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Human embryonic stem cells (hESCs) are unique pluripo-
tent cells capable of self-renewal and differentiation into all
three germ layers. To date, more cell surface markers capable
of reliably identifying hESCs are needed. The epithelial cell
adhesion molecule (EpCAM) is a type I transmembrane gly-
coprotein expressed in several progenitor cell populations
and cancers. It has been used to enrich cells with tumor-initiat-
ing activity in xenograft transplantation studies. Here, we com-
prehensively profile the expression of EpCAM by immunofluo-
rescence microscopy, Western blotting, and flow cytometry
using an anti-EpCAM monoclonal antibody (mAb) OC98-1. We
found EpCAM to be highly and selectively expressed by undif-
ferentiated rather than differentiated hESCs. The protein and
transcript level of EpCAM rapidly diminished as soon as hESC
had differentiated. This silencing was closely and exclusively
associated with the radical transformation of histone modifica-
tion at the EpCAM promoter. Moreover, we demonstrated that
the dynamic pattern of lysine 27 trimethylation of histone 3 was
conferred by the interplay of SUZ12 and JMJD3, both of which
were involved in maintaining hESC pluripotency. In addition,
we used chromatin immunoprecipitation analysis to elucidate
the direct regulation by EpCAM of several reprogramming
genes, including c-MYC, OCT-4, NANOG, SOX2, and KLF4, to
help maintain the undifferentiation of hESCs. Collectively, our
results suggest that EpCAM might be used as a surface marker
for hESC. The expression of EpCAM may be regulated by epige-
netic mechanisms, and it is strongly associated with the mainte-
nance of the undifferentiated state of hESCs.

Human embryonic stem cells (hESCs)* are derived from
the inner cell mass of blastocyst-stage embryos. They retain
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the unlimited proliferation and developmental pluripotency
from their progenitors and are able to self-renew and give
rise to differentiated progeny of all three germ layers (1).
Therefore, hESCs have potential clinical applications and
can be used to explore our knowledge of basic developmental
biology. The identification of selectively expressed cell surface
molecules is essential for the purification and characterization
of pluripotent hESCs, playing an important role in helping us
understand the mechanisms involved in stem cell differentia-
tion and self-renewal.

We recently established a very specific monoclonal antibody
(mAb), OC98-1, against the cell surface protein EpCAM and
found that EpCAM was highly expressed in undifferentiated
hESCs. EpCAM (also known as 17-1A, GA733-2, KSA, ESA,
and EGP-40) is a homophilic, calcium-independent cell adhe-
sion molecule of 39 —42 kDa (2, 3) expressed by most epithelial
tissues and is abundantly and homogeneously expressed in
human carcinomas. EpCAM is a type I transmembrane glyco-
protein encoded by the TACSTDI gene. The EpCAM protein
consists of a total of 314 amino acids, containing an extracellu-
lar domain (EpEX) with a nidogen-like domain as well as thy-
roglobulin- and epidermal growth factor-like repeats (265
amino acids), a single transmembrane part, and a short intra-
cellular domain (EpICD) of 26 amino acids. It is not structurally
related to any of the major families of the adhesion molecules
(cadherins, selectins, integrins, or cell adhesion molecules of
the Ig superfamily) (4). The level of EpCAM expression has
been correlated with dedifferentiation and malignant prolifer-
ation of epithelial cells (5, 6). It is frequently detected in cancer-
initiating cells (7, 8) and tissue-specific normal stem or progen-
itor cells (9-13). For example, EpCAM is expressed in the
mammalian germ line (12) and is frequently present at the sur-
face of human hepatic multipotent progenitors (9), hepatic
stem cells (11), and cancer stem cells (8). Very recently, EpCAM
expression on ESCs has been reported by some studies (14-17),
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suggesting that EpCAM might serve as a potential surface
marker for these pluripotent cells.

Little is known about molecular mechanisms underlying
the regulation of EpCAM expression in hESC. For the past
few years, more has been learned about the influence of DNA
methylation and histone modifications on regulating gene
expression and genome function. Several studies have dis-
cussed the DNA methylation status of EpCAM promoter in
lung, colon, prostate, liver, bladder, ovary, and breast cancer
cells and tissues (18 -21). Post-translational modifications of
histone tails, including phosphorylation, acetylation, ubiquiti-
nation, and methylation, have been validated as dynamic regu-
lators of gene expression. In order to gain insight into the epi-
genetic transitions responsible for EpCAM expression in hESC,
we studied the 5'-flanking region of EpCAM promoter by eval-
uating CpG status using methylation-specific PCR (MSP),
bisulfite sequencing, and histone modification by chromatin
immunoprecipitation (ChIP).

The polycomb group (PcG) proteins are important chroma-
tin modifiers that play a pivotal role in the epigenetic regulation
of the development, differentiation, and maintenance of cell
fates (22). Dynamic repression of developmental pathways by
PcG may be required for maintaining ES cell pluripotency and
plasticity during embryonic development (23). The polycomb
repressive complex 2 (PRC2) mediates transcriptional repres-
sion by catalyzing the trimethylation of Lys*” on histone H3
(H3K27me3) (24). Suppressor of Zeste 12 homolog (SUZ12),
one of the PRC2 components, is essential for histone methyl-
transferase PRC2 activity on H3K27me3 methylation (25-27).
The recent identification of JmjC domain-containing histone
lysine demethylase JMJD3 suggests that there may be positive
and negative regulators simultaneously controlling chromatin
structure dynamics through histone methylation mark alter-
ations. JMJD3 specifically removes methyl marks of H3K27me3
in mammalian cells to antagonize PcG gene silencing and per-
mit gene transcription. JMJD3 is highly expressed in ES cells
and is responsible for the rapid decrease of the H3K27me3
mark during specific stages of embryogenesis and stem cell
differentiation (23, 28). These findings suggest that EpCAM
may be regulated by both SUZ12 and JMJD3 during hESC
differentiation.

Understanding the downstream targets of EpCAM would help
define the molecular function of this gene. However, such studies
have been hindered by the obscure signaling mode of EpCAM
until the very recent discovery of regulated intramembrane prote-
olysis and nuclear translocation of its intracellular domain EpICD.
Released EpICD associates with FHL2, B-catenin, and Lef-1 and
participates in gene regulation in the nucleus (6). One of the
EpCAM downstream targets, c-MYC, has been found to be regu-
lated by EpCAM in both normal and cancer cells (29). c-MYCis a
member of the four reprogramming factors involved in the
induced pluripotent stem cell formation (30 —34). Understanding
the regulation of EpCAM on ¢-MYC and even other reprogram-
ming genes like OCT-4, NANOG, SOX2, and KLF4 in hESC may
add to our understanding of how EpCAM contributes the long
term maintenance of the ES cell phenotype.

This study is a comprehensive analysis of EpCAM expression
in undifferentiated hESCs using immunofluorescence micros-
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copy, Western blotting, and flow cytometry. Loss of EpCAM
expression in differentiated hESCs through epigenetic silencing
is elucidated by ChIP. Because several reprogramming genes
are under the regulation of EpCAM, we propose that EpCAM
maintains hESC “stemness” through sustaining these re-
programming genes.

EXPERIMENTAL PROCEDURES

Cell Culture—Human embryonic stem cell line H9, hES5,
HUES3, and HUESG6 cells were maintained in an undifferenti-
ated state by co-culture with mitomycin-treated MEF feeder
layers in hRESC medium: Dulbecco’s modified Eagle’s medium/
F-12 (Invitrogen) with 20% knock-out serum replacer (Invitro-
gen), 4 ng/ml basic fibroblast growth factor-2 (Invitrogen), 1
mM B-mercaptoethanol (Sigma), 1% nonessential amino acids
(Invitrogen), and 1 mm L-glutamine (Invitrogen). Cells were
routinely passaged at a 1:3 dilution by treatment with 1 mg/ml
collagenase IV (Invitrogen).

To induce hESC differentiation, we first allowed the hESCs
to form embryoid bodies. Confluent ES cells in a 6-well plate
were dissociated with 1 mg/ml collagenase IV, and then small
clumps of the cells were cultured suspended in hESC medium
without basic fibroblast growth factor-2 for 2 days to form
embryoid bodies. The embryoid bodies were seeded on gel-
atin-coated plates in Dulbecco’s modified Eagle’s medium/
F-12 with 20% fetal calf serum, 1 mm B-mercaptoethanol, 1%
nonessential amino acids, and 1 mm L-glutamine for further
spontaneous differentiation.

Flow Cytometry Analysis—An anti-EpCAM mAb (OC98-1)
was generated in our laboratory as described previously (35).
The target of OC98-1 was confirmed by liquid chromatogra-
phy-tandem mass spectrometry, co-immunoprecipitation, and
successful recognition of OC98-1 against recombinant EpCAM
protein. hESCs and MEFs were dissociated with 0.25% tryp-
sin-EDTA (1 mm) (Invitrogen) for 3 min. Cells were washed
with fluorescence-activated cell sorting buffer (PBS contain-
ing 1% fetal calf serum) and then incubated for 1 h at 4 °C in
fluorescence-activated cell sorting buffer with the corre-
sponding mAb: anti-EpCAM mAb (OC98-1) at dilutions that
ranged from 0.0001 to 1 ug/ml, anti-SSEA4 mAb (2 pg/ml;
90231; Chemicon, Temecula, CA), and anti-CD29 mAb conju-
gated to Alexa647 (dilution 1:10; MCA2298A647; Serotec
(Oxford, UK)). Phycoerythrin-conjugated goat anti-mouse IgG
was used as a secondary antibody (dilution 1:250; Jackson
ImmunoResearch Laboratories (West Grove, PA)). For cell
sorting, primary antibodies were used as follows: anti-EpCAM
mADb (OC98-1) at 0.1 ug/ml, anti-SSEA4 mAb conjugated to
phycoerythrin (dilution 1:30; FAB/435P; R&D Systems (Min-
neapolis, MN)), and anti-CD29 mAb conjugated to Alexa647
(dilution 1:10; MCA2298A647; Serotech). Fluorescein isothio-
cyanate-conjugated goat anti-mouse IgG was used as a second-
ary antibody (dilution 1:250; Jackson ImmunoResearch Labo-
ratories). Flow cytometry analysis was performed with a BD
FACSCanto II flow cytometer (BD Biosciences).

Protein Extraction and Western Blot Analysis—Cells were
lysed in the lysis buffer (150 mm NaCl, 50 mm Tris-HCI (pH
7.4), 1% Nonidet P-40) plus proteinase inhibitor mixture
(Roche Applied Science). Proteins were electrophoresed on
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10% SDS-PAGE and then transferred to a nitrocellulose mem-
brane (Hybond-C Super, Amersham Biosciences). The mem-
branes were incubated with anti-EpCAM (2 pg/ml; OC98-1) or
anti-a-tubulin (1:10,000; Sigma) mAbs. Horseradish peroxi-
dase-conjugated goat anti-mouse IgG (H + L) (Jackson Immu-
noResearch Laboratories) was used as the secondary antibody.
Bound antibodies were detected using ECL reagents (Amer-
sham Biosciences).

Immunofluorescence Assay—hESCs cultured on coverslips
were fixed in 2% paraformaldehyde in PBS for 10 min, washed,
and then blocked with 1% bovine serum albumin in PBS for 10
min. Cells were incubated at room temperature with primary
antibody anti-EpCAM mAb (1 ug/ml; OC98-1), anti-EpICD
mAb (100X dilution; 1144-1; Epitomics (Burlingame, CA)) or
anti-Oct-4 mAb (2 ug/ml; sc5279; Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA)) in 1% bovine serum albumin. After a 1-h
incubation, cells were washed and incubated with fluorescein
isothiocyanate goat anti-mouse secondary antibody (Jackson
ImmunoResearch Laboratories) for another 1 h at room tem-
perature. Unbound antibodies were removed by three washes
in PBS. 4',6-Diamidino-2-phenylindole was added for cell
counterstaining. To further confirm that the two commercial
antibodies (1144-1 (Epitomics) and A-20 (Santa Cruz Biotech-
nology, Inc.)) recognized EpICD, human synthetic EpICD pep-
tide (1 ug/ml) was coated onto the plate, and anti-EpICD Abs (5
png/ml) were used to detect EpICD antigen using an enzyme-
linked immunosorbent assay (ELISA).

RNA Extraction and Quantitative Real-time RT-PCR—Total
RNAs were prepared from the cell lines using ULTRASPEC
RNA isolation reagent (Biotecx Laboratories, Houston, TX).
cDNAs were reverse-transcribed with oligo(dT) primer (Fer-
mentas, Glen Burnie, MD) from 4 ug of total RNA using Super-
Script III RNase H-reverse transcriptase (Invitrogen) according
to the manufacturer’s instructions. The forward and reverse
primers for PCR are listed in supplemental Table S1. Quantita-
tive RT-PCR was performed by using the LightCycler480 Sys-
tem (Roche Applied Science). The gene expression level of each
sample was normalized to the expression level of GAPDH in the
same sample. The ratios of EpCAM/GAPDH, OCT-4/GAPDH,
¢-MYC/GAPDH, NANOG/GAPDH, SOX2/GAPDH, and
KLF4/GAPDH of the H9 cell line and that of collagen, type III,
al (COL3A1)/GAPDH of 15-day differentiated H9 were set as
1.0. The other ratio values of each gene were recalculated
accordingly. The reactions were performed in triplicate, and
S.D. values were calculated.

ELISA—96-well plates (Corning Costar, St. Louis, MO) were
seeded with H9, hES5, HUES3, HUES6, and MEF cells. The
plates were washed with PBS and blocked with 1% bovine
serum albumin. Anti-EpCAM mAb (1 pug/ml; OC98-1) was
added to the plates of cells and incubated for 1 h. The plates
were then washed with PBS containing 0.1% (w/v) Tween 20
(PBSTO.1) and incubated with horseradish peroxidase-conju-
gated anti-mouse IgG (Jackson ImmunoResearch Laboratories)
for another 1 h. After washing, the plates were incubated with
substrate solution o-phenylenediamine dihydrochloride (Sigma).
The reaction was stopped by adding 3 N HCI, and the plates
were read using a microplate reader at 490 nm.
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Genomic DNA Isolation, Bisulfite Modification, and MSP—
The CpG methylation status of OPG promoter was evaluated
by MSP. The genomic DNA was purified using the Wizard
genomic DNA purification kit (Promega, Madison, WI). The
bisulfite reaction was performed on 500 ng of DNA and further
subjected to bisulfite modification by the EZ DNA methylation
kit according to the manufacturer’s directions (Zymo Research,
Orange, CA). The primers used for the MSP amplifications are
listed in supplemental Table S1. PCRs were performed in a
thermocycler (Bio-Rad) for 40 cycles at 95 °C for 1 s, 51 °C for
55s,and 72 °C for 25 s, followed by a final extension at 72 °C for
10 s to amplify bisulfite-modified DNA.

Bisulfite Sequencing—Genomic DNA (500 ng) was treated
with the EZ DNA modification kit (Zymo Research) according
to the manufacturer’s recommendations. Completely methyl-
ated and unmethylated control genomic DNA was purchased
from Qiagen (Qiagen Inc., Valencia, CA). The promoter re-
gions of EpCAM and Oct-4 genes were amplified by PCR.
Primer sequences used for PCR amplification are listed in
supplemental Table S1. The PCR products were subjected to
purification using the QIAquick PCR purification kit (Qia-
gen) following the manufacturer’s instructions. The purified
PCR products were then subcloned into a TA cloning vector
(pGEM-T Easy vector; Promega). Twenty clones (for control
DNA) or 10 clones of each sample were verified by sequencing
with the T7 universal primer.

Chromatin Immunoprecipitation and Quantitative Real-
time PCR—ChIP was performed as previously described (36)
with some modifications. Briefly, ChIP assays were carried out
on 1 X 10° of H9 and differentiated H9 (H9-Diff.) cells for
anti-H3K4me3, anti-H3K9K14Ac, anti-H3K27me3, and anti-
H3K9me3 Abs or on 1 X 10° H9 and H9-Diff. cells for anti-
SUZ12, anti-JMJD3, and anti-EpICD Abs. The protein-DNA
complexes were fixed using 1% formaldehyde, and the cross-
linking fixation was quenched by adding glycine to a final con-
centration of 200 mm. The chromatin complexes were then
sonicated to an average size of 250 bp by a MISONIX Sonicator
3000. We used 2.4 ug of anti-H3K4me3 (ab8580; Abcam, Cam-
bridge, MA), 2.4 ug of anti-H3K9K14Ac (06-599; Upstate-Mil-
lipore, Charlottesville, VA), 5 ug of anti-H3K27me3 (ab6002;
Abcam), 5 ug of anti-H3K9me3 (07-442; Upstate), 2 ug of anti-
SUZ12 (ab12073; Abcam), 4 ug of anti-JMJD3 (AP1022a;
Abgent, San Diego, CA), and 4 ug of anti-EpICD (A-20; Santa
Cruz Biotechnology, Inc.) for immunoprecipitations, which
were performed at 4 °C with the indicated antibodies by incu-
bation with Protein A beads (Invitrogen) for 2 h. The immuno-
complexes were further incubated with chromatin for another
2 h. The bound fraction was isolated by Protein A beads accord-
ing to the manufacturer’s instructions, and the immunocom-
plexes were subsequently subjected to reverse cross-linking.
The immunoprecipitated DNA was recovered by a PCR purifi-
cation kit (Qiagen) according to the manufacturer’s instruc-
tions, and the target DNA amount was detected by real-time
PCR using the LightCycler480 system (Roche Applied Science).
The amplification primers are listed in supplemental Table S1.
For each sample, PCR analysis was performed in triplicate, and
the bound fraction was compared with input DNA of 1 X 10*
cells. The results are reported as the ratio of immunoprecipi-
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tated (IP) DNA to input DNA (IP/input). To obtain relative
occupancy values, the IP/input was further normalized to the
level observed at a control promoter region of HBB (H3K4me3,
H3K9K14Ac, and SUZ12) or of GAPDH (H3K27me3, H3K9me3,
JMJD3, and EpCAM), which was defined as 1.0.

Lentivirus-mediated Short Hairpin RNA (shRNA) Knock-
down—For virus production, 1 X 10°293T cells were seeded in
a 60-mm dish and incubated overnight at 37 °C, 5% CO,. The
shRNA vector V2LHS-134158 or V2LHS-134160 targeting
EpCAM (Open Biosystems, Huntsville, AL), the envelope plas-
mid pMD2.G, and the packing plasmid pCMVAR8.91 were
cotransfected at a ratio of 10:1:9 into 293T cells using Arrest-in
(Open Biosystems). After an 18-h incubation period, the trans-
fection reagent was replaced with fresh Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum. The supernatant
containing virus particles was harvested after 24 h. HCT116
colon cancer cells were seeded at 1 X 10° cells/60-mm dish 1
day before transduction. The medium was replaced with virus-
containing supernatant supplemented with 8 ug/ml Polybrene
(Sigma) to cells for 24 h. After transduction, cells were replaced
with growth medium containing puromycin (2 ug/ml; Sigma)
and were incubated for 48 h.

Statistical Analyses—Statistical analyses were made using
unpaired Student’s £ tests as appropriate. p < 0.05 was consid-
ered significant.

RESULTS

EpCAM Is Selectively Expressed in hRESCs—EpCAM has been
previously identified as differentially expressed in hepatic stem
cells (11). To determine whether hESCs expressed EpCAM, we
analyzed the cell surface expression of EpCAM protein using
fluorescent flow cytometry in undifferentiated hESCs and
30-day differentiated hESCs using our mAb OC98-1 to recog-
nize the extracellular portion of EpCAM (Fig. 14). We found
that the undifferentiated H9, hES5, and HUES6 ES cells cul-
tured on irradiated MEFs (feeder layer) expressed cell surface
EpCAM in a dose-dependent binding intensity proportionate
to OC98-1 concentration (concentrations ranging from 0.0001
to 1 pg/ml); this molecule was absent from most of the differ-
entiated counterparts (Fig. 14). SSEA4 labeling in undifferen-
tiated and differentiated hESCs served as experimental control
(Fig. S1). In our Western blot analysis, we found EpCAM to be
strongly detected in undifferentiated H9, hES5, and HUES6 ES
cells but to be absent in hESCs after differentiation (Fig. 1B),
indicating that EpCAM was expressed in undifferentiated
hESCs exclusively.

Undifferentiated H9, hES5, and HUES6 colonies were sub-
jected to spontaneous differentiation by culture in 20% fetal calf
serum-containing media for 30 days. Immunofluorescent
microscopy was used to detect the expression of EpCAM and
Oct-4 proteins for both undifferentiated and differentiated
hESCs (Fig. 1C). Differentiated cells lost Oct-4 protein expres-
sion, indicating that spontaneous differentiation had occurred.
An absence of EpCAM protein correlated with loss of Oct-4.
Examination of EpCAM proteins on H9, hES5, and HUES6
showed selective expression of this molecule in hESCs, suggest-
ing that EpCAM may be used as a surface marker for hESCs.
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hESC Differentiation Is Associated with a Loss of EpCAM
Expression—EpCAM protein expression was assessed in un-
differentiated and differentiated H9 cells by measuring the
amount of EpCAM on the surface of cells by flow cytometry
(Fig. 2A). Undifferentiated H9 cells expressed cell surface
EpCAM on 98% of the population (Fig. 24, EpCAM), whereas
SSEA4, a known hESC surface antigen (37, 38), was expressed
on most (99%) of the cells (Fig. 24, SSEA4). At day 5 following
induction of differentiation of the cells, a fractional proportion
of the population (~14%) lacked cell surface EpCAM (86%; Fig.
2A, EpCAM, day 5), although they retained expression of
SSEA4 protein (98%; Fig. 24, SSEA4, day 5). At day 10 following
induction of differentiation, we found a gradual reduction of
EpCAM (~63%; Fig. 24, EpCAM, day 10) as well as SSEA4
(~70%; Fig. 2A, SSEA4, day 10) in these cells. At 15 days, a
significant proportion of the cells were found to have low levels
of cell surface EpCAM protein (~21%; Fig. 2A, EpCAM, day 15)
and SSEA4 protein (~27%; Fig. 2A, SSEA4, day 15).

Transcript expression in the undifferentiated and differenti-
ated H9 populations was analyzed by Q-RT-PCR (Fig. 2B).
EpCAM transcripts were detected from undifferentiated H9
cells and were rapidly down-regulated at days 5-15. OCT-4,
which is expressed in undifferentiated hESCs (39), was abun-
dantly detected in undifferentiated H9, with levels decreas-
ing at day 5 and absent at days 10 and 15. In contrast,
COL3A1 transcripts, which are expressed in differentiated
cells (40), were found to be absent in undifferentiated H9
but present in differentiated cells at all examination time
points (days 5-15). Together, these data suggest a close associ-
ation between hESC differentiation and loss of expression of
EpCAM.

Specificity of EpCAM Surface Expression in hRESCs—W e next
investigated whether EpCAM could be used reliably as a
marker to identify, isolate, and qualify hESCs in vitro. As shown
in Fig. 34, the results of our ELISA, we found a significant rela-
tionship between EpCAM level and hESCs, including undiffer-
entiated H9, hES5, HUES3, and HUES6 cells but not MEFs.
Using flow cytometry, we further demonstrated that EpCAM
could discriminate hESCs from MEFs in primary H9/MEF
co-cultures (Fig. 3B). MEFs exhibited CD29-positive stain-
ing (41), which was used as a marker for fibroblast identity
(Fig. 3B, bottom).

To find out whether the OC98-1 was able to distinguish
between two populations of hESCs cultured on MEFs, we used
flow cytometry to analyze EpCAM expression profile on hRESCs/
MEFs co-cultures. There were two main cell populations,
EpCAM™ and EpCAM™ (Fig. 3C). When we double-stained
these two populations with SSEA4 and CD29, we found SSEA4
to be expressed in the hESC EpCAM™ population (97.4%; Fig.
3D) but not in the fibroblast EpCAM™ CD29" population
(97.2%; Fig. 3E). These findings show that EpCAM labeling can
be used to separate hESCs from fibroblasts and obtain pure
hESC populations.

EpCAM Methylation Status in Undifferentiated and Differ-
entiated hESCs—The EpCAM gene expression was completely
silenced while hESCs differentiated (Fig. 2). To determine
whether EpCAM expression correlated with DNA methylation,
we examined the methylation status of EpCAM promoter
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FIGURE 1. EpCAM is selectively expressed by hESCs. A, dose-dependent increase in relative fluorescence intensity was associated with increasing the
concentration of anti-EpCAM mAb (OC98-1) against the cell surface of undifferentiated hESCs (top; H9, hES5, and HUES6). Only basal level of EpCAM binding
to 30 day-differentiated hESCs (H9-Diff., hES5-Diff., and HUES6-Diff.) can be seen in the lower panel. The differentiation of hESCs was as described under
"Experimental Procedures.” B, expression of the EpCAM protein in undifferentiated and differentiated hESCs. Lysates from various hESCs cell lines were
analyzed by Western blot analysis with the anti-EpCAM and anti-a tubulin mAb. a-Tubulin was used as an internal control. C, immunofluorescent analysis of
EpCAM (i and iii) and OCT-4 protein (ii and iv) expression in undifferentiated H9 (i and ii) and differentiated H9 (iii and iv) cells. Nuclei were counterstained with
4',6-diamidino-2-phenylindole (DAPI) (blue). HI cells staining for OCT-4 manifested that these hESCs maintained an undifferentiated state. EpCAM expression
was correlated to that of OCT-4 in undifferentiated H9 (i and ii). hESC differentiation was associated with loss of both EpCAM and OCT-4 expression (iii and iv).
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only was an open population. Viable cells were gated using forward and side scatter, and the data represents cells from this population. B, Q-RT-PCR analysis
of EpCAM, OCT-4, and COL3AT transcript expression was assessed in undifferentiated H9 cells and in H9 cells differentiated for 5, 10, and 15 days as described

above. GAPDH expression was used to normalize the variability in each template loading.

regions (18, 21) in both undifferentiated and differentiated at
day 30 hESCs. Fig. 44 depicts the gene structure and CpG con-
tents of the EpCAM promoter region. Primers for MSP and
bisulfite sequencing were designed to target the 5'-flanking
region of the EpCAM promoter. MSP assays were performed to
determine the methylation status of EpCAM for both undiffer-
entiated and differentiated hESCs. We used commercial avail-
able completely methylated and completely unmethylated
DNA s as positive controls validating the properties of the prim-
ers in this experiment. As shown in Fig. 4B, both undifferenti-
ated and differentiated H9 cells revealed abundant amounts of
unmethylated PCR product, whereas in differentiated H9 cells,
there were trace amounts of methylated PCR product.

To further ensure the reliability of this finding, we used bisul-
fite sequencing to evaluate the methylation statuses of CpG in
the promoter region of EpCAM. By clone sequencing analysis,
we found 98% of the CpG sites of the undifferentiated H9 clones
and 96% of those of the differentiated H9 ones to be un-
methylated (Fig. 4C). We included a positive control, OCT-4,
which is unmethylated in ES cells and methylated in differen-
tiated cells (31) (Fig. 4C). As expected, H9 hESCs were predom-
inantly unmethylated at the OCT-4 promoter, whereas promi-
nent methylation at this region was found in differentiated H9
cells, a finding consistent with previous studies of transcrip-
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tional silencing in the differentiated cells (31). These results
indicate that EpCAM silencing during hESC differentiation
may not be due to changes in the methylation status of the
EpCAM promoter in these cells.

Histone Modification of EpCAM Promoter Region in Undif-
ferentiated and Differentiated hESCs—Covalent histone tail
modifications of histone 3, including acetylation or methyla-
tion, regulate these different states of chromatin configuration
and gene transcription (42). To address whether there is an
association between the expression of EpCAM expression and
chromatin architecture, we determined the profile of histone
modification of EpCAM promoter vicinity in undifferentiated
and differentiated at day 30 H9 cells. To do this, we performed
ChIP assays on four regions of EpCAM promoter: the upstream
distal (—630 to —550) and proximal (—354 to —273) and the
downstream proximal (+426 to +539) and distal (+835
to +967) relative to the transcription start site (TSS) (43). We
also explored the histone marks of H3K4me3, H3K9K14Ac,
H3K27me3, and H3K9me3.

H3K4me3 has been positively correlated with gene expression
(43). As shown in Fig. 54, the kinetics of H3K4me3, there was an
increase of occupancy in undifferentiated H9 cells expressing
EpCAM in both proximal and distal regions downstream of TSS,
compared with differentiated H9 cells, but no significant alter-
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FIGURE 3. Cell surface EpCAM expression and isolation of hESCs. A, cell surface EpCAM protein expression by undifferentiated hESCs (H9, hES5, HUES3, and HUES6)
and feeder MEF by ELISA using an anti-EpCAM mAb (**, p < 0.01). B, flow cytometry analysis of EpCAM on H9 hESCs co-cultured with MEF (top) and MEF alone (middle)
and analysis of CD29 on MEF alone (bottom). C, analysis of cell surface expression of EpCAM on H9 cells co-cultured with MEF by fluorescent flow cytometry.
D and E, double labeling of EpCAM positive (D) and EpCAM negative (E) population with anti-SSEA4 and anti-CD29 antibodies on undifferentiated H9 cells

co-cultured with MEF.

ations between these two cell populations in proximal and distal
regions upstream of TSS. OCT-4 was expressed by undifferenti-
ated hESCs. There was a significant H3K4me3 occupancy in the
OCT-4 promoter region in undifferentiated H9 (Fig. 5A4) than in
differentiated H9 cells. Acetylation at H3K9K14 of the promoter
has been found to be enriched at the 5'-end of active genes and has
been strongly correlated with methylation of H3K4 (44). In
EpCAM-expressing undifferentiated H9 cells, the acetylation level
of H3K9K14 was higher in undifferentiated H9 than in differenti-
ated H9 in both proximal and distal downstream regions of TSS, as
observed in H3K4me3 (Fig. 5B).

Previous studies have suggested that there is a correlation
between H3K27me3 and gene repression (43). Indeed, our
study found H3K27me3 signals to be elevated at all upstream
and downstream regions of silent promoters of differenti-
ated HO cells that did not express EpCAM (Fig. 5C). Methyl-
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ation of lysine 9 of histone 3 is known to facilitate formation
of heterochromatin, and elevated levels of H3K9me3 at pro-
moter sequences have been associated with suppression of gene
expression (43, 45). Our study found greater increases in
H3K9me3 on all four promoter regions in differentiated H9
than in undifferentiated H9 cells (Fig. 5D). This profiling of
histone modification by ChIP assay suggests that chromatin
remodeling in the 5'-flanking region of the EpCAM promoter
may be responsible for EpCAM gene regulation.

SUZ12 and JMJD3 Are Required for Bidirectional Regulation
of H3K27me3 in hESCs—In hESCs, EpCAM was marked by a
chromatin signature that was dynamically regulated during dif-
ferentiation (Fig. 5). Hence, the observation that SUZ12 and
JMJD3 are recruited to their promoters prompted us to assess
the dynamic profile of H3K27 methylation at the TSS of
EpCAM during stem cell differentiation. To test whether
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FIGURE 4. Methylation status of EpCAM promoter regions in undifferentiated and differentiated hESCs.
A, schematic representation of the EpCAM gene promoter region. Primers for MSP and bisulfite sequencing
used in the study are indicated. B, MSP analysis of the EpCAM gene promoter region in undifferentiated and
differentiated H9 cells. The PCR products that were methylated (M) were generated by methylation-specific
primers, and those that were unmethylated (U) were generated by primers specific for unmethylated DNA.
C, mapping the methylation status of the CpG islands in the promoter region of the EpCAM gene by bisulfite
sequencing. Each row of squares represents a single plasmid cloned and sequenced from PCR products gen-
erated from amplification of bisulfite-treated DNA. Open squares, unmethylated cytosines; filled squares, meth-
ylated cytosines. Most CpGs in the promoter region in both undifferentiated and differentiated H9 cells were

direct causal relationship between
JMJD3 recruitment and H3K27 de-
methylation. These findings indi-
cate that EpCAM expression in
hESC is maintained by the loss of
H3K27me3 and SUZ12 as well as
the increase in JMJD3 on the pro-
moters of the EpCAM gene.
EpCAM Is Involved in ES Cell Main-
tenance through Its Influence on c-MYC,
OCT-4, SOX2, and KLF4 —It is of bio-
logical significance to study the
function of EpCAM at the molec-
ular level in ES cells. In order to
correlate EpCAM with its early
response molecule ¢-MYC and
other possible downstream targets,
such as OCT-4, NANOG, SOX2, and
KLF4, we examined expression of
these genes using Q-RT-PCR. We
also found that all of the four genes
were highly expressed in hESCs but
collapsed after hESC differentiation
was induced, as reported (Figs. 2B
and 7A) (47-50). The expression
of these genes remained repressed
during differentiation at all observa-
tion time points (days 5-15; Figs. 2B
and 7A). To directly determine
whether EpCAM regulated these
genes, we performed ChIP assays
in both undifferentiated H9 and
H9-Diff. cells with the EpICD anti-
body. Nuclear localization of EpICD
was visualized by immunofluorescent
staining using domain-specific anti-

unmethylated.

SUZ12 conferred the methylation of H3K27 of EpCAM, we
performed ChIP of both undifferentiated and differentiated
at day 30 H9 cells. Remarkably, we detected higher SUZ12
signals in differentiated H9 than in undifferentiated H9 both
upstream and downstream of the EpCAM promoter (Fig. 64),
and these results were strongly mirrored by H3K27me3 occu-
pancy. These results suggest that EpCAM is controlled by PRC2
complex, the major histone methyl transferase responsible for
H3K27me3. We provided a parallel control, KRT1 (Fig. 6), an
epidermal differentiation gene that is expressed in differenti-
ated cells and whose expression can be regulated by chromatin
modification machinery SUZ12/JMJD3 (46). We observed
higher SUZ12 and lower J]MJD3 occupancy in the differentiated
HO cells than in the undifferentiated H9 cells. This in turn
resulted in higher H3K27me3 modification of the KRT1 pro-
moter in the differentiated H9 cells.

Downstream of EpCAM TSS of undifferentiated H9 cells,
both proximal and distal promoter regions, we found a cor-
responding rise in JMJD3 binding (Fig. 6B), which coincided
with the reduction of H3K27me3 (Fig. 5C), suggesting a
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bodies. We found positive staining of
EpICD in the nucleus of undifferen-
tiated H9 but not in that of H9-Diff. cells (supplemental Fig. S2).
The specificity of the two commercial anti-EpCAM Abs
(1144-1 and A-20) against EpICD was further confirmed by
ELISA (supplemental Fig. S3). There was a 3 times greater
increase of EpICD binding in undifferentiated H9 than in
HO-Diff. cells at the proximal upstream region of TSS of the
¢-MYC promoter (51). In contrast, there was no significant
EpICD binding to the control downstream exon 1 of the c-MYC
in either cells (Fig. 7B).

It was interesting to observe that there was EpICD binding
to OCT-4 (distal upstream region) (52), NANOG (upstream
region) (53-55), SOX2 (downstream region) (52), and KLF4
(upstream region) promoters as well, possibly suggesting
that that EpCAM modulates ES phenotype through promot-
ing the expression of these downstream targets (Fig. 7C).

Decrease EpCAM Expression Was Associated with Down-
regulation of ES Reprogramming Genes—To investigate the
relationship between EpCAM and four reprogramming genes,
we performed a gene-silencing experiment using a lentivirus
encoding shRNA for EpCAM. Q-RT-PCR revealed a sig-
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FIGURE 5. Histone modification at the EpCAM promoter in undifferentiated and differentiated hESCs. Top, schematic representation of the EpCAM gene
promoter region, which spanned positions —630 to +967 with respect to the TSS. The ChIP primers used in the study are indicated by horizontal lines. A-D, a
combination of ChIP and Q-PCR analyses showing quantitative occupancy of H3K4me3 (A), H3K9K14Ac (B), H3K27me3 (C), and H3K9me3 (D) to EpCAM and
OCT-4 promoter in undifferentiated and differentiated H9 cells. OCT-4 was used as a positive control for histone modification binding. Each experiment was
donein triplicate (mean = S.D.). The amount of immunoprecipitated target was quantified by real-time PCR, and the value of immunoprecipitated target was
calculated as the ratio of IP DNA to the total amount of input DNA used for the immunoprecipitation (IP/input). To obtain relative -fold enrichment value, the
target IP/input was further normalized to the level of a control promoter region of HBB (H3K4me3 or H3K9K14Ac) or of GAPDH (H3K27me3 or H3K9me3). In
ChIP analyses, H3K4me3 and H3K9K14Ac enrichment were observed in undifferentiated H9 cells downstream of TSS, whereas H3K27me3 and H3K9me3
occupancy were detected in differentiated H9 cells both upstream and downstream of TSS (¥, p < 0.05).

nificant knockdown (about 66%) in EpCAM expression in
the shRNA-treated cells, HCT116/shRNA1 and HCT116/
shRNA2 (supplemental Fig. S4). OCT-4, NANOG, SOX2, and
KLF4 were found to be concomitantly down-regulated by the
EpCAM shRNA treatment (supplemental Fig. S4). Based on
these findings, we propose that EpCAM expression in hESCs
is regulated by an epigenetic mechanism, and EpCAM acti-
vates gene expression of ¢-MYC, OCT-4, NANOG, SOX2,

asEve
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and KLF4 through transducing signal to the nucleus by
EpICD, resulting in self-renewal and the maintenance of plu-
ripotency in ES cells (Fig. 8).

DISCUSSION

The recent successful use of somatic cells that can be directly
reprogrammed into pluripotency and self-renewal stem cells
(31, 32) has opened a new means of investigating basic biology,
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FIGURE 6. Recruitment of chromatin modifier SUZ12 and JMJD3 to EpCAM promoter in undifferentiated and differentiated hESCs. Top, schematic
representation of the EpCAM promoter locus, which spanned positions —630 to +967 with respect to the TSS. The ChIP primers used in the study are indicated
by horizontal lines. A and B, chromatin samples were immunoprecipitated with anti-SUZ12 antibody (A) or anti-JMJD3 antibody (B), and enrichment of the
EpCAM and KRT1 promoter was quantitated by Q-PCR. KRT1 was used as a control for SUZ12/JMJD3/H3K27me3 binding. Each experiment was done in triplicate
(mean = S.D.). The value of immunoprecipitated target was calculated as the ratio of IP DNA to the total input DNA (IP/input). The target IP/input was further
normalized to a control promoter region of HBB (SUZ12) or of GAPDH (JMJD3) to obtain -fold enrichment values. By ChIP measurement, the association of
SUZ12 with the EpCAM promoter was elevated both upstream and downstream of TSS in differentiated H9 cells. In contrast, quantification of the intensities of

JMJID3 binding was increased downstream of TSS in undifferentiated H9 cells (¥, p < 0.05).

developmental biology, and regenerative medicine. Ectopic
transduction of terminally differentiated fibroblasts with the
original four reprogramming transcription factors OCT-4,
SOX2, KLF4, and ¢c-MYC results in induced pluripotent stem
cell formation morphologically and genetically (31, 32). These
four factors play a pivotal role in ES cell self-renewal and main-
tenance of pluripotency. However, until this study, it was
unknown what was mutually regulating these four genes. This
study found that EpICD could directly bind to the promoters of
these four genes (Fig. 7) and sustain the expression of these
genes in undifferentiated hESCs (Fig. 7). EpCAM expression in
undifferentiated hESCs occurred through epigenetic regulation
(Figs. 5 and 6). Based on these findings, we propose that the
maintenance of pluripotency by these four genes is controlled
by the expression of EpCAM, which collaborates with these

8728 JOURNAL OF BIOLOGICAL CHEMISTRY

four factors to maintain self-renewal and pluripotency in ES
cells.

The expression of EpCAM has been used to recognize he-
patic stem cells in fetal, postnatal, and adult humans (9-11) and
is thought to be useful in the selection of cancer-initiating cells
(7, 8). Our study found EpCAM to be exclusively expressed in
hESCs (Figs. 1 and 3) and its expression to be correlated with
the expression of OCT-4 (Figs. 1 and 2), a known stem cell
marker. This finding suggests that the cell surface expression
property of EpCAM can be used to purify and enrich hESCs
effectively, and it can be used as a surrogate for OCT-4 or
potentially other hESC markers to simplify and improve the
isolation and purity of hESCs. Our data can be compared with a
recent publication showing EpCAM expression in undifferen-
tiated hESCs (17). Similar to that report, we show that EpCAM
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FIGURE 7. EpCAM regulates c-MYC, OCT-4, NANOG, SOX2, and KLF4 to help maintain stemness in hESCs. A, Q-RT-PCR analysis of mRNA expression in
undifferentiated H9 cells and in H9 cells differentiated for 5, 10, and 15 days. The expression level was normalized to internal control GAPDH. B, quantitative
ChIP analysis of EpCAM binding to c-MYC promoter (*, p < 0.05). C, quantitative ChIP analysis of EpCAM binding to OCT-4, NANOG, SOX2, and KLF4 promoters
(¥, p < 0.05). The experiment was done in triplicate (mean = S.D.).
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on maintaining the ES cell stemness condition.

expression was restricted to undifferentiated hESCs, and its
silencing was associated with cell differentiation. This property
of EpCAM can make it useable as a surface marker for hESCs.

Rigorous hESC isolation is a complicated process requiring
various combinations of multiple cell surface markers. Never-
theless, many of the stem cell markers used nowadays cannot be
used specifically on hESCs. For example, peanut agglutinin is
only applicable as a cell surface marker in murine hematopoi-
etic stem cells and human neural stem cells (56), and CD29
expression only can be used as a stem cell marker in murine skin
or liver (10, 57). CD133 (prominin-1) has recently emerged as a
major somatic stem cell or progenitor marker (58). Thus, there
is a need to expand the current repertoire of hRESC markers to
enable hESC studies. Recognition by hESC-selective cell sur-
face molecules is required in order to specifically isolate pure
hESCs. Particularly, the combination of viable markers has
made it possible to separate multiple hESC populations at each
distinct differentiation stage and yielded important insights
into stem cell differentiation. Because EpCAM is not expressed
by differentiated cells, this molecule is probably exerted at the
stem or multipotent progenitor cell stage.

The results of studies over the past few years have suggested
that epigenetic mechanisms play a key role in these fundamen-
tal processes of self-renewal, maintenance of pluripotency, and
lineage specification (23, 59). For example, pluripotency-asso-
ciated genes, such as OCT-4 and NANOG, are stably silenced
upon cell differentiation through epigenetic mechanisms (60).
Non-transcribed genes in ESCs are repressed by the PcG in
mice and humans with the promoters of these genes enriched
with repressive histone H3K27 trimethylation. Our investiga-
tion on the epigenetic regulations of EpCAM expression during
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differentiation indicated that the expression of EpCAM was not
regulated by DNA methylation (Fig. 4), which would lead to
permanent silencing of the gene. Instead, we found that during
differentiation, there is a drastic reduction in histone active
markers, such as H3K4 trimethylation and H3K9 acetylation,
and clear enhancement of repressive markers H3K9 and H3K27
trimethylation at the promoter of EpCAM (Fig. 5). In addition,
EpCAM was not controlled by bivalent chromatin modifica-
tions (61, 62) because H3K4 and H3K27 trimethylation did not
coexist at its promoter before or after the differentiation (Fig.
5), indicating that EpCAM does not belong to the category of
lineage commitment or cell fate determination genes (62, 63).
Our findings reflect the fact that EpCAM is virtually reintro-
duced in mature tissues (64), especially in epithelia cells. There-
fore, our results suggest that, to facilitate the dynamic expres-
sion pattern of EpCAM during development, the chromatin
state of its promoter is elaborately modulated by histone-mod-
ifying enzymes, such as SUZ12 and JMJD3, but not DNA meth-
ylation (Fig. 6) in response to hESC differentiation, which sus-
tains the plasticity of EpCAM expression. SUZ12 has been
found to be a key component of polycomb complex, PRC2 (26,
27), and essential for the activity of H3K27 methyltransferase.
Conversely, JMJD3, a newly identified histone demethylase for
H3K27 methylation, is able to remove the methylation mark
from H3 lysine 27 and control cell differentiation (65). We
found SUZ12 and JMJD3 to be dynamically associated with
EpCAM promoter (Fig. 6). The methylation patterns of H3
Lys®” also changed accordingly (Fig. 5). ChIP combination
resulted from the enzyme bindings and the changes of the cor-
responding histone mark, suggesting that EpCAM is part of a
polycomb-mediated differentiation program in human ES cells.

Our study found that EpCAM played an intricate role in the
regulation of the ES cell state. This may be achieved by modu-
lating the expression of the EpCAM downstream target gene
¢-MYC, which, as other studies have reported, is involved in
governing cell proliferation and dedifferentiation (29, 50). Both
¢-MYC and EpCAM are controlled by the Wnt signaling cas-
cade (51, 66 — 68), in which signal transduction by EpICD inter-
acts with B-catenin/Lef-1 in cohort to regulate c-MYC expres-
sion (6). The canonical Wnt signaling pathway has emerged as
a critical regulator of ES and hematopoietic lineage stem cells in
other studies (69-72). The results of such studies provide a
compelling explanation for the high levels of EpCAM in stem or
progenitor cells. Through molecular circuitry established
around Wnt signaling, EpCAM and c-Myc can collaborate to
sustain self-renewal and the pluripotent state of ES cells.

Nuclear translocation of EpICD (supplemental Fig. S2) (6)
up-regulates ¢-MYC, OCT-4, NANOG, SOX2, and KLF4
(Figs. 7 and 8), indicating that EpCAM targeting of these ES
cell fate genes may not occur exclusively through Wnt sig-
naling, suggesting that there may be several pathways
orchestrating the maintenance of the physical state of ES
cells. Further investigations are required to clarify the rela-
tionship between Wnt signaling and OCT-4, NANOG, SOX2,
and KLF4, because the results of such studies may further
our understanding the nature of pluripotency and of self-
renewal signals in hESCs.
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