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Abstract: B3GALT5 is involved in the synthesis of embryonic stem (ES) cell marker glycan, stage-
specific embryonic antigen-3 (SSEA3). This gene has three native promoters and an integrated
retroviral long terminal repeat (LTR) promoter. We found that B3GALT5-LTR is expressed at high
levels in human ES cells. B3GALT5-LTR is also involved in the synthesis of the cancer-associated
glycan, sialyl Lewis a. Sialyl Lewis a is expressed in ES cells and its expression decreases upon
differentiation. Retinoic acid induced differentiation of ES cells, decreased the short form of NFYA
(NFYAs), increased phosphorylation of STAT3, and decreased B3GALT5-LTR expression. NFYAs
activated, and constitutively-active STAT3 (STAT3C) repressed B3GALT5-LTR promoter. The NFYAs
and STAT3C effects were eliminated when their binding sites were deleted. Retinoic acid decreased
the binding of NFYA to B3GALT5-LTR promoter and increased phospho-STAT3 binding. Lamin
A repressed NFYAs and SSEA3 expression. SSEA3 repression mediated by a SIRT1 inhibitor was
reversed by a STAT3 inhibitor. Repression of SSEA3 and sialyl Lewis a synthesis mediated by
retinoic acid was partially reversed by lamin A short interfering RNA (siRNA) and a STAT3 inhibitor.
In conclusion, B3GALT5-LTR is regulated by lamin A-NFYA and SIRT1-STAT3 signaling that regulates
SSEA3 and sialyl Lewis a synthesis in ES cells, and sialyl Lewis a is also a ES cell marker.
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1. Introduction

The gene B3GALT5 encodes β-1,3-galactosyltransferase 5, which is involved in the synthesis of the
globoseries glycolipids such as the human embryonic stem (ES) cell markers SSEA3 and SSEA4 and
the tumor marker Globo-H (Figure S1B) [1–4]. In addition, B3GALT5 is involved in the synthesis of the
type-1-chain lactosamine glycans, which include Lewis a, Lewis b, sialyl Lewis a, and SSEA5 [5] (Figure
S1A). Sialyl Lewis a is a tumor marker for cancers of the digestive organs such as the colon [6], and
SSEA5 is an ES cell marker [7]. SSEA-3 and SSEA4 are essential for cancer cell survival and metastasis
through association with FAK and CAV1 to induce AKT signaling and to inhibit Fas-dependent cell
death [8]. Sialyl Lewis a is essential for cancer cell migration and invasion through selectin-mediated
signaling [6]. Sialyl Lewis a also modifies fibulin-3 to enhance EGFR signaling for activation of the
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PI3K/Akt/mTOR pathway for cell growth and proliferation [9]. Therefore, B3GALT5 is the key enzyme
producing these cancer-related glycans such as SSEA-3 and sialyl Lewis a.

The B3GLAT5 gene has three native promoters and one long terminal repeat (LTR) promoter [10,11].
An endogenous retrovirus is thought to have integrated its LTR promoter and an exon (exon 1) into
the B3GLAT5 gene. B3GLAT5-LTR is found only in the genomes of apes, old world monkeys, and
humans [12] and is rarely expressed in normal human tissues, except in the colon [11]. SSEA3 is
a marker related to the depletion of non-reprogramming cells, which are derived from induced
pluripotent stem cells [13], and SSEA3 and SSEA5 are also involved in the removal of undifferentiated
or incompletely differentiated cells prior to transplantation to avoid teratoma formation [5,14].

Sialyl Lewis a, Lewis a, and SSEA5 have also been identified in human H9 ES cells, and synthesis of
these glycans is reduced by retinoic acid (RA) treatment [7]. Conversely, Lewis b has not been detected
in undifferentiated or RA-differentiated cells [7]. B3GALT5, fucosyltransferase 2 (FUT2), and FUT3
are the key enzymes involved in the synthesis of sialyl Lewis a, Lewis a, SSEA5, and Lewis b (Figure
S1A), with the FUT2 gene having the functional dominant allele Se (secretor) and the non-functional
recessive allele, se, while FUT3 has the functional dominant allele Le (Lewis) and the non-functional
recessive allele, le [15]. The Lewis blood-group system comprises the three phenotypes Le(a+b-),
Le(a-b+), and Le(a-b-). When the activity of FUT2 is substantial, the substrate Lc4 glycan is mostly
converted into the type-1 chain H-antigen or Lewis b glycan instead of the Lewis a or sialyl Lewis a
glycan [16]. The Le(a+b+) phenotype is transiently observed in infants [17], and some adults have
the weak allele Se [18]. Humans with the Le(a+b-) phenotype have more sialyl Lewis a than do those
with the Le(a-b+) phenotype [19]. Others have the Le(a-b-) phenotype, including 3.2% of the Chinese
population [20], for which no sialyl Lewis a, Lewis a, or Lewis b is found in any organ [21].

Clarification of the regulatory mechanism of B3GALT5-LTR expression would contribute to our
understanding of how the aforementioned human ES cell markers are synthesized and provide a clearer
view of how enrichment of induced pluripotent stem cells or the decrease in the teratoma-forming rate
occurs, which would be of use in the improvement of regenerative medical procedures. In this study,
we found that human ES cells express B3GALT5-LTR and that RA-mediated differentiation signaling
reduces the level of B3GALT5-LTR transcript to a greater extent than the native B3GALT5 transcripts. We
also identified key transcription factors and upstream signals that regulate the B3GALT5-LTR promoter
and SSEA3 expression in human ES and embryonal carcinoma (EC) cells during differentiation. Finally,
using an antibody to stain silyl Lewis a in human ES and EC cells, we also found that, in addition
to SSEA3, sialyl Lewis a acts as a human ES cell marker and is influenced by the same signals that
modulate B3GALT5-LTR expression.

2. Materials and Methods

2.1. Cell Lines, Cell Culture, and Drug Treatment

An ES cell line of Taiwanese origin (TW3) [22] was obtained from the Bioresource Collection
and Research Center (BCRC) and cultured on MEF feeder cells with DMEM/F12 containing 15% (v/v)
KO serum replacement (Thermo Fisher, Carlsbad, CA, USA), 0.1 mM 2-mercaptoethanol, 0.1 mM
non-essential amino acids, 4 ng/mL bFGF, and 1 mM l-glutamine. The H1 octamer-binding transcription
factor 4-enhanced green fluorescent protein (Oct4-EGFP) ES cell line [23] was obtained from WiCell and
cultured on the Corning Matrigel matrix (human ES cell-qualified) with StemFlex medium (Thermo
Fisher). Oct4-EGFP ES cells were cultured with G418 3000 µg/mL (Millipore, Billerica, MA, USA) to
maintain them in their undifferentiated state. NCCIT, DLD1, and SKW6.4 cells were maintained in
RPMI 1640 medium (Thermo Fisher) supplemented with 10% fetal bovine serum (Thermo Fisher),
100 U/mL penicillin, and 100 µg/mL streptomycin. NT2, 2102Ep, and HT29 cells were maintained
in DMEM medium (Thermo Fisher) supplemented with 10% fetal bovine serum (Thermo Fisher),
100 U/mL penicillin, and 100 µg/mL streptomycin. All cells were cultured at 37 ◦C under a humidified
5% CO2 atmosphere. For ES and EC cell differentiation, the cells were treated with 10 µM RA
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(Sigma-Aldrich, St. Louis, MO, USA) in DMSO for 7 days with pure DMSO serving as the control.
G418 was removed from the H1 Oct4-EGFP cells during RA-induced differentiation. Where indicated,
H1 Oct4-EGFP cells were treated with 10 nM of the SIRT1 inhibitor EX-527 (Sigma-Aldrich), 100 µM
of the STAT3 inhibitor S3I-201 (Santa Cruz Biotechnology, Dallas, Texas, USA), 5 µM of the STAT3
inhibitor Stattic (Santa Cruz Biotechnology, Dallas, Texas, USA) or 5 nM bortezomib (Toronto Research
Chemicals, Toronto, ON, Canada) for 7 days (G418 was included in each case).

2.2. Flow Cytometry

Cultured cells were harvested (5 × 105 cells per tube), centrifuged at 300× g for 5 min, and
incubated with an anti-SSEA3 (Rat IgM, R&D Systems, Minneapolis, MN, USA) or anti-sialyl Lewis
a (CA19-9 [116-NS-19-9] Mouse IgG1, Thermo Fisher) at 4 ◦C for 30 min. Then, cells were washed
with 1 mL of buffer for fluorescence-activated cell sorting (FACS; phosphate-buffered saline containing
2% fetal bovine serum (Thermo Fisher)) and stained with Alexa Fluor 647-conjugated goat anti-rat
IgM secondary antibody (Thermo Fisher), FITC-conjugated goat anti-rat IgM secondary antibody
(Jackson ImmunoResearch, West Grove, PA, USA), or APC-conjugated goat anti-mouse IgG secondary
antibody (BioLegend, San Diego, CA, USA) at 4 ◦C for 30 min. Next, the cells were washed twice
with 1 mL FACS buffer, resuspended in 0.4 mL of the buffer, and kept in the dark on ice until FACS
analysis (the cells were first passed through a mesh and then subjected to flow cytometry, Attune NxT,
Thermo Fisher).

2.3. Plasmid Construction

Full-length coding sequences for the short form of NFYA (NFYAs; NCBI accession number
NM_021705.3) and the STAT3 gene (NCBI accession number NM_139276.2) were amplified from NT2
cDNA with the use of the following primer sets: 5′-ATGGAGCAGTATACAGCAAACAG-3′ and 5′-TTA
GGACACTCGGATGATCTGT (NFYAs), and 5′-ATGGCCCAATGGAATCAGCTACA-3′ and 5′-TCACA
TGGGGGAGGTAGCGC-3′ (STAT3). The PCR products were then cloned into pcDNA3.0 (Invitrogen,
Carlsbad, CA, USA). The NFYAm29 and STAT3C point-mutation constructs were created by site-directed
mutagenesis (Phusion Site-Directed Mutagenesis kit, Finnzymes). The following primers were used: 5′-
CAGCCTTCCGTGCCATGGC-3′ and 5′-CTGCAGGTGGACGATTTTTCTCTC-3′ (NFYAm29), and 5′-
ACTGGTCTATCTCTATCCTGACATTCCCA-3′ and 5′-GGAGACACCAGGATACAGGTACAATCCA
TGATC-3′ (STAT3C). The PCR product of the full-length human B3GALT5-LTR promoter, which
resides on chromosome 21 (GRCh38.p12 Primary Assembly. NC_000021.9: 39657153–39657326; from
nucleotides −174 to −1) was amplified using NT2 genomic DNA as the template and the forward primer
5′-GGAGCCT GCAGCAGGCAGAGGC-3′ and reverse primer 5′-CGGGTCCAAAGGCCAGAGAGC-3′.
The PCR products were purified by the EasyPrep Gel & PCR Extraction Kit (TOOLS, Taiwan). The
purified PCR product was cloned upstream of the firefly luciferase reporter gene (Luc) in the pGL3-
enhancer vector (Promega). The B3GALT5-LTR HNF-1d, -NFYd, and -STAT3d constructs were created by
site-directed mutagenesis. The following primers were used: 5′-CAGCCAAGTTGACACCTAAAAGT
AACC-3′ and 5′-TAGAGAACTGGTAAAGCATTATTTCTGGG-3′ (B3GALT5-LTR HNF-1d), 5′-CTCTG
GAAACACCTTCACAAACACA-3′ and 5′-TCAGTGGGCTGAGTG GGGAG-3′ (B3GALT5-LTR NFYd),
and 5′-ACCTTCACAAACACACCCAGAAATAATG-3′ and 5′- AGATTGGCTGTGAGTCAGTGGGC-3′

(B3GALT5-LTR STAT3d). A tandem repeat NFY response construct containing two repeats of
TAACCAATCA sequences was cloned into the SmaI site of the pGL3 promoter as previously
described [24]. pcDNA3.1-NFYAl and lamin A clones were obtained from Genscript and Sinobiological,
respectively. The sequences of all constructs were verified by DNA sequencing.

2.4. Transfection of Cells with Plasmids or Short Interfering RNAs (siRNAs)

For liposome-mediated transfection of cultured cells (5 × 105) with plasmids, the cells were plated
into a well of a 6-well dish one day before transfection. The following day, 2 µg of a plasmid was mixed
with 200 µL Opt-MEM medium (Thermo Fisher); then, 4 µL of X-tremeGENE HP DNA Transfection
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reagent (Roche) was added, with incubation at room temperature for 20 min. Each mixture was
then added into the cells. For electroporation-mediated transfection of cultured cells (1 × 106) with
each plasmid, cells were added into 90 µL BTXpress electroporation buffer (BTX, Holliston, MA) that
contained 3 µg of a plasmid. The mixture was transferred into a 2-mm BTX Gap cuvette and with
subsequent electroporation (140 V, 750 Ω, 1100 µF capacitance, 13 ms, one pulse) using the BTX Gemini
X2 Electroporation system. After electroporation, the mixture was collected from the cuvette and
added into the wells. For transfection of cultured cells (5 × 105) with a siRNA, the cells were plated
into wells of a 6-well dish one day before transfection. The next day, 2 µL of control siRNA (50 µM;
siGENOME Non-Targeting siRNA, Dharmacon) or lamin A-specific siRNA (siGENOME lamin A/C,
Dharmacon) was mixed with 200 µL Opt-MEM medium, after which 14 µL of Lullaby Stem siRNA
Transfection reagent (OZ Biosciences) was added into each mixture; mixtures were incubated at room
temperature for 20 min. Finally, each mixture was individually added into a cell preparation.

2.5. Luciferase Assay

Cells were co-transfected with the B3GALT5-LTR firefly luciferase plasmid or the tandem repeat
NFY response element RE on the pGL3 promoter vector and the pRL-SV40 Renilla luciferase plasmid,
respectively (Promega). Cells were harvested 48 h post-transfection into 0.25 mL of the reporter lysis
buffer and assayed for gene expression with the Dual-Luciferase Reporter Assay system (Promega,
Madison, WI, USA). Firefly luciferase activity was normalized to Renilla luciferase activity, and the
data are presented as the mean ± standard deviation of three independent experiments, each of which
was performed in triplicate.

2.6. Western Blotting

Total cellular protein extract (20 µg) was subjected to SDS-PAGE (10% acrylamide). The separated
proteins were transferred onto a polyvinylidene difluoride membrane, which was then blocked with
5% skim milk in phosphate-buffered saline and [0.05% (v/v)] Tween 20. Membranes were probed
with antibodies against NFYA (sc-10779 rabbit polyclonal; Santa Cruz Biotechnology), STAT3 (sc-482
rabbit polyclonal; Santa Cruz Biotechnology), phospho-STAT3 (STAT3-p; phosphorylated Tyr705;
#9145 rabbit monoclonal; Cell Signaling Technology), SIRT1 (sc-15404 rabbit polyclonal; Santa Cruz
Biotechnology), lamin A/C (10298-1-AP rabbit polyclonal, Proteintech), β-tubulin (10094-1-AP rabbit
polyclonal, Proteintech, Chicago, IL, USA) or GAPDH (10494-1-AP rabbit polyclonal, Proteintech).
Goat anti-rabbit IgG conjugated with horseradish peroxidase (Santa Cruz Biotechnology) served as the
secondary antibody. Chemiluminescent signals were detected using reagents from an Amersham ECL
Western Blotting Detection kit.

2.7. ChIP Assay

Chromatin immunoprecipitation (ChIP) was performed according to the manufacturer’s
instructions (EZ-Magna ChIP A/G Chromatin Immunoprecipitation kit; Millipore) using anti-NFYA
(sc-10779; Santa Cruz Biotechnology) and anti-STAT3 (sc-482; Santa Cruz Biotechnology) as shown in
Figure 3C and anti-NFYA (sc-17753; Santa Cruz Biotechnology) and anti-STAT3 (#9139; Cell Signaling
Technology) (see Figure 3D). Fixed DNA was sheared with a Bioruptor Pico (Diagenode, Liège,
Belgium), and precipitated DNA was quantified with a Bio-Rad CFX96 Real-Time Thermal Cycler.

2.8. Real-Time Quantitative PCR and Primers

Total cellular RNA was extracted with TRIzol reagent (Invitrogen). First-strand cDNA from
mRNA was prepared from 1 µg total RNA with reagents of the Maxima H Minus FirstStrand cDNA
Synthesis kit (Thermo Scientific, Waltham, MA, USA). For conventional qPCR, cDNA samples or
DNA samples from ChIP assays were mixed with EvaGreen Supermix (Bio-Rad, Hercules, CA, USA)
and primers (Table S1). Amplification of each qPCR product was monitored using a CFX Connect
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Real-Time PCR System (Bio-Rad). Relative transcript levels were calculated as 2−∆∆CT. The percentage
of the B3GALT5-LTR transcript was calculated as (2−(B3GALT5-LTR CT) – (B3GALT5 total CT)) × 100%.

2.9. Statistical Analysis

Potential statistical differences between two groups were assessed with the Student’s t-test (two
tailed). All results are presented as the mean ± SD. A p-value of less than 0.05 was considered
statistically significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001; and ns: not statistically significant).

3. Results

3.1. B3GALT5-LTR is Highly Expressed in ES and EC Cells

Expression of B3GALT5-LTR in colon tissue contributes up to 74% of the total B3GALT5
expression [11], and we found that B3GALT5-LTR accounted for ~80% of the total expressed B3GALT5
in the colon cancer cell line HT29 (Figure 1A). We also found that the B3GALT5-LTR gene was highly
expressed in EC (NT2) and ES (TW3) cells at levels comparable to those of the colon cancer cell lines
DLD1 and HT29, whereas B3GALT5-LTR was not expressed in B cells (SKW6.4; Figure 1B). Expression
of the B3GALT5-LTR gene in NT2 cells accounted for ~80% of total B3GALT5 expression, and its
expression in TW3 cells was ~40% (Figure 1A). Compared to B3GALT5-LTR, expression of other
transcripts through three native promoters was relatively low in both H1 and 2102Ep cells (Figure 1C).
We treated the ES and EC cells with RA to induce differentiation (Figure 1D), after which the amount
of B3GALT5-LTR expressed decreased to ~15% of the total expressed B3GALT5 (Figure 1E). The glycan
SSEA3, which requires B3GALT3 for its synthesis, serves as a stem-cell marker [1]. Inhibition of SSEA3
and SSEA4 synthesis by the inhibitors of sphingolipid and glycosphingolipid synthesis, D-PDMP or
ISP-1, does not influence Oct4 expression [25], and the ES cell line, H1 Oct4-EGFP, has been used for
evaluating ES-cell differentiation [23]. We found that the amount of SSEA3 and GFP was suppressed
by RA treatment of H1 Oct4-EGFP cells (Figure 1F).

3.2. NFYA and STAT3, but Not HNF-1, Are the Transcription Factors that Regulate B3GALT5-LTR Expression
in ES and EC Cells

To identify the transcription factors that might induce LTR promoter–controlled expression of
B3GALT5 in EC and ES cells, we cloned the LTR promoter region of B3GALT5-LTR and conjugated it to
the Luc reporter gene after individually deleting the possible transcription factor–binding sites, HNF-1
and NFY, that might be involved in B3GALT5-LTR expression (Figure 2A). We found that deletion
of the NFY, but not the HNF-1-binding site in the LTR promoter reduced the reporter activity of the
construct in NT2 cells, whereas deletion of NFY or HNF-1 nearly eliminated the reporter activity
in HT29 cells (Figure 2B). HNF-1 maintains the high level of expression of B3GALT5-LTR in colon
cancer cells [26]. In EC and ES cells, however, HNF-1 was hardly expressed (Figure S2). The rat
albumin promoter contains a NFY-binding site at nucleotide −80 and a HNF1-binding site at −60 [27].
During development, NFY binds to and activates the rat albumin promoter when the concentration of
HNF1 is limited [27], indicating that NFY can replace the function of HNF1 in activating promoters.
NFY contains three isoforms, namely, NFYA, NFYB, and NFYC, of which NFYA has a short form
(NFYAs) and a long (NFYAl) form [28]. NF-Y heterotrimer is composed of a histone fold domain
dimer NF-YB/NF-YC and NF-YA, which contains a DNA specific binding domain [29]. The amount
of NFYAs, but not of NFYAl, is reduced upon differentiation of mouse ES cells [30]. We found that
NFYAs is the major isoform of the NFYA subunit in NFY in human ES and EC cells (Figure S3A) and is
reduced after differentiation of ES or EC cells (Figure S3B).
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Figure 1. B3GALT5-long terminal repeat (LTR) expression in embryonic stem (ES) and embryonal
carcinoma (EC) cell lines. (A) The expression of B3GALT5-LTR compared with that of total B3GALT5 in
colon cancer cell lines (DLD1, HT29), an EC cell line (NT2), and an ES cell line (TW3), reported as a
percentage. (B) Normalized expression of B3GALT5-LTR in the cell lines is shown in Figure 1A and in a
B-lymphoid cell line (SKW6.4). The DLD1 cell line amount was set to one. (C) Normalized expression
of all B3GALT5 transcripts in H1 and 2102Ep cells. Specific primers designed to amplify the B3GALT5
coding region were used to quantify the total transcripts. Three native promoters with their own
specific exon were used to design specific primers to quantify as Type A-C transcripts. B3GALT5-LTR
transcript levels were higher than Type A-C transcripts. (D) Morphology of the undifferentiated and
the retinoic acid (RA)-induced differentiated ES and EC cell lines. (E) Reduction of B3GALT5-LTR
expression in ES cells (TW3 and H1) upon differentiation. (p < 0.05; **, p < 0.01; ***) (F) Octamer-binding
transcription factor 4 (Oct-4)-controlled expression of enhanced green fluorescent protein (EGFP) was
reduced after RA treatment for one week in H1 Oct4-EGFP cells. Stage-specific embryonic antigen-3
(SSEA3) was also decreased after RA treatment.
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Figure 2. Transcription factors involved in B3GALT5-LTR expression. (A) The positions of the canonical
HNF1- and NFY-binding sites on the B3GALT5-LTR promoter are shown. (B) Expression of the Luc-LTR
reporter construct with a deleted HNF-1 binding site in its promoter (HNF-1d) did not change in NT2
cells but was reduced in HT29 cells. Luciferase activity was greatly reduced when NT2 and HT29
cells were transfected with Luc-LTR with a deleted NFY binding site (NFYd). (**, p < 0.01 and ns: not
statistically significant).

In addition to the NFY-binding site, a STAT3-binding site was predicted in the B3GALT5-LTR
promoter (Figure 3A). To elucidate which signaling cascade(s) controls B3GALT5-LTR expression
during differentiation, we investigated the post-translational phosphorylation of STAT3, which acts
upstream of B3GALT5-LTR gene expression. First, we treated NT2 cells with RA or pure DMSO
(control) and then stained them with antibodies against NFYA, total STAT3, and STAT3-p. We found
that the amount of NFYAs, but not the amount of NFYAl, was reduced by RA treatment whereas the
amount of STAT3-p was increased (Figure 3B). RA causes NT2 cells to differentiate into astrocytes [31],
and differentiation is accompanied by increased phosphorylation at Y705 of STAT3 [32]. We found that
phosphorylation of STAT3 was enhanced by RA treatment in NT2, NCCIT, and H1 Oct4-EGFP cells
(Figure 3B). Phosphorylation at Y705 results in STAT3 dimerization and nuclear translocation as the
activated form [33]. The activity of a modified form of STAT3, STAT3C, mimics that of STAT3-p [34].
In STAT3C, substitution of two cysteines, A661C and N663C, in the C-terminal loop of the Src homology
2 domain produces a molecule that dimerizes spontaneously. Because the transfection efficiency
of NT2 cells is poor compared to that of 2102Ep cells (Figure S4A), we used the 2102Ep cells in a
STAT3C-overexpression experiment. 2102Ep cells do not differentiate when treated with RA [35],
but this cell line expresses human ES cell markers [36], making it a useful model for studying the
effect of various drugs on their expression. Overexpression of STAT3C repressed B3GALT5-LTR
expression in 2102Ep cells, and repression of B3GALT5-LTR by STAT3C was diminished after deletion
of the STAT3-binding site on the B3GALT5-LTR promoter (Figure S4B,C). As shown by ChIP assays,
NFYA bound to the B3GALT5-LTR promoter in undifferentiated NT2 cells, and STAT3 bound to the
B3GALT5-LTR promoter in differentiated NT2 cells (Figure 3C). In addition, NFYA bound to the
B3GALT5-LTR promoter more robustly in undifferentiated H1 cells than differentiated cells, and STAT3
bound to the B3GALT5-LTR promoter more robustly in differentiated H1 cells than undifferentiated
cells (Figure 3D). NFYAm29, a dominant-negative mutant of NFYA, can form the heterotrimer with
NFYB and NFYC but cannot bind DNA [37]. Electroporation of 2102Ep cells with a plasmid containing
either the NFYAm29 or the STAT3C construct resulted in repression of SSEA3 synthesis (Figure 4A–C).
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Figure 3. NFYA and STAT3 bind to the B3GALT5 promoter. (A) The positions of the canonical NFYA-
and STAT3- binding sites in the B3GALT5-LTR promoter as predicted by the JASPAR database [38].
(B) Expression of NFYA isoforms and the STAT3 phosphorylation status in RA-treated ES and EC cells.
Phosphorylation of STAT3 was markedly enhanced after RA treatment. Expression of NFYAs was
reduced by RA treatment of ES and EC cells, and NFYAl expression was induced in EC cells but not in ES
cells. Tubulin served as the loading control for these Western blots. (C) NFYA and STAT3 bound to the
B3GALT5-LTR promoter as shown by chromatin immunoprecipitation (ChIP) assays in NT2 cells. NFYA
bound to the B3GALT5-LTR promoter in undifferentiated NT2 cells (DMSO-treated cells) to a greater
extent than in differentiated cells (RA-treated cells). STAT3 bound to the B3GALT5-LTR promoter in
differentiated but not undifferentiated NT2 cells. One percent of the chromatin is labeled as input from
each sample. (**, p < 0.01; ***, p < 0.001) (D) NFYA and STAT3 bound to the B3GALT5-LTR promoter as
shown by ChIP assays in H1 cells. NFYA bound to the B3GALT5-LTR promoter in undifferentiated H1
cells (DMSO-treated cells) to a greater extent than in differentiated cells (RA-treated cells). STAT3 bound
to the B3GALT5-LTR promoter in differentiated H1 cells to a greater extent than in undifferentiated cells.
CRM1 promoter contains a NFYA binding site [39] that is used as a positive control for NFYA binding,
and CASP3 promoter contains a STAT3 binding site [40] that is used as a positive control for STAT3
binding. B3GALT5 open reading frame is used as a negative control for NFYA and STAT3 binding.
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Figure 4. NFYAm29 and STAT3C repress SSEA3 synthesis in 2102Ep cells. (A) Overexpressed NFYAm29
and STAT3C were detected by western blotting. Tubulin served as the loading control. 3.0 means
empty vector pcDNA 3.0. (B) Flow cytometry showing the amounts of SSEA3 on 2102Ep cells after
transfection with pcDNA 3.0 or NFYAm29 or STAT3C. (C) Relative mean fluorescence intensity (MFI)
after staining for SSEA3. The synthesis of SSEA3 was significantly reduced in cells transfected with
pcDNA 3.0 containing the NFYAm29 or STAT3C sequence compared with cells transfected with an
unmodified pcDNA3.0 (control) (***, p < 0.001).

3.3. RA-Mediated Lamin A-NFYA Pathway Regulates B3GALT5-LTR Promoter and Represses Production of
SSEA3 and Sialyl Lewis a

NFYAs and NFYAl have different transcriptional activities [41], as they activate or repress different
genes during muscle cell differentiation [42]. Overexpression of NFYAs enhanced SSEA3 expression and
B3GALT5-LTR promoter activity, while overexpression of NFYAl repressed SSEA3 and B3GALT5-LTR
promoter activity (Figure 5A–C). Activation by NFYAs or repression by NFYAl was diminished after
deletion of the NFY-binding site on the B3GALT5-LTR promoter (Figure 5D). The amount of NFYA and
its activity is decreased by lamin A [43,44], and lamin A is an ES cell differentiation marker [45]. Lamin
A was downregulated by RA treatment of NCCIT and H1 Oct4-EGFP cells (Figure S5A). Overexpression
of lamin A repressed the activities of the NFYA responsive element and the B3GALT5-LTR promoter
(Figure 5E). The expression of NFYAs and SSEA3 was also repressed by lamin A (Figure 5A,B).
RA-mediated repression of SSEA3 and sialyl Lewis a expression were partially reversed by lamin A
siRNA (Figure 5F,G, and Figure S6A,B showing KD efficiency).
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Figure 5. NFYAs, NFYAl, and lamin A regulate SSEA3 synthesis in 2102Ep cells. (A) NFYAs, NFYAl,
and lamin A were detected by western blotting. Tubulin served as the loading control. (B) Flow
cytometry showing the levels of SSEA3 on 2102Ep cells after transfection with pcDNA 3.0 or a pcDNA
3.0 containing an NFYAl, NFYAs, or lamin A sequence. (C) The MFI of stained SSEA3 compared with
that of the controls. SSEA3 was enhanced in the presence of NFYAs and repressed in the presence of
NFYAl and lamin A compared with the control (unmodified pcDNA 3.0). (**, p < 0.01; ***, p < 0.001)
(D) NFYAs activates the B3GALT5-LTR promoter in 2102Ep cells, and NFYAl represses the activity of
B3GALT5-LTR. Repression and activation were eliminated when the NFY-binding site was deleted in
the B3GALT5-LTR promoter (*, p < 0.05; **, p < 0.01). (E) Lamin A represses the effects of the tandem
repeat NFY consensus sequence and the B3GALT5-LTR promoter. (**, p < 0.01) (F) RA represses SSEA3
synthesis in NT2 cells, and this repression is partially reversed by lamin A siRNA. (G) RA represses
sialyl Lewis a synthesis in NT2 cells, and this repression is partially reversed by lamin A siRNA.

3.4. RA-Mediated SIRT1-STAT3 Pathway Regulates B3GALT5-LTR Promoter Activity and Thereby Represses
SSEA3 and Sialyl Lewis a Synthesis

SIRT1 represses STAT3 activity [46], and SIRT1 is highly expressed in ES cells with its expression
being reduced after differentiation [47]. SIRT1 was downregulated by RA treatment of NT2 and
H1 Oct4-EGFP cells (Figure S5B). The SIRT1 inhibitor, EX-527, repressed SSEA3 and sialyl Lewis a
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synthesis and B3GALT5-LTR promoter activity, while the STAT3 inhibitor, S3I-201, enhanced SSEA3 and
sialyl Lewis a synthesis and B3GALT5-LTR promoter activity (Figure 6A–E). These actions of EX-527
were reversed by S3I-201 (Figure 6D,E). Bortezomib represses SIRT1 expression and increases the
activity of STAT3 [48,49]. We also found that the amount of SSEA3, sialyl Lewis a, and B3GALT5-LTR
promoter activity was reduced by bortezomib (Figure 6F–H), and the bortezomib-mediated repression
of SSEA3, sialyl Lewis a, and B3GALT5-LTR promoter was reversed by Stattic, another STAT3 inhibitor.
EX-527-mediated repression of SSEA3 and sialyl Lewis a was also partially reversed by Stattic (Figure
S7A,B). In addition, RA-mediated repression of SSEA3 was partially reversed by Stattic (Figure S8A),
and RA-mediated repression of sialyl Lewis a was partially reversed by S3I-201 (Figure S8B).

Figure 6. SSEA3 and sialyl Lewis a synthesis is altered by SIRT1 or STAT3 inhibitors. (A) Flow
cytometry showing the levels of SSEA3 on H1 Oct4-EGFP cells after treatment with a SIRT1 or STAT3
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inhibitor. All treated cells had similar GFP signal intensities under G418 selection. (B) The MFI of
stained SSEA3 compared with the control. EX-527, a SIRT1 inhibitor, repressed SSEA3 synthesis in
H1 Oct4-EGFP cells, and S3I-201, a STAT3 inhibitor, activated SSEA3 expression. EX-527-mediated
repression of SSEA3 synthesis was reversed by S3I-201 (***, p < 0.001 and ns: not statistically significant).
(C) Flow cytometry showing the levels of sialyl Lewis a on H1 Oct4-EGFP cells after treatment with
a SIRT1 or STAT3 inhibitor. All treated cells had similar GFP signal intensities under G418 selection.
(D) The MFI of stained sialyl Lewis a compared with the control. EX-527-mediated repression of sialyl
Lewis a synthesis was reversed by S3I-201 (**, p < 0.01; ***, p < 0.001; and ns: not statistically significant).
(E) EX-527 represses B3GALT5-LTR promoter activity in 2102Ep cells, and the EX-527-mediated
repression of the B3GALT5-LTR promoter activity is reversed by S3I-201 (*, p < 0.05; ***, p < 0.001; and
ns: not statistically significant). (F) Bortezomib represses SSEA3 synthesis in H1 Oct4-EGFP cells, and
this repression is reversed by Stattic. (G) Bortezomib represses sialyl Lewis a synthesis in H1 Oct4-EGFP
cells, and this repression is reversed by Stattic. (H) Bortezomib represses B3GALT5-LTR promoter
activity in 2102Ep cells, and the Bortezomib-mediated repression of the B3GALT5-LTR promoter activity
is reversed by Stattic (**, p < 0.01; ***, p < 0.001; and ns: not statistically significant).

Taken together, our results indicate that the B3GALT5-LTR gene is highly expressed in ES cells,
and according to our findings, it appears that B3GALT5-LTR expression is under the control of the
lamin A-NFYA and SIRT1-STAT3 pathways in human EC and ES cells (Figure 7).

Figure 7. Signaling cascades of RA-mediated repression of B3GALT5-LTR promoter activity that reduce
SSEA3 synthesis in human ES cells. RA induces two pathways that repress B3GALT5-LTR promoter
activity, and thereby downregulates SSEA3 synthesis. One pathway involves RA-mediated SIRT1
repression and results in STAT3 signal enhancement, which causes the activated STAT3 to bind and
repress the activity of the B3GALT5-LTR promoter, thereby reducing SSEA3 synthesis. The second
pathway is RA-mediated enhancement of lamin A level, which changes the NFYAs/NFYAl ratio, thereby
repressing B3GALT5-LTR promoter activity and reducing SSEA3 synthesis. Several changes in splicing
factor levels (see Discussion) involve a lamin A-dependent or -independent pathway. The drugs used
in this study are also shown in this schematic.

4. Discussion

Expression of the B3GLAT5 gene is controlled by three native promoters and one retroviral-inserted
LTR promoter [10,11], and the protein product is identical regardless of which promoter is used [50].
The LTR promoter is the most active of these promoters in the colon [10], and HNF-1 is the key
transcription factor that activates it in the colon [26]. In this study, we found that the B3GALT5-LTR
transcript is also highly expressed in human ES and EC cells, yet almost no HNF-1 is produced in



Cells 2020, 9, 177 13 of 18

ES cells. Rather, we found that the transcription factors NFYA and STAT3 regulate B3GALT5-LTR
expression in ES cells, and that upstream lamin A and SIRT1 signaling mediates NFYA and STAT3
activity, thereby modulating SSEA3 synthesis. RA is a cell-differentiation agent that induces ES cells to
enter a neural lineage [51]. The level of SSEA3 was found to be reduced from 93.9% to 2.5% in human
ES cells that had differentiated into neural progenitor cells, and from 93.9% to 62.9% in human ES cells
that had differentiated into endodermal cells [52]. How differentiation signals induce human ES cells
to become different mature cell lines via regulation of B3GALT5-LTR and/or native promoter activities,
which then mediate changes in SSEA3 synthesis, needs further study.

SSEA3 and lamin A act as EC- and ES-cell undifferentiated and differentiated markers,
respectively [1,3,45]. Lamin A does not co-stain with SSEA4 [45,53]. Expression of lamin A does not
induce EC cells to differentiate or promote RA-mediated differentiation [54]. In addition, D-PDMP
or ISP-1, when used to remove glucosylceramide, a precursor of the glycolipids SSEA3 and SSEA4,
does not induce ES-cell differentiation or influence Oct4 expression [25]. In our undifferentiated H1
Oct4-EGFP cells maintained by G418, the amounts of SSEA3 and sialyl Lewis a were altered by drug
treatment, although that of OCT4 was >90% (Figure 6A,D,E). These findings suggest that the stem-cell
markers SSEA3, sialyl Lewis a, and lamin A are not mediators of differentiation. Lamin A interacts
with NFYA to block NFYA activity [44]. Lamin A reduces NFYA expression when it binds to the NFY
complex at the CCAAT box on the NFYA promoter [43]. However, when we overexpressed lamin A in
2102Ep cells, we found decreased expression of NFYAs and increased expression of NFYAl (Figure 5A).
In benign endometrial tumors or low-grade G1 endometrial cancers, relatively large amounts of
lamin A and NFYAl and smaller amounts of NFYAs have been observed, whereas the opposite
state, i.e., high levels of NFYAs and low levels of lamin A and NFYAl, were found in high-grade
endometrial cancers (G2-G3) [55]. These findings suggest that lamin A may also influence the levels of
pre-mRNA splicing factors that can alter the NFYAs/NFYAl ratio. Several splicing factors including
RBM47 [56], ESRP1/2 [57], CELF1 [58] and QKI5 [59] can influence the NFYAs/NFYAl ratio. However,
how differentiation signaling, including that of lamin A, alters the expression of these splicing factors
and causes a change in the NFYAs/NFYAl ratio needs further investigation (Figure 7).

STAT3 signal helps keep murine ES cells in an undifferentiated state [60,61] but does not appear
to do so in human ES cells [62,63]. RA treatment is reported to induce STAT3 activation in human EC
cells [32]. In this study, we also found that RA induced phosphorylation of the STAT3 Y705 in EC and
ES cells (Figure 3B), suggesting that the differentiation signal is induced by RA phosphorylates and
activates STAT3. STAT3 generally acts as a transcriptional activator, but it also acts as a transcription
repressor through recruiting HDAC1 or HDAC8. We have now shown that, in the presence of STAT3C
(the constitutively active STAT3), the LTR promoter–driven expression of B3GALT5 is repressed (Figure
S4C). However, the composition of the STAT3-repression complex on the B3GALT5-LTR promoter
needs further clarification.

The B3GALT5-LTR promoter is relatively short (174 bp) and does not contain a CpG island [26].
Recently, however, two CpG islands—denoted as site 1 and site 2—were identified upstream of the
B3GALT5-LTR exon, and the methylation status of site 2 appears to influence B3GALT5-LTR expression
in colon cancer cells [64]. The genome of the colon cancer cell line COLO-205 is highly methylated at site
2, and when the cells were treated with 5′AZA (inhibitor of DNA methylation), histone opening mark
(histone 3 lysine acetylation) at the HNF-1 binding region of B3GALT5-LTR promoter is reduced [64].
The colon cancer cell line Huh-7 and pancreatic cancer cell lines express HNF-1 [64–66], although
they do not express B3GALT5-LTR, which may be a consequence of no or minimal methylation on the
aforementioned CpG islands at site 2 upstream of the B3GALT5-LTR exon [64]. These findings suggest
that hypermethylation of site 2 may open the B3GALT5 LTR promoter region to loosen the histone
to allow transcription factor binding. Examination of the methylation map containing the upstream
B3GALT5-LTR exon (available at the UCSC Genome Browser database [67]) revealed that that sites
1 and 2 of the genomes of ES, EC, and colon cancer cells are highly methylated, although those of
pancreatic cancer cells are minimally methylated or not methylated (Figure S9). This means that in
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addition to colon cancer cells, ES and EC cells should also have a looser compaction of histone on the
B3GALT5-LTR promoter.

5. Conclusions

In this study, we demonstrated that B3GALT5-LTR is highly expressed in human ES cells, and
its expression is not dependent on the activity of HNF-1, a key transcription factor needed for
B3GALT5-LTR expression in colonic cells. In differentiated ES cells, NFYAs decreased, phospho-STAT3
increased, and B3GALT5-LTR expression decreased. NFYAs acts as activator, and STAT3 acts as a
repressor to regulate B3GALT5-LTR promoter. Repression of SSEA3 and sialyl Lewis a synthesis
mediated by retinoic acid was partially reversed by lamin A siRNA and STAT3 inhibitors. We
discovered that sialyl Lewis a is an ES cell marker as well as SSEA3, and expression of these two
glycans is under the control of B3GALT5-LTR through lamin A-NFYA and SIRT1-STAT3 signaling.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/1/177/s1,
Figure S1: Involvement of B3GALT5 activity in glycan synthesis., Figure S2: HNF-1 is highly expressed in colon
cancer cells but not EC and ES cells., Figure S3: Reduction of NFYAs in differentiated EC and ES cells., Figure S4:
STAT3C represses B3GALT5-LTR promoter activity in 2102Ep cells., Figure S5: Treatment of cells with RA alters
the levels of SIRT1 and lamin A. Figure S6: Lamin A expression pattern in RA- or DMSO-treated NT2 cells with
siRNA(s) transfection., Figure S7. EX-527 represses SSEA3 and sialyl Lewis a expression in H1 Oct4-EGFP cells,
and this repression is partially reversed by Stattic. Figure S8: RA represses SSEA3 and sialyl Lewis a expression in
H1 Oct4-EGFP cells, and this repression is partially reversed by STAT3 inhibitor. Figure S9: The methylation map
from the UCSC Genome Browser database showing the upstream B3GALT5-LTR exon., Table S1: Primers used for
conventional qPCR.

Author Contributions: Conceptualization, R.K.; Funding acquisition, R.K.; Investigation, B.-H.C, H.-Y.L., C.-K.C.,
P.-H.W., H.-C.H. and C.-C.C.; Methodology, C.-C.C. and H.-Y.C.; Supervision, R.K.; Writing—original draft, B.-H.C.;
Writing—review & editing, R.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Technology of Taiwan [MOST 104-2314-B-001-001
and MOST 105-2320-B-001-016].

Acknowledgments: We thank the Institute of Biomedical Sciences summer internship program members
Rih-Sheng Huang (National Taiwan Normal University), Chih-Chia Chung (National Cheng Kung University),
Shao-Wei Huang (Chang Gung University), and Chih-Ying Chen (Asia University) for technical help. We also
thank the flow cytometry core facility of the Institute of Biomedical Sciences, Academia Sinica, for training and
technical support in flow cytometry.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kannagi, R.; Cochran, N.A.; Ishigami, F.; Hakomori, S.; Andrews, P.W.; Knowles, B.B.; Solter, D. Stage-specific
embryonic antigens (SSEA-3 and -4) are epitopes of a unique globo-series ganglioside isolated from human
teratocarcinoma cells. EMBO J. 1983, 2, 2355–2361. [CrossRef]

2. Zhou, D.; Henion, T.R.; Jungalwala, F.B.; Berger, E.G.; Hennet, T. The beta 1,3-galactosyltransferase beta
3GalT-V is a stage-specific embryonic antigen-3 (SSEA-3) synthase. J. Biol. Chem. 2000, 275, 22631–22634.
[CrossRef]

3. Liang, Y.J.; Kuo, H.H.; Lin, C.H.; Chen, Y.Y.; Yang, B.C.; Cheng, Y.Y.; Yu, A.L.; Khoo, K.H.; Yu, J. Switching of
the core structures of glycosphingolipids from globo- and lacto- to ganglio-series upon human embryonic
stem cell differentiation. Proc. Natl. Acad. Sci. USA 2010, 107, 22564–22569. [CrossRef] [PubMed]

4. Kuo, H.H.; Lin, R.J.; Hung, J.T.; Hsieh, C.B.; Hung, T.H.; Lo, F.Y.; Ho, M.Y.; Yeh, C.T.; Huang, Y.L.; Yu, J.; et al.
High expression FUT1 and B3GALT5 is an independent predictor of postoperative recurrence and survival
in hepatocellular carcinoma. Sci. Rep. 2017, 7, 10750. [CrossRef] [PubMed]

5. Isshiki, S.; Togayachi, A.; Kudo, T.; Nishihara, S.; Watanabe, M.; Kubota, T.; Kitajima, M.; Shiraishi, N.;
Sasaki, K.; Andoh, T.; et al. Cloning, expression, and characterization of a novel UDP-galactose:beta-N-
acetylglucosamine beta1,3-galactosyltransferase (beta3Gal-T5) responsible for synthesis of type 1 chain in
colorectal and pancreatic epithelia and tumor cells derived therefrom. J. Biol. Chem. 1999, 274, 12499–12507.
[CrossRef] [PubMed]

http://www.mdpi.com/2073-4409/9/1/177/s1
http://dx.doi.org/10.1002/j.1460-2075.1983.tb01746.x
http://dx.doi.org/10.1074/jbc.C000263200
http://dx.doi.org/10.1073/pnas.1007290108
http://www.ncbi.nlm.nih.gov/pubmed/21149694
http://dx.doi.org/10.1038/s41598-017-11136-w
http://www.ncbi.nlm.nih.gov/pubmed/28883415
http://dx.doi.org/10.1074/jbc.274.18.12499
http://www.ncbi.nlm.nih.gov/pubmed/10212226


Cells 2020, 9, 177 15 of 18

6. Sakuma, K.; Aoki, M.; Kannagi, R. Transcription factors c-Myc and CDX2 mediate E-selectin ligand expression
in colon cancer cells undergoing EGF/bFGF-induced epithelial-mesenchymal transition. Proc. Natl. Acad.
Sci. USA 2012, 109, 7776–7781. [CrossRef]

7. Tang, C.; Lee, A.S.; Volkmer, J.P.; Sahoo, D.; Nag, D.; Mosley, A.R.; Inlay, M.A.; Ardehali, R.; Chavez, S.L.;
Pera, R.R.; et al. An antibody against SSEA-5 glycan on human pluripotent stem cells enables removal of
teratoma-forming cells. Nat. Biotechnol. 2011, 29, 829–834. [CrossRef]

8. Chuang, P.K.; Hsiao, M.; Hsu, T.L.; Chang, C.F.; Wu, C.Y.; Chen, B.R.; Huang, H.W.; Liao, K.S.; Chen, C.C.;
Chen, C.L.; et al. Signaling pathway of globo-series glycosphingolipids and β1,3-galactosyltransferase V
(β3GalT5) in breast cancer. Proc. Natl. Acad. Sci. USA 2019, 116, 3518–3523. [CrossRef]

9. Engle, D.D.; Tiriac, H.; Rivera, K.D.; Pommier, A.; Whalen, S.; Oni, T.E.; Alagesan, B.; Lee, E.J.; Yao, M.A.;
Lucito, M.S.; et al. The glycan CA19-9 promotes pancreatitis and pancreatic cancer in mice. Science 2019, 364,
1156–1162. [CrossRef]

10. Mare, L.; Trinchera, M. Comparative analysis of retroviral and native promoters driving expression of
beta1,3-galactosyltransferase beta3Gal-T5 in human and mouse tissues. J. Biol. Chem. 2007, 282, 49–57.
[CrossRef]

11. Dunn, C.A.; Medstrand, P.; Mager, D.L. An endogenous retroviral long terminal repeat is the dominant
promoter for human beta1,3-galactosyltransferase 5 in the colon. Proc. Natl. Acad. Sci. USA 2003, 100,
12841–12846. [CrossRef] [PubMed]

12. Dunn, C.A.; van de Lagemaat, L.N.; Baillie, G.J.; Mager, D.L. Endogenous retrovirus long terminal repeats
as ready-to-use mobile promoters: The case of primate beta3GAL-T5. Gene 2005, 364, 2–12. [CrossRef]
[PubMed]

13. Byrne, J.A.; Nguyen, H.N.; Reijo Pera, R.A. Enhanced generation of induced pluripotent stem cells from a
subpopulation of human fibroblasts. PLoS ONE 2009, 4, e7118. [CrossRef] [PubMed]

14. Lee, M.O.; Moon, S.H.; Jeong, H.C.; Yi, J.Y.; Lee, T.H.; Shim, S.H.; Rhee, Y.H.; Lee, S.H.; Oh, S.J.; Lee, M.Y.;
et al. Inhibition of pluripotent stem cell-derived teratoma formation by small molecules. Proc. Natl. Acad.
Sci. USA 2013, 110, E3281–E3290. [CrossRef] [PubMed]

15. Nishihara, S.; Narimatsu, H.; Iwasaki, H.; Yazawa, S.; Akamatsu, S.; Ando, T.; Seno, T.; Narimatsu, I. Molecular
genetic analysis of the human Lewis histo-blood group system. J. Biol. Chem. 1994, 269, 29271–29278.
[PubMed]

16. Henry, S.M.; Oriol, R.; Samuelsson, B.E. Detection and Characterization of Lewis Antigens in Plasma
of Lewis-Negative Individuals Evidence of Chain Extension as a Result of Reduced Fucosyltransferase
Competition. Vox Sang. 1994, 67, 387–396. [CrossRef]

17. Lin, M.; Shieh, S.H. Postnatal development of red cell Le(a) and Le(b) antigens in Chinese infants. Vox Sang.
1994, 66, 137–140. [CrossRef]

18. Yu, L.C.; Yang, Y.H.; Broadberry, R.E.; Chen, Y.H.; Chan, Y.S.; Lin, M. Correlation of a missense mutation
in the human Secretor alpha 1,2-fucosyltransferase gene with the Lewis(a+b+) phenotype: A potential
molecular basis for the weak Secretor allele (Sew). Biochem. J. 1995, 312, 329–332. [CrossRef]

19. Luo, G.; Guo, M.; Jin, K.; Liu, Z.; Liu, C.; Cheng, H.; Lu, Y.; Long, J.; Liu, L.; Xu, J.; et al. Optimize CA19-9 in
detecting pancreatic cancer by Lewis and Secretor genotyping. Pancreatology 2016, 16, 1057–1062. [CrossRef]

20. Guo, M.; Luo, G.; Lu, R.; Shi, W.; Cheng, H.; Lu, Y.; Jin, K.; Yang, C.; Wang, Z.; Long, J.; et al. Distribution of
Lewis and Secretor polymorphisms and corresponding CA19-9 antigen expression in a Chinese population.
FEBS Open Bio 2017, 7, 1660–1671. [CrossRef]

21. Narimatsu, H. Molecular biology of Lewis antigens–histo-blood type antigens and sialyl Lewis antigens as
tumor associated antigens. Nihon Geka Gakkai Zasshi 1996, 97, 115–122.

22. Cheng, E.H.; Chen, W.; Chang, S.Y.; Huang, J.J.; Huang, C.C.; Huang, L.S.; Liu, C.H.; Lee, M.S. Blastocoel
volume is related to successful establishment of human embryonic stem cell lines. Reprod. Biomed. Online
2008, 17, 436–444. [CrossRef]

23. Zwaka, T.P.; Thomson, J.A. Homologous recombination in human embryonic stem cells. Nat. Biotechnol.
2003, 21, 319–321. [CrossRef] [PubMed]

24. Cai, B.H.; Chen, J.Y.; Lu, M.H.; Chang, L.T.; Lin, H.C.; Chang, Y.M.; Chao, C.F. Functional four-base A/T
gap core sequence CATTAG of P53 response elements specifically bound tetrameric P53 differently than
two-base A/T gap core sequence CATG bound both dimeric and tetrameric P53. Nucleic Acids Res. 2009, 37,
1984–1990. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1111135109
http://dx.doi.org/10.1038/nbt.1947
http://dx.doi.org/10.1073/pnas.1816946116
http://dx.doi.org/10.1126/science.aaw3145
http://dx.doi.org/10.1074/jbc.M606666200
http://dx.doi.org/10.1073/pnas.2134464100
http://www.ncbi.nlm.nih.gov/pubmed/14534330
http://dx.doi.org/10.1016/j.gene.2005.05.045
http://www.ncbi.nlm.nih.gov/pubmed/16112824
http://dx.doi.org/10.1371/journal.pone.0007118
http://www.ncbi.nlm.nih.gov/pubmed/19774082
http://dx.doi.org/10.1073/pnas.1303669110
http://www.ncbi.nlm.nih.gov/pubmed/23918355
http://www.ncbi.nlm.nih.gov/pubmed/7961897
http://dx.doi.org/10.1111/j.1423-0410.1994.tb01279.x
http://dx.doi.org/10.1159/000462493
http://dx.doi.org/10.1042/bj3120329
http://dx.doi.org/10.1016/j.pan.2016.09.013
http://dx.doi.org/10.1002/2211-5463.12278
http://dx.doi.org/10.1016/S1472-6483(10)60229-5
http://dx.doi.org/10.1038/nbt788
http://www.ncbi.nlm.nih.gov/pubmed/12577066
http://dx.doi.org/10.1093/nar/gkp033
http://www.ncbi.nlm.nih.gov/pubmed/19208646


Cells 2020, 9, 177 16 of 18

25. Brimble, S.N.; Sherrer, E.S.; Uhl, E.W.; Wang, E.; Kelly, S.; Merrill, A.H.; Robins, A.J.; Schulz, T.C. The cell
surface glycosphingolipids SSEA-3 and SSEA-4 are not essential for human ESC pluripotency. Stem Cells
2007, 25, 54–62. [CrossRef]

26. Zulueta, A.; Caretti, A.; Signorelli, P.; Dall’olio, F.; Trinchera, M. Transcriptional control of the B3GALT5
gene by a retroviral promoter and methylation of distant regulatory elements. FASEB J. 2014, 28, 946–955.
[CrossRef]

27. Tronche, F.; Rollier, A.; Sourdive, D.; Cereghini, S.; Yaniv, M. NFY or a related CCAAT binding factor can be
replaced by other transcriptional activators for co-operation with HNF1 in driving the rat albumin promoter
in vivo. J. Mol. Biol. 1991, 222, 31–43. [CrossRef]

28. Li, X.Y.; Hooft van Huijsduijnen, R.; Mantovani, R.; Benoist, C.; Mathis, D. Intron-exon organization of the
NF-Y genes. Tissue-specific splicing modifies an activation domain. J. Biol. Chem. 1992, 267, 8984–8990.

29. Nardini, M.; Gnesutta, N.; Donati, G.; Gatta, R.; Forni, C.; Fossati, A.; Vonrhein, C.; Moras, D.; Romier, C.;
Bolognesi, M.; et al. Sequence-specific transcription factor NF-Y displays histone-like DNA binding and
H2B-like ubiquitination. Cell 2013, 152, 132–143. [CrossRef]

30. Dolfini, D.; Minuzzo, M.; Pavesi, G.; Mantovani, R. The short isoform of NF-YA belongs to the embryonic
stem cell transcription factor circuitry. Stem Cells 2012, 30, 2450–2459. [CrossRef]

31. Sandhu, J.K.; Sikorska, M.; Walker, P.R. Characterization of astrocytes derived from human NTera-2/D1
embryonal carcinoma cells. J. Neurosci. Res. 2002, 68, 604–614. [CrossRef] [PubMed]

32. Cheng, P.Y.; Lin, Y.P.; Chen, Y.L.; Lee, Y.C.; Tai, C.C.; Wang, Y.T.; Chen, Y.J.; Kao, C.F.; Yu, J. Interplay
between SIN3A and STAT3 mediates chromatin conformational changes and GFAP expression during
cellular differentiation. PLoS ONE 2011, 6, e22018. [CrossRef]

33. Kretzschmar, A.K.; Dinger, M.C.; Henze, C.; Brocke-Heidrich, K.; Horn, F. Analysis of Stat3 (signal transducer
and activator of transcription 3) dimerization by fluorescence resonance energy transfer in living cells.
Biochem. J. 2004, 377, 289–297. [CrossRef]

34. Bromberg, J.F.; Wrzeszczynska, M.H.; Devgan, G.; Zhao, Y.; Pestell, R.G.; Albanese, C.; Darnell, J.E. Stat3 as
an oncogene. Cell 1999, 98, 295–303. [CrossRef]

35. Moasser, M.M.; Khoo, K.S.; Maerz, W.J.; Zelenetz, A.; Dmitrovsky, E. Derivation and characterization of
retinoid-resistant human embryonal carcinoma cells. Differentiation 1996, 60, 251–257. [CrossRef] [PubMed]

36. Bahrami, A.R.; Matin, M.M.; Andrews, P.W. The CDK inhibitor p27 enhances neural differentiation in
pluripotent NTERA2 human EC cells, but does not permit differentiation of 2102Ep nullipotent human EC
cells. Mech. Dev. 2005, 122, 1034–1042. [CrossRef]

37. Mantovani, R.; Li, X.Y.; Pessara, U.; Hooft van Huisjduijnen, R.; Benoist, C.; Mathis, D. Dominant negative
analogs of NF-YA. J. Biol. Chem. 1994, 269, 20340–20346.

38. Khan, A.; Fornes, O.; Stigliani, A.; Gheorghe, M.; Castro-Mondragon, J.A.; van der Lee, R.; Bessy, A.;
Chèneby, J.; Kulkarni, S.R.; Tan, G.; et al. JASPAR 2018: Update of the open-access database of transcription
factor binding profiles and its web framework. Nucleic Acids Res. 2018, 46, D1284. [CrossRef]

39. Van der Watt, P.J.; Leaner, V.D. The nuclear exporter, Crm1, is regulated by NFY and Sp1 in cancer cells and
repressed by p53 in response to DNA damage. Biochim. Biophys. Acta 2011, 1809, 316–326. [CrossRef]

40. Rozovski, U.; Harris, D.M.; Li, P.; Liu, Z.; Wu, J.Y.; Grgurevic, S.; Faderl, S.; Ferrajoli, A.; Wierda, W.G.;
Martinez, M.; et al. At High Levels, Constitutively Activated STAT3 Induces Apoptosis of Chronic
Lymphocytic Leukemia Cells. J. Immunol. 2016, 196, 4400–4409. [CrossRef]

41. Mamat, S.; Ikeda, J.; Tian, T.; Wang, Y.; Luo, W.; Aozasa, K.; Morii, E. Transcriptional Regulation of Aldehyde
Dehydrogenase 1A1 Gene by Alternative Spliced Forms of Nuclear Factor Y in Tumorigenic Population of
Endometrial Adenocarcinoma. Genes Cancer 2011, 2, 979–984. [CrossRef]

42. Basile, V.; Baruffaldi, F.; Dolfini, D.; Belluti, S.; Benatti, P.; Ricci, L.; Artusi, V.; Tagliafico, E.; Mantovani, R.;
Molinari, S.; et al. NF-YA splice variants have different roles on muscle differentiation. Biochim. Biophys.
Acta Gene Regul. Mech. 2016, 1859, 627–638. [CrossRef] [PubMed]

43. Belluti, S.; Semeghini, V.; Basile, V.; Rigillo, G.; Salsi, V.; Genovese, F.; Dolfini, D.; Imbriano, C. An
autoregulatory loop controls the expression of the transcription factor NF-Y. Biochim. Biophys. Acta Gene
Regul. Mech. 2018, 1861, 509–518. [CrossRef] [PubMed]

44. Cicchillitti, L.; Manni, I.; Mancone, C.; Regazzo, G.; Spagnuolo, M.; Alonzi, T.; Carlomosti, F.; Dell’Anna, M.L.;
Dell’Omo, G.; Picardo, M.; et al. The laminA/NF-Y protein complex reveals an unknown transcriptional
mechanism on cell proliferation. Oncotarget 2017, 8, 2628–2646. [CrossRef] [PubMed]

http://dx.doi.org/10.1634/stemcells.2006-0232
http://dx.doi.org/10.1096/fj.13-236273
http://dx.doi.org/10.1016/0022-2836(91)90735-O
http://dx.doi.org/10.1016/j.cell.2012.11.047
http://dx.doi.org/10.1002/stem.1232
http://dx.doi.org/10.1002/jnr.10236
http://www.ncbi.nlm.nih.gov/pubmed/12111850
http://dx.doi.org/10.1371/journal.pone.0022018
http://dx.doi.org/10.1042/bj20030708
http://dx.doi.org/10.1016/S0092-8674(00)81959-5
http://dx.doi.org/10.1046/j.1432-0436.1996.6040251.x
http://www.ncbi.nlm.nih.gov/pubmed/8765055
http://dx.doi.org/10.1016/j.mod.2005.04.011
http://dx.doi.org/10.1093/nar/gkx1188
http://dx.doi.org/10.1016/j.bbagrm.2011.05.017
http://dx.doi.org/10.4049/jimmunol.1402108
http://dx.doi.org/10.1177/1947601911436009
http://dx.doi.org/10.1016/j.bbagrm.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/26921500
http://dx.doi.org/10.1016/j.bbagrm.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/29505822
http://dx.doi.org/10.18632/oncotarget.12914
http://www.ncbi.nlm.nih.gov/pubmed/27793050


Cells 2020, 9, 177 17 of 18

45. Constantinescu, D.; Gray, H.L.; Sammak, P.J.; Schatten, G.P.; Csoka, A.B. Lamin A/C expression is a marker
of mouse and human embryonic stem cell differentiation. Stem Cells 2006, 24, 177–185. [CrossRef] [PubMed]

46. Nie, Y.; Erion, D.M.; Yuan, Z.; Dietrich, M.; Shulman, G.I.; Horvath, T.L.; Gao, Q. STAT3 inhibition of
gluconeogenesis is downregulated by SirT1. Nat. Cell Biol. 2009, 11, 492–500. [CrossRef] [PubMed]

47. Jang, J.; Huh, Y.J.; Cho, H.J.; Lee, B.; Park, J.; Hwang, D.Y.; Kim, D.W. SIRT1 Enhances the Survival of Human
Embryonic Stem Cells by Promoting DNA Repair. Stem Cell Rep. 2017, 9, 629–641. [CrossRef]

48. Liu, C.C.; Huang, Z.X.; Li, X.; Shen, K.F.; Liu, M.; Ouyang, H.D.; Zhang, S.B.; Ruan, Y.T.; Zhang, X.L.; Wu, S.L.;
et al. Upregulation of NLRP3 via STAT3-dependent histone acetylation contributes to painful neuropathy
induced by bortezomib. Exp. Neurol. 2018, 302, 104–111. [CrossRef]

49. Chen, K.; Fan, J.; Luo, Z.F.; Yang, Y.; Xin, W.J.; Liu, C.C. Reduction of SIRT1 epigenetically upregulates
NALP1 expression and contributes to neuropathic pain induced by chemotherapeutic drug bortezomib.
J. Neuroinflamm. 2018, 15, 292. [CrossRef]

50. Trinchera, M.; Zulueta, A.; Caretti, A.; Dall’Olio, F. Control of Glycosylation-Related Genes by DNA
Methylation: The Intriguing Case of the B3GALT5 Gene and Its Distinct Promoters. Biology 2014, 3, 484–497.
[CrossRef]

51. Okada, Y.; Shimazaki, T.; Sobue, G.; Okano, H. Retinoic-acid-concentration-dependent acquisition of neural
cell identity during in vitro differentiation of mouse embryonic stem cells. Dev. Biol. 2004, 275, 124–142.
[CrossRef] [PubMed]

52. Liang, Y.J.; Yang, B.C.; Chen, J.M.; Lin, Y.H.; Huang, C.L.; Cheng, Y.Y.; Hsu, C.Y.; Khoo, K.H.; Shen, C.N.;
Yu, J. Changes in glycosphingolipid composition during differentiation of human embryonic stem cells to
ectodermal or endodermal lineages. Stem Cells 2011, 29, 1995–2004. [CrossRef] [PubMed]

53. Eckersley-Maslin, M.A.; Bergmann, J.H.; Lazar, Z.; Spector, D.L. Lamin A/C is expressed in pluripotent
mouse embryonic stem cells. Nucleus 2013, 4, 53–60. [CrossRef] [PubMed]

54. Peter, M.; Nigg, E.A. Ectopic expression of an A-type lamin does not interfere with differentiation of lamin
A-negative embryonal carcinoma cells. J. Cell Sci. 1991, 100, 589–598.

55. Cicchillitti, L.; Corrado, G.; Carosi, M.; Dabrowska, M.E.; Loria, R.; Falcioni, R.; Cutillo, G.; Piaggio, G.;
Vizza, E. Prognostic role of NF-YA splicing isoforms and Lamin A status in low grade endometrial cancer.
Oncotarget 2017, 8, 7935–7945. [CrossRef]

56. Cieply, B.; Park, J.W.; Nakauka-Ddamba, A.; Bebee, T.W.; Guo, Y.; Shang, X.; Lengner, C.J.; Xing, Y.;
Carstens, R.P. Multiphasic and Dynamic Changes in Alternative Splicing during Induction of Pluripotency
Are Coordinated by Numerous RNA-Binding Proteins. Cell Rep. 2016, 15, 247–255. [CrossRef]

57. Yang, Y.; Park, J.W.; Bebee, T.W.; Warzecha, C.C.; Guo, Y.; Shang, X.; Xing, Y.; Carstens, R.P. Determination of
a Comprehensive Alternative Splicing Regulatory Network and Combinatorial Regulation by Key Factors
during the Epithelial-to-Mesenchymal Transition. Mol. Cell Biol. 2016, 36, 1704–1719. [CrossRef] [PubMed]

58. Giudice, J.; Xia, Z.; Li, W.; Cooper, T.A. Neonatal cardiac dysfunction and transcriptome changes caused by
the absence of Celf1. Sci. Rep. 2016, 6, 35550. [CrossRef]

59. Pillman, K.A.; Phillips, C.A.; Roslan, S.; Toubia, J.; Dredge, B.K.; Bert, A.G.; Lumb, R.; Neumann, D.P.; Li, X.;
Conn, S.J.; et al. miR-200/375 control epithelial plasticity-associated alternative splicing by repressing the
RNA-binding protein Quaking. EMBO J. 2018, 37. [CrossRef]

60. Niwa, H.; Burdon, T.; Chambers, I.; Smith, A. Self-renewal of pluripotent embryonic stem cells is mediated
via activation of STAT3. Genes Dev. 1998, 12, 2048–2060. [CrossRef]

61. Raz, R.; Lee, C.K.; Cannizzaro, L.A.; d’Eustachio, P.; Levy, D.E. Essential role of STAT3 for embryonic stem
cell pluripotency. Proc. Natl. Acad. Sci. USA 1999, 96, 2846–2851. [CrossRef] [PubMed]

62. Dahéron, L.; Opitz, S.L.; Zaehres, H.; Lensch, M.W.; Lensch, W.M.; Andrews, P.W.; Itskovitz-Eldor, J.;
Daley, G.Q. LIF/STAT3 signaling fails to maintain self-renewal of human embryonic stem cells. Stem Cells
2004, 22, 770–778. [CrossRef] [PubMed]

63. Sumi, T.; Fujimoto, Y.; Nakatsuji, N.; Suemori, H. STAT3 is dispensable for maintenance of self-renewal in
nonhuman primate embryonic stem cells. Stem Cells 2004, 22, 861–872. [CrossRef]

64. Aronica, A.; Avagliano, L.; Caretti, A.; Tosi, D.; Bulfamante, G.P.; Trinchera, M. Unexpected distribution of
CA19.9 and other type 1 chain Lewis antigens in normal and cancer tissues of colon and pancreas: Importance
of the detection method and role of glycosyltransferase regulation. Biochim. Biophys. Acta Gen. Subj. 2017,
1861, 3210–3220. [CrossRef] [PubMed]

http://dx.doi.org/10.1634/stemcells.2004-0159
http://www.ncbi.nlm.nih.gov/pubmed/16179429
http://dx.doi.org/10.1038/ncb1857
http://www.ncbi.nlm.nih.gov/pubmed/19295512
http://dx.doi.org/10.1016/j.stemcr.2017.06.001
http://dx.doi.org/10.1016/j.expneurol.2018.01.011
http://dx.doi.org/10.1186/s12974-018-1327-x
http://dx.doi.org/10.3390/biology3030484
http://dx.doi.org/10.1016/j.ydbio.2004.07.038
http://www.ncbi.nlm.nih.gov/pubmed/15464577
http://dx.doi.org/10.1002/stem.750
http://www.ncbi.nlm.nih.gov/pubmed/21956927
http://dx.doi.org/10.4161/nucl.23384
http://www.ncbi.nlm.nih.gov/pubmed/23324457
http://dx.doi.org/10.18632/oncotarget.13854
http://dx.doi.org/10.1016/j.celrep.2016.03.025
http://dx.doi.org/10.1128/MCB.00019-16
http://www.ncbi.nlm.nih.gov/pubmed/27044866
http://dx.doi.org/10.1038/srep35550
http://dx.doi.org/10.15252/embj.201899016
http://dx.doi.org/10.1101/gad.12.13.2048
http://dx.doi.org/10.1073/pnas.96.6.2846
http://www.ncbi.nlm.nih.gov/pubmed/10077599
http://dx.doi.org/10.1634/stemcells.22-5-770
http://www.ncbi.nlm.nih.gov/pubmed/15342941
http://dx.doi.org/10.1634/stemcells.22-5-861
http://dx.doi.org/10.1016/j.bbagen.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27535614


Cells 2020, 9, 177 18 of 18

65. Abel, E.V.; Goto, M.; Magnuson, B.; Abraham, S.; Ramanathan, N.; Hotaling, E.; Alaniz, A.A.; Kumar-Sinha, C.;
Dziubinski, M.L.; Urs, S.; et al. HNF1A is a novel oncogene that regulates human pancreatic cancer stem cell
properties. eLife 2018, 7. [CrossRef] [PubMed]

66. Yu, Y.; Liang, S.; Zhou, Y.; Li, S.; Li, Y.; Liao, W. HNF1A/CASC2 regulates pancreatic cancer cell proliferation
through PTEN/Akt signaling. J. Cell Biochem. 2019, 120, 2816–2827. [CrossRef] [PubMed]

67. Haeussler, M.; Zweig, A.S.; Tyner, C.; Speir, M.L.; Rosenbloom, K.R.; Raney, B.J.; Lee, C.M.; Lee, B.T.;
Hinrichs, A.S.; Gonzalez, J.N.; et al. The UCSC Genome Browser database: 2019 update. Nucleic Acids Res.
2019, 47, D853–D858. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.7554/eLife.33947
http://www.ncbi.nlm.nih.gov/pubmed/30074477
http://dx.doi.org/10.1002/jcb.26395
http://www.ncbi.nlm.nih.gov/pubmed/28865121
http://dx.doi.org/10.1093/nar/gky1095
http://www.ncbi.nlm.nih.gov/pubmed/30407534
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Lines, Cell Culture, and Drug Treatment 
	Flow Cytometry 
	Plasmid Construction 
	Transfection of Cells with Plasmids or Short Interfering RNAs (siRNAs) 
	Luciferase Assay 
	Western Blotting 
	ChIP Assay 
	Real-Time Quantitative PCR and Primers 
	Statistical Analysis 

	Results 
	B3GALT5-LTR is Highly Expressed in ES and EC Cells 
	NFYA and STAT3, but Not HNF-1, Are the Transcription Factors that Regulate B3GALT5-LTR Expression in ES and EC Cells 
	RA-Mediated Lamin A-NFYA Pathway Regulates B3GALT5-LTR Promoter and Represses Production of SSEA3 and Sialyl Lewis a 
	RA-Mediated SIRT1-STAT3 Pathway Regulates B3GALT5-LTR Promoter Activity and Thereby Represses SSEA3 and Sialyl Lewis a Synthesis 

	Discussion 
	Conclusions 
	References

