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To study the regulation of colorectal adenocarcinoma pro-
gression by O-GlcNAc, we have focused on the O-GlcNAc-
mediated epigenetic regulation of human colon cancer stem
cells (CCSC). Xenograft tumors from colon tumor cells with
O-linked N-acetylglucosamine transferase (OGT) knockdown
grew significantly slower than those formed from control cells,
indicating a reduced proliferation of tumor cells due to inhibi-
tion of OGT expression. Significant reduction of the CCSC pop-
ulation was observed in the tumor cells after OGT knockdown,
whereas tumor cells treated with the O-GlcNAcase inhibi-
tor showed an increased CCSC population, indicating that
O-GlcNAc levels regulated the CCSC compartment. When
grown in suspension, tumor cells with OGT knockdown showed
a reduced ability to form tumorspheres, indicating a reduced
self-renewal of CCSC due to reduced levels of O-GlcNAc.
ChIP-sequencing experiments using an anti-O-GlcNAc antibody
revealed significant chromatin enrichment of O-GlcNAc-
modified proteins at the promoter of the transcription fac-
tor MYBL1, which was also characterized by the presence of
H3K27me3. RNA-sequencing analysis showed an increased
expression of MYBL1 in tumor cells with OGT knockdown.
Forced overexpression of MYBL1 led to a reduced population of
CCSC and tumor growth in vivo, similar to the effects of OGT
silencing. Moreover, two CpG islands near the transcription
start site of MYBL1 were identified, and O-GlcNAc levels regu-
lated their methylation status. These results strongly argue that
O-GlcNAc epigenetically regulates MYBL1, functioning simi-
larly to H3K27me3. The aberrant CCSC compartment observed
after modulating O-GlcNAc levels is therefore likely to result, at

least in part, from the epigenetic regulation of MYBL1 ex-
pression by O-GlcNAc, thereby significantly affecting tumor
progression.

The post-translational modification of O-linked N-acetylglu-
cosamine (O-GlcNAc)3 is a unique type of glycosylation of ser-
ine and/or threonine residues of a wide variety of cytosolic,
nuclear, and mitochondrial proteins. The product is a single
�-linked N-acetylglycosamine residue that is not further elab-
orated (1–3). Unlike the glycosylation typical of membrane-
bound or secreted proteins, such as N-glycans, mucin type
O-glycans, or glycophosphatidyl anchors, these O-GlcNAc res-
idues cycle on and off in a dynamic and inducible manner in
response to cellular stimuli (4, 5). O-GlcNAcylation is catalyzed
by a single enzyme, termed O-linked N-acetylglucosamine
transferase (OGT), which transfers N-acetylglucosamine from
UDP-GlcNAc to protein substrates (6), whereas the removal of
O-GlcNAc modification is catalyzed by a single enzyme known
as N-acetyl-�-glucosaminidase (OGA) (7). These enzymes
dynamically regulate whether any protein will express O-GlcNAc
and its function in response to various stimuli. O-GlcNAc-
modified proteins have critical functions in the regulation of
cellular processes such as nutrient sensing, insulin signaling,
cell cycle control, transcriptional regulation of protein ex-
pression, protein trafficking, and protein-protein interac-
tions (3, 8, 9).

The modulation of O-GlcNAc expression is important in
oncogenic signaling and cancer phenotypes (10). For example,
aberrant expression levels of O-GlcNAc have been found in
human tumor tissues compared with matched adjacent normal
tissue for cancers of the breast, lung, colon, and thyroid (9,
11–13). Metastatic breast cancer cell lines have high expression
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levels of both OGT and O-GlcNAc, and experimental silencing
of OGT expression in these cell lines leads to inhibition of
tumor growth both in vivo and in vitro through targeting of an
oncogenic transcription factor FoxM1 (14). Knockdown of
OGT in lung and colon cancer cells results in reduced tumor
cell growth and invasion in vitro (13), whereas elevated
O-GlcNAcylation was found to promote colonic inflammation
and tumorigenesis by modulating NF-�B signaling (15).
Another recent study showed that MAPK/ERK signaling pos-
itively regulates OGT expression and O-GlcNAcylation in var-
ious tumor cells, which, in turn, enhances the effects of ERK
signaling on cancer cell proliferation and anchorage-indepen-
dent growth (16). Moreover, O-GlcNAcylation regulates can-
cer cell metabolic reprogramming and survival stress signaling
via regulation of HIF-1� (17), and increased glucose uptake
promotes oncogenesis via O-GlcNAc pathways (18). All these
results suggest that O-GlcNAcylation may represent a novel
regulator of tumorigenesis and tumor progression.

O-GlcNAcylation also has important roles in the epigenetic
regulation of embryonic development (19 –21). A number of
chromatin-associated proteins and transcription factors, such
as RNA polymerase II, are O-GlcNAcylated, which play a piv-
otal role in regulating chromatin structure and the stability
of particular transcription factors. O-GlcNAc dynamically
regulates chromatin structure both in vivo and in vitro.
O-GlcNAcylation of histone (H2A, H2B, and H4) changes dur-
ing mitosis and with heat shock and is considered part of the
histone code (22). Dynamic O-GlcNAc cycling in the promoter
regions of genes linked to longevity, stress, and immunity has
been revealed in Caenorhabditis elegans using ChIP-chip arrays
(23). Interestingly, two reports (24, 25) independently demon-
strated that Drosophila OGT is encoded by super sex combs
(sxc), an essential component of the polycomb group (PcG)
repressive complex, directly linking O-GlcNAcylation to PcG-
mediated gene silencing by histone methylation, modifications
that are necessary for early embryonic development, and stem
cell maintenance (26, 27).

The role of O-GlcNAc in early development was investigated
using mouse embryonic stem cells (ESC). Myers et al. (27) iden-
tified 142 modification sites of O-GlcNAc for over 60 proteins,
many of which are involved in transcriptional regulation impli-
cated in ESC pluripotency and self-renewal. In addition, they
found that polycomb repressive complex 2 (PRC2) is necessary
to maintain normal levels of OGT and for the correct cellular
distribution of O-GlcNAc-modified proteins in ESC. Other
studies showed that OGT was involved in the regulation of
TET1, a family member of dioxygenases that catalyzes the hy-
droxylation of 5-methylcytosine and represses gene expression.
OGT can positively regulate protein levels of TET1 (28), and it
preferentially causes association of TET1 with gene promoters
in close proximity of CpG-rich transcription start sites (29). In
addition, GlcN-induced OGT activation mediated glucose pro-
duction through cleaved Notch1 and FoxO1, which contrib-
uted to the regulation of maintenance of self-renewal in mouse
ESCs (30). These results suggest that the O-GlcNAc pathway
has a functional connection to polycomb repressive complex
and is implicated in the regulation of stem cells.

It has been proposed that a variety of cancers, including
colon cancer, are initiated and maintained by a small propor-
tion of cells, called tumor-initiating cells or cancer stem cells
(CSC), which display stem cell properties, including self-re-
newal and differentiation (31). There is a growing body of evi-
dence that CSC play an important role in not only cancer devel-
opment but also recurrence and metastasis of some tumors
(32). Small numbers of CSC can rapidly produce tumors upon
transplantation in animal models, whereas non-CSC produce
tumors very slowly. CSC have been shown to have high resis-
tance to chemotherapeutic treatment in some cancers, and the
surviving CSC contribute to cancer recurrence (33). In addi-
tion, CSC acquire mesenchymal characteristics after undergo-
ing epithelial-mesenchymal transition and migrate and invade
target organs through blood and lymph vessels (32, 33). There-
fore, the characterization of key signaling proteins and path-
ways that regulate the self-renewal and maintenance of colon
CSCs (CCSC) is crucial for understanding how CSC regulate
colon tumorigenesis and progression, as well as for the devel-
opment of novel treatment strategies targeting the CSC. CCSC
have been identified and isolated from both human colon
cancer (34 –37) and mouse colon adenoma (38). We recently
reported that expression levels of �1,6-N-acetylglucosaminyl-
transferase V, which synthesizes N-glycans with �(1,6)-
branched glycans on cell surface receptors, regulate the canonical
Wnt/�-catenin signaling pathway by affecting the N-glycosyla-
tion of Wnt receptors, which further leads to altered colon ade-
noma progression in Apcmin/� mice by modulating the self-
renewal and tumorigenicity of CCSC (37).

Although studies have revealed an association between
increased O-GlcNAc expression and colon tumor develop-
ment, the mechanisms by which colon tumor progression was
regulated by aberrant expression of O-GlcNAc have not been
fully elucidated. In this study, the effects of O-GlcNAc expres-
sion levels on colorectal cancer stem cells and tumorigenesis
were investigated. We provide evidence that the epigenetic
modification can regulate the CSC population and colon tumor
development. MYBL1, a transcription activator, was identified
and implicated, at least in part, in the regulation of colon tumor
development mediated by altered O-GlcNAcylation.

Results

Regulation of Colon Cancer Stem Cells and Colon Tumorigen-
esis by Expression Levels of O-GlcNAc—To determine the
effects of altering OGT activity on colon cancer tumorigenesis
and the cancer stem cell (CCSC) compartment, the expression
of OGT was silenced in HT-29 cells by shRNA lentivirus infec-
tion and confirmed by RT-PCR and Western blotting (Fig. 1A).
As shown in Fig. 1B, tumor cells with OGT-shRNA knockdown
showed a 20% reduced growth in vitro after 6 days. Both OGT
knockdown and control (scrambled) tumor cells formed
tumors as xenografts when injected into NOD/SCID mice, con-
firmed by H&E staining (Fig. 1C, top). Tumors formed by injec-
tion of cells with OGT-shRNA expression showed decreased
expression of O-GlcNAc detected by Western blotting (Fig. 1C,
bottom left) and grew significantly slower than the tumors
formed by injection of control cells (Fig. 1C, bottom right), indi-
cating a reduced proliferation of tumor cells in vivo due to inhi-
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bition of OGT expression. Because increased activity of alde-
hyde dehydrogenase 1 (ALDH1), detected by the aldefluor
assay, is a characteristic of CCSC, this assay has been used in the
detection and enrichment of CCSC (36, 39). We utilized this
methodology to demonstrate that CCSC were enriched in the
aldefluor-positive cell population from two colon cancer cell
lines (37). Significant reductions in the proportion of CCSC
detected by the Aldefluor assay in the total tumor cell popula-
tion were observed after OGT knockdown, compared with con-
trol cells (Fig. 1D). To test further the regulation of CCSC by
O-GlcNAcylation levels, tumor cells were treated with Thia-
met-G (TMG, 10 �M), a specific OGA inhibitor causing
increased levels of O-GlcNAc (40), and the population of CCSC
was measured. Tumor cells with TMG treatment showed an
increased CCSC population in three different colon adenocar-
cinoma cell lines (Fig. 1E), indicating the regulation of the
CCSC compartment by enhanced O-GlcNAc levels. These

results demonstrated that manipulating O-GlcNAc levels reg-
ulated the relative size of the compartment of CCSC in either a
positive (increased O-GlcNAc levels) or negative (decreased
O-GlcNAc levels) direction. To identify a mechanism by which
O-GlcNAc levels affect the population of CCSC, we next
focused on the growth of tumorspheres in suspension culture.
We reported that HT-29 cells, when grown in serum-free stem
cell culture media for 7–10 days, formed typical tumorspheres
(37), a measurement of the self-renewal of stem cells (41– 43).
We found that gene expression of aldehyde dehydrogenase-1
(ALDH1) was increased in tumorspheres compared with
parental cells grown on plastic plates (37), supporting the
enrichment of CCSC in tumorspheres. As shown in Fig. 1F,
although both control and OGT knockdown cells showed the
ability to form tumorspheres in suspension culture for 7–10
days, both the number and size of tumorspheres were signifi-
cantly decreased in OGT knockdown cells compared with the

FIGURE 1. Expression levels of O-GlcNAc regulate colon cancer stem cells and colon tumorigenesis. A, HT-29 cells were infected with scrambled or
OGT-shRNAs lentivirus, and expressions of OGT and O-GlcNAc were detected by qRT-PCR (top) and Western blots (bottom). For each transcript, the values were
normalized to control (GAPDH) and expressed as mean � S.D. from three independent experiments. B, both control (scrambled) and OGT knockdown HT-29
cells (1 � 103) were split into 6-well plates and grown at 37 °C for the indicated days, and cell numbers were counted. Data are expressed as mean � S.D. from
three wells. C, tumor cells (2 � 106) with scrambled or OGT-shRNA expression were injected into SCID mice (n � 5), and secondary tumor growth was observed
for up to 6 weeks. Tumors were dissected at week 6, and tumor tissues were collected for H&E staining (top) and Western blotting with anti-O-GlcNAc antibody
using tumor tissues collected from three mice of each group (left bottom). Tumor size was measured every week and expressed as the mean with error bars
indicating �1 S.D. (n � 5; right bottom). D, Aldefluor assays were performed using HT-29 tumor cells with scrambled or OGT-shRNA expression, and the
percentage of Aldefluor-positive cells was determined under similar gating criteria. Diethylaminobenzaldehyde, inhibitor of aldehyde dehydrogenase, was
used to determine the background of the assay. Data are expressed as mean � S.D. from three independent experiments. E, after treatment with OGA inhibitor
(TMG, 10 �M) for 24 h, tumor cells were collected for immunoblotting using anti-O-GlcNAc (top) and Aldefluor assays (bottom). C, control; T, TMG treatment. F,
control and OGT knockdown HT-29 cells (4000 cells/well) were grown in stem cell culture media in suspension for 7–10 days. Tumorspheres were formed (left
panel), and the number of tumorspheres was counted and expressed as mean � S.D. from 3 to 5 wells (right panel). Similar results were obtained from two
independent experiments. Scale bars, 50 �m. *, p � 0.05; **, p � 0.01.
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control cells, consistent with the reduced population of CCSC
after knockdown of OGT (Fig. 1D). These results demonstrate
that O-GlcNAc levels regulate colon tumorigenesis by modu-
lating the self-renewal of CCSC, which results in altered pro-
portions of CCSC in the population of cultured colon cancer
cells.

Identification of O-GlcNAc-bound Genes in HT-29 Cells—
Because both O-GlcNAc and CSC have been implicated in
tumorigenesis and tumor progression and the emerging roles of
O-GlcNAc have been highlighted in development and epige-
netic regulation, we asked the question whether O-GlcNAc
expression levels are involved in the regulation of CCSC, thus
regulating tumor development, and whether the regulation of
CCSC by O-GlcNAc is through an epigenetic mechanism. To
this end, we performed ChIP-seq using an anti-O-GlcNAc anti-
body along with an antibody against H3K27me3, a well known
histone repression marker involved in PRC2-mediated repres-
sion (44). A total of 4184 significant O-GlcNAc peaks were
identified after ChIP-seq using the anti-O-GlcNAc antibody
(Fig. 2A). Among these sites, 2922 (69.8%) were located near
transcription start sites (TSS) (Fig. 2B). Seven genes enriched
in these peaks were randomly chosen for validation by
ChIP-qPCR (Fig. 2C). Motif enrichment analysis of the
O-GlcNAc-binding sites showed that the top two occurring
motifs (CCCCGCCCH and CGCANGCGC) were most similar
to known binding sites of SP1 and NRF1, respectively (Fig. 2D).

Although only a total 459 H3K27me3 peaks were “called” by
ChIP-seq using the anti-H3K27me3 antibody, we did observe
several polycomb repressive complex target genes enriched in
H3K27me3 peaks, such as CBX4, PAX7, FGF14, FOXB1,
WNT11, as reported previously (45). Using a Venn diagram, 61
genes were identified (Fisher’s exact test, p � 1.554e-04) from
overlapped areas identified from H3K27me3 and O-GlcNAc
ChIP-seq (Fig. 2E and Table 1), indicating an overlap of gene-
binding sites utilized by O-GlcNAc and H3K27me3. These data
strongly suggest that O-GlcNAc is likely be involved in the epi-
genetic regulation of gene expression, exerting a similar func-
tion to H3K27me3.

Gene Expression Profiling Regulated by O-GlcNAc—To study
further whether altered OGT expression levels affect the
expression of genes that were identified by ChIP-seq using the
anti-O-GlcNAc antibody and were involved in the regulation of
stem cells, gene expression profiling of tumor cells with OGT
knockdown (shRNA) was determined in HT-29 cells by RNA-
seq. Using a cutoff value of fold-change �1.5 and p � 0.05, a
total 301 genes were identified to be differentially expressed in
tumor cells with OGT knockdown, among which 115 genes
were up-regulated and 186 genes were down-regulated (Fig.
3A). Twelve transcription factors were found among signifi-
cantly affected genes by suppression of OGT (Table 2). The top
differentially affected genes by OGT knockdown are listed in
Fig. 3A. A validative qRT-PCR was performed for detection of

FIGURE 2. Identification of O-GlcNAc-bound genes in HT-29 cells by ChIP-seq. A, BAM files from the sequencing reads aligned with Bowtie2.0 were
uploaded to Deep Tools for promoter region score calculation, which was further used for the generation of a heat map from O-GlcNAc ChIP. B, distribution of
O-GlcNAc peaks identified by ChIP-seq using anti-O-GlcNAc antibody. C, seven genes enriched in these peaks were randomly chosen for validation by
ChIP-qPCR. Data were described as mean value of percentage of input from two independent ChIP experiments. D, de novo motif enrichment analysis of
O-GlcNAc-binding sites identified top two motifs that showed similarities to known binding sites of transcription factors SP1 and NRF1, respectively. E, Venn
diagram showing the overlapped genes enriched in antibody binding peaks that were occupied by both O-GlcNAc and H3K27me3 antibodies. F, both input
and O-GlcNAc ChIP-Seq reads were aligned to human genome reference (Hg19) Bowtie2.0. Sequencing peaks at the promoter region of MYBL1 were viewed
in the UCSC genome browser.
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FIGURE 3. Gene expression profiling regulated by O-GlcNAc. A, total RNA was isolated from scrambled and OGT-shRNA transfected HT-29 cells and used for
RNA-seq analysis. A heat map of 301 transcripts differentially expressed (fold-change �1.5 and p � 0.05) between control and OGT knockdown cells was
generated from the RNA-seq data. Genes showing the greatest fold-change were shown by the heat map. Red indicates a high expression level, and green
indicates a low expression level compared with control cells. KD, OGT knockdown (shRNA). B, isolated total RNA was used for validation of transcript levels of
altered genes using qRT-PCR. For each transcript, the values expressed as fold-change, calculated from three independent experiments, were compared with
those from RNA-seq. C, Venn diagram showing the overlapped genes identified by ChIP-seq by O-GlcNAc and RNA-seq. D, total RNA was isolated from
scrambled and OGT-shRNA transfected HT-29 cells and used for microarray analysis. The altered gene expression was validated using qRT-PCR and expressed
by fold-change in comparison with those from microarray data. E, total RNA was pooled from four adjacent and adenoma tissues of Apcmin/� mice, and
expression of Ogt, Axin2, and Mybl1 were detected by qRT-PCR. For each transcript, the values were normalized to control (Gapdh) and expressed as mean �
S.D. from three independent experiments. *, p � 0.05; **, p � 0.01.

TABLE 1
The list of genes identified by ChIP-seq using anti-O-GlcNAc that overlapped with genes from H3K27me3 ChIP-seq
FDR is false discovery rate.

Gene p value FDR Gene p value FDR

% %
RSG1 1.23492E-06 0.183298346 SEC22B 8.46227E-07 1.83856E-08
NTPCR 1.46463E-06 0.1263328 TTC32 9.40929E-10 0.000343856
EMX1 9.19534E-06 4.008194953 MED12L 8.47196E-05 3.601706652
RAP2B 1.29537E-06 0.570660568 CCNI 3.10862E-15 6.58364E-15
ARHGAP24 8.47196E-05 1.165785414 TRIO 3.11086E-06 0.413906601
LMNB1 1.28455E-07 0.000397906 RPP40 1.11525E-11 1.18464E-21
USP42 1.77353E-11 4.15416E-08 FIGNL1 1.61369E-11 0.037522696
GTPBP10 1.33227E-15 5.75E-12 PNPLA8 3.06915E-07 0.009889463
RBM28 9.67559E-13 1.51649E-10 MNX1 3.37413E-07 4.608248287
MYBL1 7.85261E-05 4.647272125 MED30 3.13390E-08 0.016218826
MRPL13 3.13390E-08 0.611435568 SNTB1 3.33956E-05 2.044364544
TRIB1 1.24906E-05 0.014482876 ASAP1 2.96965E-05 1.080569959
ST3GAL1 1.27569E-05 0.593707037 ZFAT 3.33998E-05 0.854230646
COL22A1 6.72013E-05 0.655773401 KCNK9 7.47744E-05 0.000329677
EIF2C2 8.59442E-05 0.07040097 PLEC 3.30403E-10 0.000285762
IDI1 1.26085E-07 0.00584926 KLF6 4.44089E-16 1.37679E-10
RRP8 3.61890E-10 0.510656388 RBM4B 5.11351E-10 4.70867E-08
ARHGAP9 4.91897E-08 1.303E-05 NDUFA12 0 9.74035E-08
ZMYM2 0 1.66969E-07 MTMR6 1.33368E-08 2.235485308
RXFP2 9.63760E-05 0.326004955 CCPG1 1.47331E-08 2.64487E-06
ZNHIT3 8.28504E-13 0.00025914 SRCIN1 0 1.16445E-20
KPNA2 3.47843E-07 0.01720213 ENPP7 7.64202E-05 1.480910916
CBX4 2.39568E-05 4.130425379 PTPN2 0 4.92844E-06
C19orf70 3.90687E-13 2.22385E-14 TDRD12 3.01183E-06 0.77294203
SHKBP1 2.20817E-05 7.27095E-05 FBXO46 0 1.11842E-16
MYPOP 0 8.75602E-93 CCDC8 5.40018E-11 0.003746069
STRN4 2.93344E-05 1.395307868 PRR24 2.54327E-06 0.023498096
TMC4 4.26387E-07 1.01104E-07 ZNF865 2.74072E-11 4.1227E-06
ZNF784 0 5.40558E-09 UBE2 M 9.83912E-09 0.004195453
ZNF337 0 4.85132E-23 CLDN5 6.47437E-05 2.430510618
RANGAP1 8.20677E-12 4.56174E-09
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some of these genes that showed changes by RNA-seq (Fig. 3B).
By comparison of results from both RNA-seq and ChIP-seq, 35
out of 301 altered genes overlapped with genes identified by
ChIP using anti-O-GlcNAc antibody (Fig. 3C and Table 3). The
gene encoding transcription factor MYBL1 was then identified
in a complex that was bound by the anti-O-GlcNAc antibody
(Fig. 2F) and was up-regulated in cells with reduced OGT.
Increased transcription of MYBL1 after knockdown of OGT
was further confirmed by a gene expression microarray exper-
iment (data not shown), and altered genes, including MYBL1,
were chosen for validation by qRT-PCR (Fig. 3D). Interestingly,
MYBL1 was also among the overlapped genes identified by
ChIP-seq using both anti-O-GlcNAc and anti-H3K27me3 anti-
bodies (Table 1). H3K27me3 is a well known repressive histone

marker (44), indicating that MYBL1 was very likely involved in
the epigenetic regulation of colon cancer stem cells and tumor-
igenesis mediated by O-GlcNAc. To further confirm the up-
regulation of MYBL1 obtained from cell lines, we performed
qRT-PCR experiments using pooled total RNA samples iso-
lated from Apc mutation-induced mouse colon adenoma tis-
sues (37). As shown in Fig. 3E, Ogt expression was increased
in adenoma tissues, accompanied by increased expression of
Axin2, a target gene of the Wnt/�-catenin signaling pathway
that was activated in colon adenomas and carcinomas (37,
46 – 48), compared with adjacent normal tissues, whereas
Mybl1 expression was significantly reduced in adenoma tissues
(p � 0.01), which was consistent with the results from the cell
lines that silencing of OGT increased MYBL1 gene expression.
Also, these results were supported by a recent report showing
decreased expression of both MYB and MYBL1 in human colo-
rectal cancer tissues than adjacent normal tissues (49).

Tumor-suppressive Functions of Transcription Factor MYBL1—
MYBL1, a Myb family member, is a strong transcriptional acti-
vator and has been implicated in the regulation of proliferation,
differentiation, and apoptosis of hematopoietic cells (50, 51).
To determine whether the differential expression of the MYBL1
following knockdown of OGT contributed to the reduction in
the population of colon cancer stem cells and inhibited colon
tumorigenesis, experiments for functional validation were per-
formed in vitro and in vivo. As shown in Fig. 4, overexpression
of MYBL1 in HT-29 cells, confirmed by qRT-PCR and Western
blotting (Fig. 4A), significantly inhibited tumor cell growth
compared with control cells (Fig. 4B), indicating an inhibition
of cell proliferation in these cells due to the exogenous expres-
sion of the MYBL1 gene. To confirm further the ability of the
MYBL1 gene to inhibit tumor progression in vivo, we next
tested the ability of tumor cells overexpressing MYBL1 to form
tumors in NOD/SCID mice. Slower tumor growth was ob-
served in xenografts resulting from injection of tumor cells with
MYBL1 overexpression, compared with control cells (Fig. 4C).
Consistent with inhibited tumorigenesis, reduced populations
of cancer stem cells as detected by the Aldefluor assay (Fig. 4D)
and reduced stem cell self-renewal were also observed in
MYBL1-expressing tumor cells (Fig. 4E). Rapid rates of tumor
formation in NOD/SCID mice are another fundamental char-
acteristic of CSC. To characterize the tumor-forming ability of
CCSC purified from both control and MYBL1-overexpressing
tumor cells, the same number of CCSC (103) was sorted from
cell cultures using the Aldefluor assay and injected into NOD/
SCID mice (Fig. 4F). Although CCSC isolated from both con-
trol and MYBL1-overexpressing cells formed epithelial tumors,
as confirmed by H&E staining, tumor growth was significantly
reduced in those mice that received CCSC with MYBL1 over-
expression. Our results are supportive of the fact that MYBL1
functions to suppress tumor progression and suggest that the
reduced cancer stem cell population and inhibited colon
tumorigenesis observed after knockdown of OGT is likely due
to enhanced expression of MYBL1.

MYBL1 Was Epigenetically Regulated by O-GlcNAc—Epige-
netic aberrations are frequent events in human colon cancer
development (52, 53), and promoter methylation has been
implicated in the epigenetic regulation of tumor-suppressive

TABLE 2
Regulated transcription factors by knockdown (shRNA) of OGT
detected by RNA-seq
KD indicates knockdown (shRNA).

Gene
symbol

-Fold change
(KD/control) p value Q value

CDX2 �2.75 9.0207E-09 1.0971E-06
EGR1 �1.65 4.9268E-32 3.1278E-29
FOXA2 �1.51 6.4186E-12 1.2402E-09
HOXA5 2.78 0 0
HOXB9 1.86 0 0
HR �2.77 3.2045E-13 7.4648E-11
KLF2 �2.03 4.8405E-10 7.2445E-08
MAFB �1.79 1.2591E-07 1.2204E-05
MYBL1 1.85 9.9399E-11 1.6454E-08
TRIM29 1.51 0 0
YBX2 �2.26 1.1153E-26 6.0783E-24
ZIC2 �3.17 2.7692E-08 3.0706E-06

TABLE 3
35 genes identified by RNA-seq are among genes identified by ChIP-
seq using anti-O-GlcNAc

Gene
-fold change
(KD/control) p value Q value

AC002467.7 1.51 6.3024E-08 6.4785E-06
AC011747.4 �1.71 1.968E-07 1.8517E-05
ANXA13 �3.77 1.563E-201 1.254E-198
ATP6V0E2-AS1 1.58 2.4349E-09 3.2487E-07
BBS9 2.38 2.2204E-16 7.5904E-14
DOCK4 2.13 2.2143E-10 3.524E-08
EGR1 �1.65 4.9268E-32 3.1278E-29
FBXO48 2.04 7.4336E-12 1.4127E-09
GMFG 1.798E � 308 1.5299E-13 3.6223E-11
HACE1 2.27 1.2464E-08 1.4695E-06
IGSF8 �1.95 9.9362E-15 2.7205E-12
KATNAL1 4.40 1.8088E-12 3.7187E-10
LYST 1.62 4.428E-07 3.9295E-05
MAFB �1.79 1.2591E-07 1.2204E-05
MGEA5 �2.26 1.4649E-17 5.642E-15
MRPL54 �1.54 6.9279E-29 4.0427E-26
MYBL1 1.85 9.9399E-11 1.6454E-08
N6AMT2 1.56 0 0
NDRG1 �2.44 1.8993E-15 5.7749E-13
NUDT7 1.85 9.6922E-08 9.5064E-06
OGT �3.20 3.8352E-13 8.8981E-11
PCLO 2.48 0 0
PLEKHB1 2.15 4.7533E-08 5.0852E-06
PRSS16 �1.72 1.8037E-16 6.3927E-14
RAB4B-EGLN2 �1.72 3.9211E-28 2.1993E-25
RP11–637A17.2 1.798E � 308 1.9756E-10 3.197E-08
RP3–395M20.8 �1.58 3.7513E-07 3.3704E-05
RSU1 1.80 0 0
SIGLEC12 �3.96 8.6783E-29 5.0136E-26
SLC23A2 �1.53 5.0136E-26 4.7461E-22
SMPD3 �1.92 4.4591E-10 6.7324E-08
TMED4 1.76 0 0
TMEM180 1.74 1.2035E-13 2.8849E-11
UBAC2-AS1 2.51 0 0
ZNF613 2.20 4.9853E-09 6.3437E-07
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genes in colon cancer (54). To determine whether altered
expression of MYBL1 in OGT-knockdown tumor cells was
caused by promoter methylation differences, the promoter
methylation status of the MYBL1 gene was analyzed. We first
searched the human MYBL1 gene for CpG islands around the
TSS (�1.5 to � 0.35 kb) using the program CpG Island
Searcher. As shown in Fig. 5A, two CpG islands around the TSS
area were found in MYBL1. To determine the levels of methyl-
ation, methylation-specific PCR targeting the area surrounding
the TSS was performed on the MYBL1 gene with predicted
CpG island(s) around its TSS using six colon tumor cell lines.
Interestingly, CDH1, whose gene expression is silenced due to
promoter hypermethylation in many human tumors, including
primary colorectal carcinomas (55), showed very low promoter
methylation in tumor cell lines (Fig. 5B, top), which was consis-
tent with previous reports (55, 56). By contrast, very strong
promoter methylation of MYBL1 was observed in all tumor cell
lines, except the Caco-2 line in which a strong unmethylated
band was also observed, likely suggesting a relatively low meth-
ylation of MYBL1 in Caco-2 cells (Fig. 5B, bottom). Treatment
of tumor cells with the demethylation compound, 5-aza-2	-de-
oxycytidine, increased expression of MYBL1 (Fig. 5C), indicat-
ing that the transcription of the MYBL1 gene can be regulated
by methylation status in two colon tumor cell lines. When
treated with the OGA inhibitor, TMG, HT-29 cells showed

increased levels of O-GlcNAc (Fig. 1E, top) and reduced expres-
sion of MYBL1 (Fig. 5D), which was accompanied by increased
promoter methylation of MYBL1 (Fig. 5E). Concomitantly,
significantly reduced promoter methylation of MYBL1 was
observed in tumor cells with OGT knockdown, compared with
control (scrambled) cells (Fig. 5F). All these results together
strongly suggest that MYBL1 is regulated by O-GlcNAc levels,
and methylation of the MYBL1 gene promoter is very likely
involved in this epigenetic regulation.

Discussion

Studies have shown an association between altered O-
GlcNAc expression and colon cancer progression; however,
the underlying mechanisms remain unclear. In our study, we
chose several human colon tumor lines to determine how co-
lon tumorigenesis was regulated by aberrant expression of
O-GlcNAc. We found that tumor cell growth in vitro was
remarkably decreased after suppression of O-GlcNAc expres-
sion caused by OGT knockdown. In vivo tumor growth in
NOD/SCID mice that resulted from injection of tumor cells
with inhibited OGT expression was significantly inhibited,
compared with that observed from injection of control cells.
Based on these observations, it was concluded that O-GlcNAc
expression levels were implicated in the regulation of tumor-
related phenotypes.

FIGURE 4. Tumor-suppressive functions of MYBL1. A, HT-29 cells were transfected with MYBL1 cDNA, and expression of MYBL1 was detected by qRT-PCR (left
panel) and Western blot (WB) (right panel). For each transcript, the values were normalized to control (GAPDH) and expressed as mean � S.D. from three
independent experiments. B, both control and MYBL-expressing HT-29 cells (1 � 103) were split into 6-well plates and grown at 37 °C for the indicated days, and
cell numbers were counted. Data were expressed as mean � S.D. from three wells. C, tumor cells (2 � 106) with either control or MYBL1 expression were
injected into SCID mice (n � 6), and secondary tumor growth was observed for up to 6 weeks. Tumor size was measured every week and expressed as mean �
S.D. (n � 6). D, Aldefluor assays were performed using control and MYBL1-transfected HT-29 tumor cells, and the percentage of Aldefluor-positive cells was
determined using similar gating criteria. Data are expressed as mean � S.D. from three independent experiments. E, control and MYBL1-expressing HT-29 cells
(4000 cells/well) were grown in stem cell culture media in suspension for 7–10 days; tumorspheres were formed, and the number of spheres was counted and
expressed as mean � S.D. from 3 to 5 wells. Similar results were obtained from two independent experiments. Scale bars, 50 �m. F, Aldefluor-positive cells (3 �
103) isolated from control and MYBL1-expressing cells were injected subcutaneously into the backs of NOD/SCID mice (n � 3); secondary tumor growth was
observed for up to 8 weeks (left), and tumor size was measured and expressed as the mean � S.D. (n � 3). Tumors were dissected at week 8, and H&E staining
was performed (right). *, p � 0.05; **, p � 0.01.
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Studies have highlighted the importance of cancer stem cells
in regulating colon tumorigenesis and progression. CCSC have
been isolated from both human and mouse colon tumors (34,
36 –38, 57). Consistent with these reports, CCSC were detected
in human colon cancer lines used in our study, demonstrated by
using Aldefluor assay as the marker for stem cells. We found
that the population of CCSC was significantly decreased in
OGT-suppressed tumor cells using shRNA, whereas increased
expression of O-GlcNAc, induced by treatment of tumor cells
with an OGA inhibitor (TMG), up-regulated the proportion of
CCSC, indicating the regulation of CCSC by O-GlcNAc levels.
These results supported the hypothesis that the altered
amounts of CCSC were involved in tumorigenesis and tumor
progression regulated by OGT levels. CCSC can form tumors-
pheres in suspension culture, reflecting their ability for stem
cell self-renewal. We found that self-renewal of CCSC was
deregulated by OGT, as determined by stem cell suspension
culture, consistent with a deregulated proportion of CCSC by
OGT. Based on the fact that CSC play a pivotal role in tumor
initiation and progression (31, 58), a decrease in the CCSC
compartment could therefore contribute to inhibited colon
tumor development observed in SCID mice after knockdown of
OGT.

O-GlcNAc levels are responsible for the modification of var-
ious target proteins, including transcription factors, epigenetic
modulators, and RNA polymerase II, demonstrating that
O-GlcNAc functions as an epigenetic modifier of gene expres-
sion (59). Substantial evidence that O-GlcNAc is involved in

epigenetic regulation is from two early reports that OGT is
encoded by a PcG gene, Sxc, and is associated with polycomb
repression in Drosophila (24, 25). PcG proteins form two
groups of polycomb-repressive complexes (PRC1 and PRC2)
and play a pivotal role in the regulation of stem cell differenti-
ation and cancer development through DNA methylation and
histone modifications (21, 60). To address whether the regula-
tion of CCSC by O-GlcNAc occurs through an epigenetic
mechanism, in this study we performed ChIP-seq in HT-29
cells using an anti-O-GlcNAc antibody along with an antibody
against H3K27me3, a well known polycomb-repressive marker
(44, 61). We focused mainly on identifying the genes that have
an overlap of promoter occupancy with both O-GlcNAc and
H3K27me3 because close proximity of O-GlcNAc and histone
markers suggests recruitment to promoter areas as a complex,
implicating the epigenetic role of O-GlcNAc. A total of 4184
significant O-GlcNAc peaks were identified after ChIP-seq
using anti-O-GlcNAc antibody. Using motif enrichment anal-
ysis, the two most commonly occurring motifs were very simi-
lar to the known binding sites of SP1 and NRF1. Intriguingly,
69.8% of binding sites were located near TSS, and 61 genes were
identified from overlapped peaks from H3K27me3 and
O-GlcNAc ChIP-seq, suggesting an overlap of gene-binding
sites by O-GlcNAc and H3K27me3. These results imply the
involvement of O-GlcNAc, like H3K27me3, in epigenetic reg-
ulation of genes in colon tumor cells. To further determine
which O-GlcNAc-bound genes were involved in the epigenetic
regulation of colon tumors, our next effort was focused on iden-

FIGURE 5. MYBL1 was epigenetically regulated by O-GlcNAc. A, presence of CpG islands was analyzed around TSS site (�1500 to �350) of MYBL1 using the
CpG Island Searcher. B, after the genomic DNA was isolated and bisulfate-treated, methylation-specific PCR for CDH1 (top) and MYBL1 (bottom) genes was
performed in different colon tumor cells. The presence of a PCR product band in lanes M or U indicates methylated or unmethylated genes, respectively.
M-positive, methylated human DNA standard used as a methylation-positive control. Data are representative of two independent experiments. C, tumor cells
were treated with the demethylating reagent 5-aza-2	-deoxycytidine (5-Aza) at two different concentrations for 3 days, and total RNA was isolated and used
for detection of transcript levels of MYBL1. For each transcript, the values were normalized to control (GAPDH) and expressed as mean � S.D. from three
independent experiments. D, after treatment with OGA inhibitor (TMG, 10 �M) for 24 h, tumor cells were collected for detection of transcripts of MYBL1 by
qRT-PCR. E, after genomic DNA was isolated from tumor cells treated with OGA inhibitor (TMG, 10 �M) for 24 h and bisulfate-treated, methylation-specific PCR
for the MYBL1 gene was performed. F, genomic DNA was isolated from both scrambled and OGT-shRNA transfected HT-29 cells, and methylation-specific PCR
for the MYBL1 gene was performed. Images were representative from two independent experiments. *, p � 0.05; **, p � 0.01.
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tifying genes that were modified by O-GlcNAc as evident
by ChIP-seq analysis and that also showed changes after
O-GlcNAc levels were altered via OGT knockdown. By RNA-
seq analysis, a total 301 genes, including 12 transcription fac-
tors, were identified to be differentially expressed in tumor cells
with OGT knockdown, among which the transcription factor
MYBL1 was identified as binding anti-O-GlcNAc antibody and
was up-regulated in altered OGT-expressing cells. Most impor-
tantly, MYBL1 was also one of overlapped genes identified by
ChIP-seq using both anti-O-GlcNAc and anti-H3K27me3 anti-
bodies, strongly suggesting that MYBL1 was involved in the
epigenetic regulation of colon cancer stem cells and tumorigen-
esis mediated by O-GlcNAc. Indeed, this postulation was fur-
ther supported by both our qRT-PCR experiments showing
increased OGT but significantly decreased MYBL1 expression
in mouse colon adenoma tissues, compared with adjacent nor-
mal tissues and a recent report that MYBL1 was down-regu-
lated in human colorectal cancer tissues (49).

MYBL1, also known as A-myb, is a member of the transcrip-
tion factor myb gene family that includes the v-myb oncogene,
c-myb proto-oncogene (MYB), and closely related genes A-myb
and B-myb (62). Although these members share highly con-
served DNA-binding domains and binding site specificities,
they appear to have different biological roles (62, 63). Studies
have shown that Myb proteins play important oncogenic roles
in a variety of solid tumors (64), including colon tumor (65– 68).
MYBL1 is a strong transcriptional activator (69) and is often
co-expressed with other members of the myb family (62), but its
function is not as well studied as other members. Although
some studies have reported the role of A-myb in regulation of
both proliferation and differentiation of hematopoietic cells,
A-myb appears to be non-oncogenic (62). However, recent
studies have revealed that the chromosomal rearrangement of
MYBL1 is likely involved in some tumors. For example, trun-
cating rearrangements in MYBL1 were identified in diffuse
pediatric low grade gliomas by using genomic analysis,
although MYBL1 was not significantly amplified in these
tumors (70). Different from full-length wild-type MYBL1, these
truncated MYBL1 transcripts induced anchorage-independent
growth in 3T3 cells and formed tumors in nude mice. MYBL1
gene fusions were also identified recently in salivary adenoid
cystic carcinoma (71, 72). Interestingly, another study (73)
identified MYBL1 as a transcriptional activator of E-cadherin, a
suppressor of invasion and metastasis in many tumors (74), by
using a large scale RNAi reporter screen for E-cadherin expres-
sion in pancreatic tumor cells. The proposed function of
MYBL1 as an activator of E-cadherin was further confirmed by
experimental validation showing that knockdown of MYBL1 by
multiple distinct siRNAs significantly reduced CDH1 expres-
sion compared with control cells and is supported by another
observation that the knockdown of MYB inhibited CDH1
expression (75). More recently, it was reported that MYBL1 is
among the gene set that is used to predict the survival of
patients with diffuse large B-cell lymphomas (76, 77), and its
high expression levels have a favorable prognostic value for
lymphoma patients (78). These results suggest strongly that
MYBL1 can play a suppressive role in tumor development.

To understand further the role of altered gene expression of
MYBL1 in the regulation of colon tumor development medi-
ated by O-GlcNAc observed in our study, we stably overex-
pressed MYBL1 in HT-29 colon adenocarcinoma cells. Results
obtained from these experiments strongly suggest that MYBL1
displays some features of genes that suppress or inhibit colon
tumor development. First, in vitro cell growth was remarkably
inhibited when MYBL1 was expressed in tumor cells. Second,
in vivo xenograft tumor growth in NOD/SCID mice that
resulted from injection of tumor cells expressing MYBL1 was
significantly suppressed compared with that observed from
injection of mock-transfected cells. Third, a reduced propor-
tion of cancer stem cells was observed in tumor cell populations
that showed MYBL1 overexpression, consistent with the inhib-
ited tumor growth of these cells injected in NOD/SCID mice.
Also, the cancer stem cells isolated from MYBL1-transfected
tumor cells showed reduced tumorigenicity when injected into
NOD/SCID mice compared with those from mock-transfected
tumor cells. Based on these observations, it is reasonable to
conclude that MYBL1 expression functions to inhibit some
aspects of the transformed phenotype, which supports the sup-
pressive role of MYBL1 observed in pancreatic tumors (73).
Therefore, the decreased CCSC population and reduced colon
tumorigenesis observed after knockdown of OGT can be attrib-
uted, at least in part, to the increased expression of transcrip-
tion factor MYBL1.

Aberrant DNA methylation is an epigenetic change found as
a ubiquitous event in many human cancers (79). Hypermethyl-
ation of promoter CpG islands, frequently observed in human
colon tumors, is related to transcriptional silencing of some
genes, including tumor suppressors (54). In our study, a pro-
moter methylation mechanism appears to be involved in the
regulation MYBL1 gene expression by O-GlcNAc, because we
identified two CpG islands around the TSS area of the MYBL1
gene and observed high levels of promoter methylation of
MYBL1 in most colon tumor cell lines using methylation-
specific PCR. Also, tumor cells treated with a demethylation
drug showed remarkable increases in expression of the MYBL1
gene, suggesting that MYBL1 can be regulated by methylation
status. Most importantly, increased O-GlcNAc expression
induced by the treatment of tumor cells with the OGA inhibitor
resulted in enhanced promoter methylation of the MYBL1
gene, whereas reduced O-GlcNAc by OGT knockdown was
shown to lower promoter methylation, strongly indicating an
involvement of DNA methylation in the regulation of MYBL1
gene expression by O-GlcNAc levels. DNA methylation is cat-
alyzed by a family of DNA methyltransferases (DNMT),
including DNMT1, DNMT3a, and DNMT3b, that transfer a
methyl group predominantly to the C5 position of cytosine of
CpG dinucleotides located at the promoter regions of genes
(80). Interestingly, no significant changes in expression of
DNMT were observed in comparison with OGT knock-out and
wild-type tumor cells by both RNA-seq and gene expression
microarray analyses, indicating that altered DNA methylation
at the MYBL1 promoter caused by reduced O-GlcNAc did not
result from changed DNMT expression. O-GlcNAc modifica-
tions may affect the recruitment of DNMT to promoter regions
and/or affect complex formation of DNMT with promoter
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regions of other proteins, like H3K9me2, that regulate DNA
methylation (80, 81). Because we also noticed the overlap of
binding peaks at promoter areas modified with O-GlcNAc and
the repressive histone marker, H3K27me3, it is plausible to sug-
gest that in colon adenocarcinoma O-GlcNAc associates with
H3K27me3 (and/or H3K9me2) and epigenetically regulates
gene expression through a methylation mechanism. Methy-
lation sequencing is underway to further confirm the role of
O-GlcNAc levels in regulating promoter methylation of the
MYBL1 gene.

Analysis of methylation of MYBL1 and regions upstream and
downstream of its gene body using the TCGA for 450 cases
of colorectal adenocarcinoma revealed a very strong region of
methylation in the 3	UTR of MYBL1, with lesser incidence of
methylation in its promoter region and 5	UTR (data not
shown). Because methylation in the gene body and 3	UTR can
bothaltergeneexpression(82– 85),itislikelythatthehypermeth-
ylation observed in the 3	UTR of MYBL1 is involved in the
suppression of gene expression in colon carcinoma. Many stud-
ies have noted different patterns of gene methylation when pri-
mary tumors and in vitro cultured cell lines derived from simi-
lar tumors were compared (55, 56, 86 – 88).

It is unclear how increased expression of MYBL1 regulates
CCSC and colon tumor progression. Because increasing
degrees of differentiation and resulting inhibition of stemness
of cancer stem cells has been shown to lead to a reduced popu-
lation of CSC (89, 90), it is possible that MYBL1 may regulate
cell differentiation-related signaling pathways inducing CSC
differentiation. Indeed, previous studies have reported that the
myb gene family plays an important role not only in cell prolif-
eration but also in cell differentiation (91). For example, ectopic
expression of c-Myb in murine myeloid progenitor cells
(32Dcl3) results in inhibition of these cells to undergo G-CSF-
induced terminal differentiation and increased proliferative
potential, whereas overexpression of A-myb (MYBL1) results
in growth arrest and concomitant terminal differentiation of
these cells into granulocytes (92), suggesting a potential role of
MYBL1 in regulating immature cell differentiation, rather than
cell proliferation. This possibility is substantiated by a recent
study in which the transcription factor CDX1-microRNA axis
has been proposed to regulate colon cancer stem cell differen-
tiation (89). In addition, MYBL1 is a strong transcriptional acti-
vator likely targeting directly or indirectly some tumor suppres-
sors, like E-cadherin (73), which consequently leads to the
inhibition of tumor development. Experiments are in progress
to determine the mechanisms by which MYBL1 regulates colon
cancer stem cells and colon tumor progression.

In addition, the post-translational modification by O-GlcNAc
has been implicated in the regulation of up to 4000 target pro-
teins with different cell functions (3, 93). In our study, more
than 3000 genes were identified in colon tumor cells that were
bound by O-GlcNAcylated proteins using O-GlcNAc ChIP-
seq. However, what types of O-GlcNAc target proteins bound
to identified genes in our study remains unknown. The global
identification of these O-GlcNAcylated proteins may provide
more information regarding the epigenetic regulation of colon
tumor development by O-GlcNAc.

In summary, we demonstrate that an epigenetic mechanism
is likely involved in the regulation of the CCSC population and
colon tumor progression by the level of O-GlcNAcylation. We
identified MYBL1, a transcription activator, as a downstream
target that very likely regulates colon tumor progression medi-
ated by altered O-GlcNAcylation. Our findings shed new light
on the molecular mechanisms of O-GlcNAc modification on
colon tumorigenesis and progression and support OGT as a
promising target for an inhibitor with therapeutic utility for
colon cancer.

Experimental Procedures

Cell Lines and Materials—Human colon cancer cell lines
LS180, HT-29, Caco-2, LS-174, SW480, and SW620 were
obtained from the American Type Culture Collection (Manas-
sas, VA). TMG was from Cayman Chemical. 5-Aza-2	-deoxy-
cytidine was from Sigma. The lentiviral pLKO.1 vectors con-
taining scrambled and OGT shRNA sequences were from
Addgene and Thermo Fisher Scientific, respectively. The
sequence for scrambled shRNA was CTAAGGTTAAGTCGC-
CCTCGCTCGAGCGAGGGCGACTTAACCTTAGG and
for OGT shRNA was CCGGGCCCTAAGTTTGAGTCCAA-
ATCTCGAGAATTTGGACTCAAACTTAGGGCTTTTTG
(TRCN0000035064) and CCGGGCCCTAAGTTTGAGTCC-
AAATCTCGAGATTTCTCGGAATACTGCTCAGCTTT-
TTG (TRCN0000035067). Pooled total RNA samples were iso-
lated from adenoma and adjacent tissues of Apcmin/� mice (37).
pCMV6-XL4/MYBL1 plasmid was purchased from Origene
Technologies, and the lentiviral pLX304/MYBL1 was from
DNASU. Anti-OGT (H300) was obtained from Santa Cruz Bio-
technology; anti-O-GlcNAc antibody (CTD110.6) was from
Covance; rabbit anti-MYBL1 (HPA008791) and mouse anti-�-
actin were from Sigma. ChIP-ITTM Express kit, ChIP-ITTM

control kit, and anti-histone H3K27me3 antibody were pur-
chased from Active Motif; anti-O-GlcNAc antibody (RL2) was
from Abcam.

Cell Transfection and Lentiviral Infections—Cell transfec-
tions were performed with LipofectamineTM 2000 according to
the manufacturer’s instructions. Twenty four hours after trans-
fection, cells were placed under G418 (800 �g/ml) selection for
3 weeks. Lentivirus was produced by transfection of HEK-293T
cells using Lipofectamine 2000 as described (94). In brief, plas-
mids containing 0.75 �g of packaging plasmid (pCMV/8.91),
0.25 �g of envelope (pMD2.G), and 1 �g of lentiviral shRNA
scrambled or lentiviral expression clone were mixed with Lipo-
fectamine 2000 in Opti-MEM I medium and added to 293T
cells in 6-well plates that were replenished with Opti-MEM I
medium. The 293T cells were refed with fresh media the next
day, and infectious lentivirus supernatant was then collected
every 24 to 72 h. Polybrene was added to lentiviral supernatants
at a final concentration of 8 �g/ml, and the virus was placed on
cells to be infected. The virus entered cells during centrifuga-
tion at 2500 rpm for 30 min at 37 °C. Cells were fed with normal
growth medium between infections. Two rounds of infection
were performed prior to selection of infected cells using puro-
mycin at 1 �g/ml.

Chromatin Immunoprecipitation Assay (ChIP)—ChIP was
performed using the Active Motif ChIP kit (95) following the
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manufacturer’s instructions. Briefly, both control and OGT
knockdown tumor cells were cross-linked with 1% formalde-
hyde for 10 min at room temperature. Fixed cells were col-
lected, and chromatin was isolated after sonication to shear the
DNA to an average length of 300 –500 bp. For immunoprecipi-
tation, anti-O-GlcNAc, anti-H3K27me3 (repression marker),
and negative control IgG (Active Motif) (5 �g/each) was added
to the same amount of chromatin, respectively, and incubated
at 4 °C overnight. Immunoprecipitates were washed, and the
cross-linking was reversed. Eluted chromatin was purified and
used for ChIP-sequencing and ChIP-PCR.

ChIP-seq—ChIP samples in duplicate were sent to the
GenomicServicesLabatHudsonAlpha(Huntsville,AL) forcon-
struction of DNA libraries and sequencing. For data analysis of
ChIP-seq, the sequence reads were aligned to the human Hg19
reference genome by Bowtie2.0 with one unique read allowed.
The ChIP-seq enrichment peaks were called by MACVS1.4
(96) and then further annotated with genome distribution and
ontology enrichment by Great 2.0.2. De novo motif discovery
was performed with DREME and further aligned to known
motif databases UniPROBE and JASPAR with TomTom. The
heat map for scores associated with promoter regions was gen-
erated by Deep Tools (97). The results from the sequencing
were further validated by ChIP-qPCR. Primers used in ChIP-
qPCR were listed in Table 4. The ChIP-seq dataset has been

deposited at the NCBI GEO Database with an accession num-
ber GSE93656.

RNA-seq—RNA-seq was performed as described (98). Bri-
efly, poly(A) mRNA was isolated from HT-29 cells expressing
control shRNA or shRNA directed at inhibiting OGT expres-
sion, purified, and fragmented. After first and second strand
cDNA synthesis was performed, ends were repaired and adeny-
lated, and adapters were then ligated. Fragments were enriched
with PCR amplification. The library was validated with an Agi-
lent Technologies 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA). The sequencing was performed using Illumina
HiSEQ2K platform using PhiX as a reference control (Illumina,
San Diego). The resultant FASTQ files were imported into
CLC Genomics Workbench and aligned to the human hg19/
B37 reference sequence. Total exon reads or transcript reads
per kilobase pair per million were used as gene expression val-
ues. The R/Bioconductor package DESeq was used to test dif-
ferential expression for sequence count data. The differential
expression of each gene with respect to the sample type after
accounting for treatment effect was tested, and the Benjamini
and Hochberg method were used to correct the p value for false
discovery rate. The fold-change cutoff of 1.5 and the p value
of � 0.05 were used to identify differentially expressed genes.
The RNA-seq data have been deposited at NCBI with an acces-
sion number GSE93656.

TABLE 4
Sequences of primers used in PCR
M is methylated, and U is unmethylated.

Gene Forward primer (5� to 3�) Reverse primer (5� to 3�)

qPCR (human)
PKIG CTCGGACTTCATCTCCTGTGA CTGAGTCTCCCTGGATGTCA
LGR6 TCAAGCCCTGTGAGTACCTC CACGGAGAGCAACACGATG
KATNAL1 CCTCAGATCAGGCGTCCC GCTCCTACTCCTGCCATTTC
LGALS1 CATCGTGTGCAACAGCAAG AGGCTGGAAGGGAAAGACAG
OGT ACAAGGAAAGAGGGCAGTTG AATCAGGTTTGAGACGCAATG
SNX10 GATAGCAGCCTTCACCTCTT GAAACACACGCCTCAATGTC
CCDC71L GAGGAATGAACAAGTGTCAGTCG ACAACCATCCGGCAACTTCTT
HOXA5 TGAGCGAGCAATTCAGGGAC ATCCATGCCATTGTAGCCGT
MYBL1 TGGCAACAGTGAAGCTGTTC ATGGCTGGTGGAGTGCTAAA
SLC14A GTGGTGCTCCAGTTCATTGA GGGTTGTTGACGAACACCA
SLC46A3 TTGGATTCACCACTCTGCTG GAGGCACTACCCAAAGCTGA
CCND3 CTGGTCCTAGGGAAGCTCAA GAATGAAGGCCAGGAAATCA
ATG4A GGACCCTCATACAACCCAGA AGGCAATGGAAAGTCTGGTC
CCRL1 ATCACCAGCTGCAACATGAG GAGTGCGATGCTTTCTGTGA
DEPTOR CGAAGACTGATGGAGCTGCT CTCAGGCAGAAGGGACTGTC
IF144L CAGCCGTCAGGGATGTACTAT CCAAGCATAAAGGCTACAATCA
SH2B3 TCCCTTTCTCCCTTCCTCAC GGAAGGCCCAACTCTGAAC
GAPDH TGGACCTGACCTGCCGTCTAG CCTCCGACGCCTGCTTCAC

qPCR (mouse)
Ogt GAGGAGCATGTCAGGAGAGG AACATCCATCCCTGTGGTGT
Mybl1 TCACCTGAACCCTGAAGTGA GGCGCTTGTGTGCTTCATA
Axin2 GCAGCTCAGCAAAAAGGGAAAT TACATGGGGAGCACTGTCTCGT
Gapdh ACGGGAAGCTCACTGGCATG CCAGGCGGCACGTCAGATC

ChIP-PCR
KDM8 CGCTCTGAGAATGCAATTTAGC AAAACCACTGCCAAGAGACG
SIRT2 CGCCCCAGTTAGGTAAGAAAG CAATCAGAGTATTCGGGAGGAC
PHF CAGGAAGCTAGGGACTGTTCAT TGATAGCCCATATCCCATTACC
TSSC GGTCTTGTTTCCCCAACAAAT AGAACTACAGCTCCCACAAGGA
RAD21 GCGCAATGACTATTTCCTTTTC CTAACACCGCAACTCTCAAAGA
MYBL1 AGGAAGGGGAAATTCCATTAAA CCCAGAAATCAACCATCCTCTA
RFX2 CACTTATTTCACCTCCTGCGC GAAGCAAGTGGGCCGGAG
ADI1 GCAACAGAAACGGACCGC CAGCGAAGTTTACGGGGTTG

MSP-PCR
MYBL1 M TTAGGGTAGGGAGGTTGATAAGC AAAACAAAACGAAAAAACAACGA

U TTAGGGTAGGGAGGTTGATAAGTG CAAAACAAAACAAAAAAACAACAAA
CDH1 M TTAGGTTAGAGGGTTATCGCGT TAACTAAAAATTCACCTACCGAC

U TAATTTTAGGTTAGAGGGTTATTGT CACAACCAATCAACAACACA
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Microarray Analysis—Total RNA was isolated from tumor
cells using TRIzol reagent and purified using RNeasy columns
(Qiagen). Using a random hexamer incorporating a T7 pro-
moter, double-stranded cDNA was synthesized from total
RNA. cRNA was generated from the double-stranded cDNA
template through an in vitro transcription reaction and purified
using the Ambion WT Expression kit and sample cleanup mod-
ule. cDNA was then regenerated through a random primed
reverse transcription using a dNTP mixture containing dUTP.
Fragmented and biotinylated cDNA was used for hybridization
with an Affymetrix human GeneChip� gene 1.0 ST array
according to the manufacturer’s protocol. Gene expression
alterations were determined using the PARTEK Genomics
Suite. The CEL files were imported from the Affymetrix
Expression Console, background-corrected, and quantile-
normalized, and probe summarization was performed using
Robust Multichip Analysis. A gene summarization was per-
formed on the data that estimates the intensity of individual
genes by averaging the intensities of all the probe sets compris-
ing the gene followed by an n-way analysis of variance using a
mixed model and methods of moment to equate analysis of
variance mean sum of squares to their expected values. The
data were then analyzed using a two-sample t test for signifi-
cance at p � 0.05 and a fold-change cutoff of 2.0.

Aldefluor Assay—The Aldefluor assay was performed using
the ALDEFLUOR kit from StemCell Technologies (99). In brief,
dissociated single cells (1 � 106 cells/ml) were incubated in
Aldefluor assay buffer containing ALDH substrate, Bodipy-
aminoacetaldehyde (1.5 �M) at 37 °C for 30 min. In each exper-
iment, a fraction of cells was stained under identical conditions
with a specific ALDH inhibitor, diethylaminobenzaldehyde (15
�M), as a negative control. After staining with propidium
iodide, Alde-positive (CSC) and -negative cells (non-CSC) were
analyzed using flow cytometry.

Self-renewal of Colon Cancer Stem Cells in Vitro—Single cell
suspensions were plated in 6-well ultralow attachment plates
(Costar) at a density of 3 � 103 to 2 � 104/ml. Colon spheroid
cultures were grown in a serum-free epithelial growth medium
containing B27 (Invitrogen), EGF (20 ng/ml), bFGF (20 ng/ml),
and heparin (4 �g/ml) for 7–10 days (100, 101). The size and
number of the spheres were quantified for each experiment.

Implantation of Tumor Cells in NOD/SCID Mice—All proce-
dures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals (National Institutes of
Health) and were approved by the Institutional Animal Care
and Use Committee of the University of Georgia. NOD/SCID
mice were purchased from The Jackson Laboratory. Subconflu-
ent tumor cells were harvested and resuspended in serum-free
Hanks’ buffered saline solution in a 70-�l volume containing
1–3 � 106 cells. After mice were anesthetized with isofluorane,
70 �l of the single cell suspension mixed with 30 �l of Matrigel
was injected subcutaneously into the back of NOD/SCID mice
of 6 – 8 weeks age using a 27-gauge needle (37). Tumor growth
and tumor size were measured using calipers once a week.

Quantitative PCR Analysis—Total RNA from tumor cells
was isolated using TRIzol (Invitrogen). The reverse transcrip-
tion reactions and qRT-PCR analyses were performed using
iScriptTM cDNA synthesis kit or Superscript III as described

previously (102) and iQTMSYBR�Green Supermix (Bio-Rad),
respectively. Each PCR was performed in triplicate, and exper-
iments were repeated at least three times. Primers used in the
qRT-PCR analysis are listed in Table 4.

Methylation-specific PCR—Purification and bisulfite treat-
ment of genomic DNA samples were performed using the
DNeasy tissue kit and EZ DNA Methylation-GoldTM kit (Zymo
Research), respectively, according to the manufacturer’s
instructions. Methylation-specific PCR was carried out using
the following cycling conditions: for MYBL1, 95 °C for 5 min; 40
cycles at 95 °C for 30 s, 52 °C for 30 s, and 72 °C for 45 s; and a
final cycle at 72 °C for 5 min; and for CDH1, 95 °C for 5 min; 35
cycles at 95 °C for 30 s, 57 °C for 30 s, and 72 °C for 30 s; a final
cycle at 72 °C for 5 min for methylated primers and the anneal-
ing temperature was 53 °C for unmethylated primers (103).
Universal Methylated Human DNA (enzymatically methylated
by M.SssI Methyltransferase, Zymo Research) was used as a
positive control for methylated alleles. The primer sequences
used for methylation-specific PCR are listed in Table 4. The
PCR products were isolated on a 1.5% agarose gel and visualized
by ethidium bromide staining.

Statistical Analysis—Statistical analysis was performed using
statistical software R. Significant differences between two
groups were determined by the unpaired t test. p values �0.05
were considered statistically significant.
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