 and TRA-1-81, which
have a type 1 chain epitope (26), also disappeared in B3GALTYS-
KO cells (Fig. 2B). On the other hand, we observed high ex-
pression of the neolacto-series SSEA-1 and H type 2 antigen in
B3GALT5-KO hESC:s (Fig. 2B). But, in contrast to the decreases
in expression of glycosyltransferase genes related to GSLs on
conversion from the primed to naive state of H9 cells (Fig. 1C),
B3GALT5-KO and WT H9 cells did not exhibit significant dif-
ferences in expression of glycosyltransferases, such as B4GALT1,
-3, and -4, or Fut4 and -9 (SI Appendix, Fig. S4), implying that
high expression of SSEA-1 and H type 2 antigen was not due to
the changes of these glycosyltransferases. These findings indicate
that specific KO of B3GALT5 blocked the synthesis of not only
globo- and lacto- series GSLs, but also type 1 chain epitope (e.g.,
TRA-1-60 and TRA-1-81), while increasing the synthesis of
neolacto-series glycans (SSEA-1 and H type 2 antigen).

B3GALT5 KO Facilitates the Generation of Naive Pluripotency. More-
over, we found no substantial differences in the morphology of
B3GALT5-KO and WT hESCs or in the expression of the pluri-
potency stem cell markers NANOG, OCT3/4, and SOX2 (SI
Appendix, Fig. S5A). However, B3GALT5-KO hESCs had a sig-
nificant 1.6-fold increase in cloning efficiency at low seeding
density (Fig. 2D), suggesting that B3GALT5-KO cells are more
resistant to cell death associated with single-cell suspension.
B3GALTS5-KO cells also differentiated into three germ cell line-
ages in vitro. We observed robust expression of lineage markers, as
shown by immunostaining for SOX1 and b3-tubulin for mature
neurons (ectoderm), a-Actinin, NKX2.5, and TNNT2 for car-
diomyocytes (mesoderm), and HNF-4a and albumin for hepatocytes
(endoderm) (Fig. 2E). Moreover, KO cells were capable of gener-
ating teratomas containing all three germ layers in immunodeficient
mice (Fig. 2F). These results indicate that KO of B3GALT5 did not
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MRNA expression levels of glycosyltransferases. (A) Human primed and naive

(cultured in 5iLAF) H9 hESCs were examined. The expression of SSEA-3, SSEA-4, Fuc-Lc4Cer (fucosyl-Lc4Cer), and Globo H was not observed in naive hESCs by
immunofluorescence staining. GSL-specific antibodies are stained green or red, and nuclei are stained blue with DAPI. (Scale bar, 200 pm.) (B) MALDI-MS

profiles of GSLs from primed and naive state hESCs. Glycan compositions of

main peaks are annotated. The transition from primed to naive state was ac-

companied by decreases in SSEA-3, Globo H, SSEA-4, and Fuc-Lc4Cer. (C) Expression of GSL-related glycosyltransferase genes was analyzed by gRT-PCR.

Relative quantities are presented as the ratios of naive/primed hESCs. Results

are shown as mean + SEM of three independent experiments. *P < 0.05, **P <

0.01; two-tailed t test. (D) The biosynthetic pathway of GSL. Each experiment replicates three times.

affect the maintenance of pluripotency markers, nor alter the in vitro
and in vivo capacity of cells to differentiate.

Furthermore, similar to WT hESCs, these B3GALTS5-KO cells
could be converted to the naive state under SiLAF culture
conditions displaying the characteristic dome-like colony mor-
phology (Fig. 34). It was shown previously that 2i/LIF medium,
which contained LIF and two inhibitors for ERK (PD0325901)
and GSK3 (CHIR99021) for mouse ESCs, was inadequate for
converting hESCs into the naive state (27). On the other hand,
for studies of hESCs using 5iILAF medium to convert primed to
naive state in hESCs (5, 8, 21, 28), activin A and FGF2 were
added to the formulation, presumably because of the enhance-
ment of the kinetics for naive conversion through the reduction
of lineage differentiation (8). Therefore, in order to compare the
conversion of WT- and B3GALT5 KO-hESCs to naive state, we
employed the use of 2iLAF, which consisted of medium sup-
plemented with LIF, activin A, and FGF2, but contained only
two inhibitors for ERK and GSK3. Unexpectedly, when cultured
in this 2iLAF medium, B3GALT5-KO cells displayed the char-
acteristic naive-specific dome-like colony morphology similar to
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those cultured in 5iLAF media, whereas WT hESCs failed to do
so in the same medium (Fig. 34). B3GALT5-KO cells cultured in
2iLAF medium continued to express pluripotency markers
(NANOG, OCT3/4, and SOX2) and display naive-specific
markers (KLF4, TFCP2L1, STELLA, TBX3, and TFE3)
(Fig. 3B). The presence of these markers associated with primed
and naive pluripotency was also confirmed by qRT-PCR (SI
Appendix, Fig. S5B). Of note, WT cells cultured in 2iLAF dis-
played comparable down-regulation of primed markers (DUSPO6,
ZIC2), and up-regulation of four of six naive markers (KLF4,
KLF2, TBX3, DNMT3L), albeit at lower levels than those in
naive WT+5iLAF and KO+2iLAF cells (SI Appendix, Fig. S5B).
Similar findings were observed when another hESC, HUES6
cells, were treated with 2iLAF (SI Appendix, Fig. S5C). These
results thus suggest that the culture of WT-hESCs in 2iLAF
could only partially convert hESCs toward naive state, but not
completely.

In addition, the genome-wide assessment of the effects of
B3GALTS deficiency on transcription in naive and primed
hESCs was performed with RNA-seq. As shown in Fig. 3C,
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ANA sequence

WT ATTGATGTATATTTGCCTTCTGGTTCTGGGGGCTCTTIGTTTGTATTTTA
ATTGATGTATATTTGCCTTICTGGTTCTCGGGECTCTTTGTTTGTATTTTA

TGTATTTTA (16 bp deletion)

KO ATTGATGTATATITGCCTTCTGGTT
TTTGTTTGTATTTTA (11 bp deletion)

ATTGATGTATATTTGCCTTCTGGT-
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Fig. 2. Characterization of B3GALT5-KO hESCs. (A) CRISPR-mediated disruption of the B3GALT5 gene in H9 hESCs. The sgRNA targeting exon4 of B3GALT5 is
illustrated. DNA sequencing results of B3GALT5-WT and KO H9 cells show double mutation alleles (16-bp and 11-bp deletion) in KO cells. (B) Immunofluo-
rescence staining for the expression of SSEA-3, SSEA-4, Fuc-Lc4Cer (fucosyl-Lc4Cer), Globo H, TRA-1-60, TRA-1-81, SSEA-1, and H type 2 (CD173, blood group H
type 2 antigen) in KO and WT cells of H9. (Scale bars, 200 pm.) (C) Immunofluorescence staining for the expression of SSEA-3 and SSEA-4 in KO cells of H9, as
compared with the control cells, after rescue via overexpression (OE) of B3GALT5 (OE B3GALT5-GFP) and vector only (OE Ctrl-GFP) in the cells. GFP* cells
indicate Ctrl-GFP-OE or B3GALT5-GFP-OE cells. (Scale bars, 100 um.) (D) KO of B3GALT5 increases the cloning efficiency of hESCs at low seeding density. Data
represent mean + SEM. (*P < 0.05; two-tailed t test; n = 3 biologically independent experiments). (E) KO hESCs can differentiate into ectoderm, mesoderm,
and endoderm cells in vitro. Lineage markers include SOX1 and b3-tubulin for mature neurons (ectoderm), a-Actinin, NKX2.5, and TNNT2 for cardiomyocytes
(mesoderm), and albumin and HNF-4a for hepatocytes (endoderm). (Scale bars, 100 pm.) (F) Teratoma formation from KO hESCs. KO hESCs can differentiate
into ectoderm, mesoderm, and endoderm cells in vivo. H&E-stained teratomas showed multiple differentiated tissues including cells of endoderm (a and b:
gut tube-like structures), mesoderm (c: adipose-like tissue, d: smooth muscle-like tissue), and ectoderm (e: neuronal rosette-like structures, f: melanocytes).
Referenced structures are indicated by arrowheads. (Scale bar, 200 pm.)

principal component analysis (PCA) of these samples showed
that the major transcriptional changes along principal compo-
nent 1 (PC1, 75.7% total variability) clearly separated all primed
cells (WT and KO) from all naive cells (WT+5iLAF and
KO+2iLAF). In contrast, WT+2iLAF clustered closer to the
primed cells along the PC1, but also set itself apart from both
primed and naive cells. Furthermore, statistical analysis com-
paring the primed cells (WT) with the naive-converted cells
(WT+5ILAF, KO+2iLAF) revealed differential expression of
1,192 genes (false-discovery rate < 0.05, [log 2 fold-change| > 2).
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Clustering analysis based on the differentially expressed genes
(DEGs) also clearly showed two distinctive groups with similar
gene-expression pattern between WT and KO cells, as well as
between WT+5iLAF and KO+2iLAF cells (Fig. 3D). On the
other hand, the gene profiling in WT+2iLAF cells was closer to
the primed cells, albeit with some disparity. These findings fur-
ther support that KO cells in 2iLAF, but not WT+2iLAF, were
converted to a naive state similar to WT cells in SiLAF culture.

To further substantiate that B3GALTS5-KO cells cultured in
2iLAF were in a naive state, hallmarks of naive hESCs, such as X
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Fig. 3. B3GALT5 KO promotes the generation of naive state. (A) Representative morphology of WT and KO cells of H9 cultured in the indicated ES8, 2iLAF, or
S5iLAF medium. The WT cells in 5iLAF (WT+5iLAF) and KO cells in 5iLAF (KO+5iLAF) or 2iLAF (KO+2iLAF) have naive-specific dome-like morphology. (Scale bar,
200 pm.) (B) Immunofluorescence staining for expression of naive-specific markers (KLF4, TFCP2L1, STELLA, TBX3, and TFE3) in KO and KO+2iLAF cells of H9.
(Scale bars, 200 um.) (C) PCA of RNA-seq data for the indicated samples. (D) Heat map and the unsupervised hierarchical clustering of 1,192 DEGs for genome-
wide comparison of the primed and naive states. (E) Representative RNA-FISH images detecting HUWE1 nascent transcripts (red) in DAPI-stained nuclei (blue)
for the indicated cells. Mono- or biallelic HUWE1 pattern is depicted in the cartoon (Lower Right) and quantified in the Left. (Scale bar, 20 pm.) (F) Schematic
drawing of X chromosomes that summarize the results of an allelic analysis of RNA-seq data for the indicated cell types. Informative SNPs within X-linked
genes of the HI (30) were used to classify expression as monoallelic or biallelic. The biallelic SNPs are marked as blue lines in each column of the indicated cell
types and the number of biallelic genes is shown on the top of each column. (G-/) DNA methylation patterns in primed and naive hESCs by whole-genome
bisulfite sequencing. (G) Box-plot of global CG methylation levels in primed (WT and KO) and naive H9 (WT+5iLAF and KO+2iLAF). Black circles indicate mean
value. Hypermethylation is observed in WT and KO cells as compared to WT+5iLAF and KO+2iLAF cells. (H) Correlation plots of the percentage of CG
methylation in WT and KO cells (Left) and in WT+5iLAF and KO+2iLAF cells (Right). (/) The PCA analysis of DNA methylation data for primed (blue) and naive
cells (red). Percentage labels on each axis denote the variance described by that PC. There is clear separation of cells with primed status (WT, KO) and naive
status (WT+5iLAF and KO+2iLAF).
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chromosome reactivation and global DNA hypomethylation (5,
6, 29), were assessed. We performed RNA-FISH for nascent
transcripts of the X-lined gene, HUWE]1 (Fig. 3E, red) (29) to
confirm X chromosome reactivation in naive state. As shown in
Fig. 3E, both primed WT and KO hESCs displayed monoallelic
expression of HUWEL, consistent with X chromosome-inactivated
(XaXi). In contrast, biallelic expression supporting X chromosome
reactivation (XaXa) was observed in WT naive cells treated with
SiLAF and in KO cells cultured in 2iLAF. It is noteworthy that
WT cells in 2iLAF displayed only 26% of XaXa, supporting that
2iLAF medium is not sufficient to drive complete X chromosome
reactivation. Furthermore, we also examined our RNA-seq data
to determine the allele-specific expression of X-linked genes and
classified informative transcripts as monoallelic or biallelic, using
heterozygous SNPs on the X chromosome of H9 cells (30). This
analysis revealed that there was a significantly greater number of
X-linked genes with biallelic expression in WT cells treated with
SiLAF and in KO cells cultured in 2iLAF (Fig. 3F) than WT, KO,
and WT in 2iLAF cells; these findings further supported that X
chromosome reactivation occurred primarily in these naive cells.
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Next, changes in DNA methylation in B3GALT5-KO and WT
hESCs cultured in 2iLAF and 5iLAF, respectively, were assessed
by whole-genome bisulfite sequencing. Conversion of primed
hESCs to the naive state in S5iLAF culture resulted in a global
decrease in DNA methylation from 75.0 to 45.5% (Fig. 3G).
Similarly, in B3GALTS5-KO cells cultured in 2iLAF, DNA meth-
ylation was globally reduced from 77.1 to 51.5%. Also, the level of
methylation of DNA CpG sites in B3GALT5-KO cultured in
2iLAF correlated strongly with that in WT hESCs cultured in
SiLAF, which exhibited naive features (r = 0.88), whereas the level
in B3GALT5-KO cultured under primed conditions correlated
with that in WT cells cultured under similar conditions (r = 0.92)
(Fig. 3H). Finally, PCA analysis confirmed the differences in DNA
methylome between naive and primed hESCs. Methylation data
for naive-state cells (B3GALTS5-KO cells cultured in 2iLAF and
WT hESCs in 5iLAF) clustered together, but was clearly sepa-
rated from data for primed cells (WT and B3GALT5-KO cells)
(Fig. 31).

Additionally, to confirm the impacts of B3AGALTS on GSL
profiling of hESCs and to avoid the cell line bias, we generated

10 uM
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Fig. 4. B3GALT5 KO leads to an increase in intracellular Ca%* required for naive pluripotency. (A) Intracellular Ca®* was visualized in H9 primed hESCs and
naive cells generated from WT+5iLAF and KO+2iLAF cells at 8 d. Cells were loaded with the cell-permeable fluorescent calcium indicator Fluo-4 AM. Ca?*
imaging was conducted using a fluorescent microscope. Both phase-contrast images and the fluorescence intensities of the cells with Fluo-4 AM displayed in
spectrum are shown. Color-coded bar for intensity calibration is shown on the right. (Scale bars, 50 pm.) (B) Representative pictures for morphology and naive
makers (KLF4 and TFE3) of the WT and KO cells in the naive culture condition (with 5iLAF and 2iLAF, respectively, for 8 d) and with or without BAPTA-AM (0 to
10 uM). Specific antibodies were stained green or red, and nuclei were stained blue with DAPI. (Scale bars, 100 pm.)
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B3GALTS5-KO hESCs in another hESC line, HUESG6, using the
same gene-editing strategy described above. Alterations in GSL
expression, reminiscent of the naive-like features in the 2iLAF
condition, similar to B3GALT5-KO of H9 hESCs, were also
observed in HUES6 KO cells (SI Appendix, Fig. S6). Moreover,
to explicitly rule out the potential effects of gene KO on chro-
mosomal abnormalities, we examined the karyotypes of the KO
cells cultured in primed and naive conditions. These cells were
karyotypically stable at least up to the indicated passages for all
related experiments (SI Appendix, Fig. S7).

Collectively, our results show that B3GALTS5-KO cells cul-
tured under 2iLAF conditions were converted to a naive state
having characteristics similar to naive cells converted from WT
hESCs in SiLAF culture. These findings imply that loss of BSGALTS
led to dynamic changes in GSL profile, which could facilitate the
generation of naive pluripotency in hESCs, but did not affect
pluripotency and ability for lineage-specific differentiation.

KO of B3GALT5 Increases Intracellular Ca** Level. A recent study
reported that control of intracellular Ca** is crucial for the exit
from naive pluripotency in mouse ESCs (31). However, the im-
pact of Ca®* on human naive cells remains obscure. To inves-
tigate the role of Ca** homeostasis in human naive pluripotency,
intracellular Ca®" levels were evaluated using a calcium indica-
tor dye, Fluo-4 AM. As compared to primed H9 cells, intracel-
lular Ca®* was elevated markedly in naive cells derived from
either WT+5iLAF or KO+2iLAF and moderately in B3GALTS-
KO cells (Fig. 44). Besides, only WT cells treated with SiLAF,
but not 2iLAF, displayed higher intracellular Ca** content (SI
Apgendix, Fig. S84). To assess the involvement of intracellular
Ca”* in the conversion of primed to naive state, we examined
effects of BAPTA-AM, an intracellular calcium chelator, during
the transition process. Addition of BAPTA-AM to WT+5iLAF
inhibited conversion of primed to naive state in a dose-
dependent manner, with loss of naive-like colonies and naive-
markers at >7.5 uM (Fig. 4B). The similar results of intracellular
Ca”" level were also observed in WT and KO hESCs of HUES6
(SI Appendix, Fig. S8 B and C). These results demonstrate that
intracellular calcium is required for primed to naive conversion.
In comparison, KO cells cultured in 2iLAF medium displayed
more resistance to the inhibition of primed to naive conversion
by BAPTA-AM than the WT+5iLAF sample, requiring >10 pM
to achieve complete block of naive conversion. This was con-
sistent with the finding that KO cells had higher level of intra-
cellular Ca®* than WT hESCs. Since Ca®* is considered to be a
guardian of naive pluripotency (31), the increase in Ca®* con-
centration may account for the intermediate state of B3GALTS
KO during transition toward naive pluripotency. These results
lend further support that an increase in intracellular Ca** con-
centration is also important for human naive pluripotency and
implies that B3GALTS5 KO may facilitate the primed to naive
conversion through raising Ca** level intracellularly.

In conclusion, our studies characterize the dynamic changes in
GSL profile and glycosyltransferase activities during the primed
to naive transition of pluripotency in hESCs. In addition, we
demonstrate that the loss of a single glycosyltransferase,
B3GALTS, leads to a shift of glycan expression from globo-
(SSEA-3, SSEA-4, and Globo H) and lacto-(fucosyl-Lc4Cer)
series to neolacto- (SSEA-1 and H type 2) series and increases
intracellular Ca2*, which promotes the pluripotency transition.
Thus, our results provide a new perspective in the understanding
of human pluripotency transition, which can be mediated by
B3GALTS to facilitate the primed and naive transition (Fig. 5).

Discussion

We previously reported that globo- and lacto-series GSLs, in-
cluding SSEA-3, SSEA-4, Globo H, Gb4Cer/Lc4Cer, and
fucosyl-Lc4Cer, are highly expressed in undifferentiated hESCs
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and disappear upon differentiation of hESCs into embryoid
bodies (18, 20). A recent report indicated that only SSEA-4~
cells after culture of hESCs in 5iLAF media possessed features
characteristic of the naive state (5). Using combined mAb and
MS analysis, we showed that in addition to SSEA-4, there was
loss of other globo- and lacto-series GSLs, originally expressed in
primed-state cells, upon conversion to naive pluripotency. These
globo-series GSLs share the type 4 glycan (Galfl-3GalNAc)
derived from the precursor Gb4Cer by the addition of f1-3 ga-
lactose catalyzed by B3GALTS (32). Moreover, the lacto-series
GSL fucosyl-Lc4Cer (H type 1) was lost in naive-state hESCs,
since mAbs against H type 1 glycan (Fucal-2Galp1-3GIcNAc)
stained only primed-state hESCs (18, 20). Furthermore, naive
hESCs in SiLAF culture and B3GALT5-KO hESCs had a loss of
TRA-1-60 and TRA-1-81, consistent with the report that both
TRA-1-60 and TRA-1-81 recognize a specific type 1 chain epi-
tope (26). Thus, the loss of globo (type 4)- and lacto (type 1)-
series GSLs on the cell surface seems to be a general feature of
naive state and B3GALT5-KO hESCs.

In contrast, there was increased expression of the neolacto-
series SSEA-1 and H type 2 antigen (type 2 family) in naive state
and B3GALT5-KO hESCs. The changes were accompanied by
altered expression of several glycosyltransferases involved in
GSL biosynthesis, particularly marked down-regulation of
B3GALTSY in naive-state cells. In GSL biosynthesis, ceramide is
glucosylated in cis-Golgi to produce a precursor glucosylcer-
amide (GlcCer), which is and then converted to lactosylcer-
amines (LacCer, Gal-GlcCer) before further modification to
yield globo-, lacto-, neolacto-, ganglio-, and asialo- series GSLs
(Fig. 1D) (33, 34). B3GALTS catalyzes the addition of $1-3
galactose to Gb4Cer/Lc3Cer and is responsible for the biosyn-
thesis of both type 4 (Galpl-3GalNAc) and type 1 (Galp1l-3
GIcNAc) glycan core structures in the globo-and lacto-series
GSLs, respectively (19), which are abundantly expressed in
primed hESCs. In B3GALTS5-KO and naive hESCs, the primed-
state—associated expressions of globo- and lacto-series GSLs
(type 4 and type 1 families) were lost. Interestingly, an obligatory
increase in the expression of type 2 chain glycans (Galfl-4
GlcNAc) was noted in naive state and B3GALT5-KO cells, as
indicated by the detection of SSEA-1 and H type 2 antigen in
these cells. These results imply that B3GALTS blockade may
cause a shift to an alternative pathway with the addition of ga-
lactose via p1-4 linkage by p1,4-galactosyltransferases (B4GALTs),
resulting in increased expression of the type 2 epitope family (35).
Such dynamic changes in type 1 and 2 glycoconjugate families will
need to be further investigated by MS/MS analysis, since their
precursors, Lc4Cer and nLc4Cer, have the same molecular weight,
yielding common molecular ions on MS analysis. Furthermore, as
type 1 and 2 structures are also found in N- and O-linked glycans
(19), it remains unclear whether B3GALT5 KO leads to changes in
glycosylation of proteins carrying these epitopes. Collectively, our
data support the conclusion that BBGALTS plays a major role in
the appearance of these interesting antigens, resulting in a unique
cell surface glycan pattern conducive for transition to the naive
state. Thus, BBGALTS may be an important glycosyltransferase in
governing different states of stem cell pluripotency.

SSEA-1 is known to be expressed in murine ESCs and early
mouse embryos, but not hESCs. Previously, naive hESCs derived
directly from human inner cell mass or converted from the
primed state were reported to lack SSEA-1 expression (6, 10). A
recent study showed that SSEA-1 is expressed in naive-like cells
converted from human deciduous teeth dental pulp cell-derived
induced pluripotent stem cells (36), consistent with our obser-
vation in hESCs with naive features under 5iLAF conditions and
B3GALT5-KO cells. As different protocols were used for con-
version of primed hESCs to the naive state (37), whether SSEA-1
is specifically expressed in human naive cells will need further
investigation. On the other hand, we observed that another type
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Fig. 5. Graphical illustration of the dynamic changes in GSLs and intracellular Ca* during transition of human ESCs from primed to naive pluripotency.

2 family member, H type 2 antigen, is expressed in naive and
B3GALT5-KO hESCs. It will be of interest to determine whether
high expression of SSEA-1, type 2 H antigen, or other unex-
plored neolacto-GSLs or glycoproteins containing a neolacto
type 2 core chain contribute to the maintenance of human naive
pluripotency, and facilitate embryo implantation.

In addition to the loss of globo- and lacto-series GSLs,
B3GALT5 KO cells also displayed increased single-cell cloning
efficiency and intracellular Ca®*, similar to naive-state cells, and
retained the ability to form three germ layers in vitro and in vivo.
Moreover, B3GALT5-KO hESCs displayed a naive-like tran-
scriptome and other hallmarks of the naive state, such as global
DNA hypomethylation and X chromosome reactivation upon
2iLAF culture. Our study not only demonstrated increased in-
tracellular calcium in human naive pluripotent cells as reported
in mouse ESCs (31), but also uncovered an unexpected role of
B3GALTS in modulating intracellular calcium level. Emerging
evidence supports that GSLs can function as a signal transducer
in cellular differentiation and interaction (7, 38). Besides, FGF2-
, TGF-p—, and Wnt-mediated signaling pathways, which are in-
volved in pluripotency maintenance, have also been shown to
modulate cytoplasmic calcium concentration (39). It is thus in-
triguing to speculate that KO of B3GALT)5 resulting in changes
in GSLs or glycans may cooperate with factors such as 2i, LIF, or
bFGF to increase cytoplasmic calcium, which facilitate the
transition to the naive state. However, detailed mechanism and
regulatory pathways involved await further investigation.

Materials and Methods

See SI Appendix, Supplementary Methods for a detailed description of es-
tablishment of B3GALT5 KO clones in hESCs, differentiation, MALDI-MS/MS-
MS analysis for permethylated GSLs, and karyotype analysis.
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hESC Lines and Culture Condition. H9 and HUES6 hESC lines were obtained
from WiCell Research Institute (WA09), and Melton Lab, Harvard University,
respectively. The hESCs aspect of the research was performed under a protocol
approved by the Chang Gung Memorial Hospital Institutional Review Board
Committee. Primed hESCs, were maintained in DMEM/F12, 20% Knockout
Serum Replacement, 1% nonessential amino acids, 2 mM GlutaMAX, 50 U/mL
and 50 pg/mL penicillin-streptomycin, 0.1 mM B-mercaptoethanol, and 4 ng/
mL basic fibroblast growth factor (all from Gibco) on mitomycin C (10 pg/mL;
Sigma-Aldrich) treated mouse embryonic fibroblasts (MEF) seeded at a density
of 1 x 10° cells per well of six-well plates. Cells were passaged by 12- to 15-min
incubation with Dispase (Stemcell Technologies) every 7 d (1:6 ratio). For
feeder-free culture, primed hESCs were transferred onto Matrigel-coated
plates (Corning) in the complete E8 medium (Gibco). Cells were passaged by
4-min incubation at room temperature with Cell Dissociation Buffer (Gibco)
every 5 d (1:7 to 1:10 ratio). Only passages 20 to 30 post-E8 adaptations were
used for all experiments described here.

Establishment of B3GALT5 KO Clones in hESCs. B3GALT5-KO clones were de-
veloped by introducing a CRISPR/Cas9 vector containing B3GAL5 guide se-
quences into H9 or HUES6 cells by transfection, as described in detail in S/
Appendix, Supplementary Methods.

Generation of B3GALT5 Overexpression Cells. Full-length B3GALT5 was am-
plified out of a human ¢cDNA and inserted into the lentivirus-based expres-
sion vector pCDH-CMV-MCS-EF1a-copGFP (System Biosciences, #CD511B-1)
generating pCDH-B3GALT5-GFP  construct. Lentivirus were prepared
according to the manufacturer’s instructions. For overexpression of
B3GALTS5, KO cells were infected with vector only or pCDH-B3GALT5-GFP
virus in the presence of polybrene, 8 pg/mL. Two days after infection, the
stably transfected clones (KO+OE Ctrl-GFP or KO+OE B3GALT5-GFP) were
selected by GFP.

Primed-State to Naive-State Conversion. H9 cells were cultured under 5iLAF

conditions following a published 5iLAF protocol (4, 8). Cells in a medium
containing a 1:1 mixture of DMEM/F12 and Neurobasal, 1% N2 supplement,
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1% B-27 supplement, 1% nonessential amino acids, 2 mM GlutaMAX, 50
U/mL and 50 pg/mL penicillin-streptomycin, 0.1 mM p-mercaptoethanol,
0.5% Knockout Serum Replacement (all from Gibco), 50 pg/mL BSA
(Sigma-Aldrich), 20 ng/mL recombinant human LIF (Millipore), 20 ng/mL
activin A (Peprotech), 8 ng/mL bFGF (Peprotech), and five inhibitors: 1 pM
PD0325901 (Sigma-Aldrich), 1 uM IM-12 (Selleck Chemicals), 1 uM WH-4-023
(Tocris Ellisville), 0.5 pM SB590885 (Tocris Ellisville), and 10 pM Y-27632.

H9 cultured under 2iLAF conditions were maintained as previously described
(8, 9) in a medium containing 1:1 mixture of DMEM/F12 and Neurobasal,
1% N2 supplement, 1% B-27 supplement, 1% nonessential amino acids,
2 mM GlutaMAX, 50 U/mL and 50 pg/mL penicillin-streptomycin, 0.1 mM
B-mercaptoethanol, 0.5% Knockout Serum Replacement, 50 pg/mL BSA,
20 ng/mL recombinant human LIF, 20 ng/mL activin A, 8 ng/mL bFGF, and 2
inhibitors: 1 uM PD0325901 and CHIR99021 (Caymen). For primed-to-naive
conversion, cells were cultured in 5iLAF or 2iLAF condition for at least three
passages but up to seven passages for all related experiments.

For the intracellular calcium experiment, cells were cotreated with/without
BAPTA-AM (10 pM, ThermoFisher) under 5iLAF or 2iLAF conditions. Briefly,
cells were seeded on an MEF layer at a density of 2.5 x 10° cells per well of
12-well plates. Cells were passaged by a 5-min incubation with TrypLE. For
MS and gPCR analyses, naive cells were detached by treatment with Cell
Dissociation Reagent for 45 to 60 min, which allowed selective detachment
of cell colonies from feeder cells.

Teratoma Formation. For teratoma formation, 1 x 106 B3GALT5-KO cells were
prepared and resuspended in 50 pL of DMEM/F12 and mixed with 50 pL of
Matrigel. These cells were used to inject immunocompromised NSG (NOD
scidy) mice. Each mouse received both subcutaneous and intramuscular in-
jections. Tumors developed after 6 to 9 wk and were processed for
histological analysis.

Cloning Efficiency Assay. The cloning assay has been described previously (40).
Briefly, cells were prepared in octuplicate in a 96-well plate format for each
treatment. Prior to the addition of cells, 100 pL of E8 media with 10 uM Y-
27632 were loaded into each well. Cells were dissociated with Accutase for 5
to 10 min or until fully detached from the plate, neutralized with equal
volumes of PBS, counted, washed, and then diluted to 250 cells/mL in the
same media. Finally, a 100-pL suspension (25 cells) was added to each well.
Media were changed every 2 d if not specified. After 3 to 4 d, colonies were
stained with DAPI or Oct4 and counted.

Immunostaining. For immunofluorescence staining, cells grown on Matrigel-
coated plate or MEF-coated plates were fixed with 4% (wt/vol) parafor-
maldehyde in PBS at room temperature for 10 min and washed three times
with 1x PBS. Cells were permeabilized with 0.1% Triton X-100 (wt/vol) for
5 min. Then cells were incubated in blocking solution (0.1% Triton X-100
plus 2% donkey serum in 1x PBS) for 1 h. Primary antibodies were added
into the blocking solution and incubated at 4 °C overnight. The next day,
cells were washed three times with 1x PBS. Secondary antibodies conjugated
to Alexa Fluor 488 or 555 (Thermo Fisher Scientific) were incubated for 1 h.
For nuclear staining, cells were incubated with DAPI (Sigma-Aldrich) for
3 min. Images were taken using a Leica DMI6000 B (Leica Microsystems) or
DMi8 microscope (Leica Microsystems). Primary antibodies are listed in S/
Appendix, Table S1.

gRT-PCR. Total RNA was isolated using the RNeasy Mini RNA Isolation kit
(Qiagen) and reverse-transcribed to ¢cDNA by using a High-Capacity cDNA
Reverse Transcription kit (ThermoFisher Scientific). The cDNA reaction was
diluted 1:10 in ddH,0 and used in Fast SYBR Green real-time PCR reactions
(ThermoFisher Scientific). All reactions were run in duplicate or triplicate on
a QS7 machine (Applied BioSystems) according to the manufacturer’s in-
structions. Values were normalized to ACTB, GAPDH, GUSB, or UBC, and
then compared to control cells. Primer sequences are listed in SI Appendix,
Table S2. For detection of glycosyltransferase genes, real-time PCR was
performed using TagMan Universal PCR Master Mix (ThermoFisher Scientific)
and TagMan gene-expression assays (ThermoFisher Scientific). The TagMan
Probes are listed in S/ Appendix, Table S3.

RNA-Seq Method and Data Analysis.

Library preparation and sequencing. The purified RNA was used for the prep-
aration of the sequencing library by TruSeq Stranded mRNA Library Prep Kit
(Illumina) following the manufacturer’'s recommendations. Briefly, mRNA
was purified from total RNA (1 pg) by oligo(dT)-coupled magnetic beads and
fragmented into small pieces under elevated temperature. The first-strand
cDNA was synthesized using reverse transcriptase and random primers. After
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the generation of double-strand ¢cDNA and adenylation on 3’ ends of DNA
fragments, the adaptors were ligated and purified with AMPure XP system
(Beckman Coulter). The quality of the libraries was assessed on the Agilent
Bioanalyzer 2100 system and a real-time PCR system. The qualified libraries
were then sequenced on an Illumina NovaSEq. 6000 platform with 150-bp
paired-end reads generated by Genomics, BioSci & Tech Co.

Bioinformatics analysis. The bases with low quality and sequences from
adapters in raw data were removed using the program Trimmomatic (v0.39).
The filtered reads were aligned to the reference genomes (hg19) using
Bowtie2 (v2.3.4.1). A user-friendly software RSEM (v1.2.28) was applied for
the quantification of the transcript abundance. DEGs were identified by
EBSeq (v1.16.0). The PCA analysis and heatmap were generated by the
ClustVis (https:/biit.cs.ut.ee/clustvis/) based on DEGs between primed and
naive hESCs.

Allelic expression analysis of X-linked transcript. The RNA-seq reads were re-
moved adapter and primer sequences, and trimmed to retain high-quality
data (Q20). The sequence reads were filtered (>100 reads), aligned to human
reference genome hg19. Informative SNPs within X-linked genes of the H9
cells (30) were used to classify the transcript as monoallelic or biallelic.
Briefly, genome reads which corresponding to reads carrying either of two
alleles, were quantified with BCFtools Mpileup (v1.9). Transcripts were
classified as biallelic when at least 30% of reads originated from the
second allele.

RNA-FISH. Cells were collected and resuspended in hypotonic 0.075 M po-
tassium chloride for 30 min at 37 °C followed with fixed in methanol/glacial
acetic acid 3:1. The fixed cells were dropped on the slide and air-dried. The
slides were denatured for 5 min at 72 °C and hybridized overnight with la-
beled probes in FISH hybridization buffer at 37 °C. After cytology Stringency
wash buffer SSC (Zyovision) wash for 2 min at 70 °C and cytology wash
buffer SSC (Zyovision) wash for 1 min at room temperature, slides were
mounted in DAPI/DuraTect-Solution (Zyovision). The Green-dUTP labeled
FISH probe for HUWE1 (RP11-975N19) was purchased from Empire Geno-
mics. Images were acquired using a Leica DFC495 microscope. Expression of
HUWE1 was manually counted in more than 100 cells per cell line.

Bisulfite Sequencing and Analysis. Genomic DNA was extracted using the
Gentra Puregene Cell Kit (Qiagen) and quantified using a NanoDrop ND-2000
Spectrophotometer (ThermoFisher Scientific). Construction of DNA libraries
and subsequent DNA sequencing were performed by the Genomic Medicine
Core Laboratory, Linkou, Chang Gung Memorial Hospital. Briefly, bisulfite
sequencing libraries were prepared using the Truseq methyl capture EPIC
library kit (lllumina). Unmethylated A-phage DNA was spiked in at input DNA
quantity to determine conversion efficiency, which was 99% for all libraries.
Libraries were sequenced in 125-bp paired-end on lIllumina HiSEg. 4000
(Illumina). Sequencing reads were processed to remove the first six bases,
adapter sequences, and poor-quality reads; the remaining sequences were
mapped to human genome build GRCh37/hg19 using CLC Genomics Work-
bench v11.0.0 (Qiagen). The CpG methylation calls were extracted and an-
alyzed using MATLAB software. Global comparison, correlation and PCA
analysis of CpG methylation between samples was calculated by
MATLAB software.

Intracellular Calcium Measurement and Visualization. WT and KO cells were
seeded in Matrigel-coated p-Slide 8 well (Ibidi). Cells were loaded with 5 mM
Fluo-4 AM (ThermoFisher Scientific) in Tyrode’s solution for 30 min, and
washed twice with PBS to remove the extracellular dye. Probenecid (2.5 mM)
was added to both the loading medium and the washing solution to prevent
dye leakage. Ca®* imaging was conducted using a fluorescent microscope
(Leica DMI6000).

Quantification and Statistical Analysis. Data are presented as the mean + SEM
or mean + SD using GraphPad Software Prism 6. Statistical significance was
determined by Student'’s t tests. Values of P < 0.05 were considered to be
statistically significant.

Data Availability. The RNA-seq and bisulfite-sequencing datasets used for
this study have been deposited in the Gene Expression Omnibus (GEO)
database, https://Awww.ncbi.nlm.nih.gov/geo (accession nos. GSE156515 and
GSE134193).
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