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Abstract. Background: Colon cancer is still the second
leading cause of cancer deaths in the United States.
Epigenetic gene silencing involving DNA methyltransferases
(DNMTs) and histone deacetylases (HDACs) plays an
important role in the progression of colon cancer. Materials
and Methods: In the present study we found that the
sensitivity of colon cancer cells to methylation plays a role in
its response to alternative therapy involving the green tea
polyphenol, epigallocatechin 3-gallate. HDAC and DNMT
protein expression were reduced when methylation-sensitive
HCT 116 human colon cancer cells was treated with EGCG,
but was relatively stable in the HT-29 cell line. This decrease
in expression may be partially explained by our finding that
DNMT3A and HDAC3 are degraded in the methylation-
sensitive colon cancer cells in part by inhibiting their
association with the FE3 ubiquitin ligase, UHRFI.
Conclusion: These findings provide a rationale for the
development of a targeted therapy for methylation-sensitive
colon cancer that can include EGCG in combination with
other DNMT and HDAC inhibitors.

Green tea is the world’s most popular beverage and
substantial evidence supports its success in the prevention of
carcinogenesis in animal models (11). Green tea has been
found to re-activate genes in carcinogen-induced rodent
models of colon cancer, which ultimately led to the
suppression of intestinal tumorigenesis (25). The most active
compound in green tea, epigallocatechin gallate (EGCG)
induces cell-cycle arrest and apoptosis of cancer cells (1, 23).
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In colon cancer models, EGCG has been shown to inhibit
epidermal growth factor receptor (EGFR), vascular
endothelial growth factor receptor (VEGFR),
cyclooxygenase-2 (COX2), as well as human epidermal
growth factor-3 (HER3) (20, 21). This includes EGCG in a
host of compounds that may be useful in preventing tumor
metastasis through inhibiting angiogenesis, as well as

and

supports its inclusion as an anti-inflammatory agent. EGCG
also inhibits DNA methyltransferases (DNMTs), as well as
re-activating key regulatory genes silenced in colon cancer
(7). EGCG targets multiple signaling pathways, making it a
good subject for inclusion as a chemopreventive or
therapeutic agent. The inhibition of DNMTs by EGCG
provides a potential mechanism as to how tumorigenesis is
halted by green tea but specific details on the role of EGCG
as it pertains to DNMTs or other epigenetic players is
limited. It is possible that EGCG may work not only through
inhibition of enzymatic activity but also through classic
pathways involving protein degradation.

More recently, with categorization of the different
molecular genetic profiles of colon carcinomas, it has become
clear that variations in response of human cancer to different
therapies may depend on genetic and epigenetic profiles. One
subset of genetically distinct colon carcinomas are considered
to be microsatellite-instable (MSI) carcinomas in which the
mismatch repair gene, human MutL homolog 1 (hMLHI), is
silenced due to aberrant methylation of its promoter (17).
MSI is associated with colorectal cancer that has aberrant
methylation in the CpG islands of genes (24). This is referred
to as the CpG island methylator phenotype, or CIMP. CIMP-
positive tumors in colorectal cancer exhibit methylation of
tumor-suppressor genes and silencing of other regulatory
genes (24). The belief is that if these regulatory genes can be
de-silenced, cancer progression can be halted or reversed.

DNA hypermethylation and histone de-acetylation are key
epigenetic mechanisms for the silencing of many genes
including tumor-suppressor genes (18), genes responsible for
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cell-cycle regulation and control, and apoptosis and DNA
repair (13). Targeting DNA hypermethylation and histone de-
acetylation with pharmacological inhibitors has proved
successful in altering genetic expression in models of disease
(4, 13). DNA methylation can lead to transcriptional
inactivation by directly inhibiting the binding of transcription
factors, masking the DNA sequence it recognizes, HDACs,
or recruiting methyl-binding proteins that interact directly
with transcription factors (2, 9). The use of common
pharmacological inhibitors of DNMTs and HDACs is limited
in human patients due to their toxicity (3).

We hypothesized that EGCG contributes to the
degradation of DNMT3A and HDAC3 through a classic
pathway involving the E3 ubiquitin ligase, the Ubiquitin-like,
containing plant homeo domain (PHD) and an interesting
new gene (19) finger domains, 1 (UHRF1). By examining
the effects of EGCG on the association of DNMT3A and
HDAC3 with UHRF1 in the MSI colon cancer cell line HCT
116 and the methylation-insensitive HT-29 cell line, we
observed a clear difference in the way these cells respond to
EGCG treatment.

Materials and Methods

Cell lines and cell culture. The human colon cancer cell lines HT-29
and HCT 116 were obtained from the American Type Culture
Collection ATCC (Manassas, VA, USA). The cells were maintained
in a 5% CO, atmosphere at 37°C in McCoys 5a medium containing
10% fetal bovine serum and 1% penicillin/streptomycin. To
determine dose-dependent changes in protein and gene expression,
cells were treated with 50, 100, 150 uM of EGCG (Sigma Aldrich,
St. Louis, MO, USA) or an equal volume of dimethyl sulfoxide
(DMSO) as a vehicle control for 48 and 72 h.

Protein extraction. Nuclear protein extractions were performed as
follow: Treated HT-29 and HCT 116 cells were kept on ice for 10 min
with a low salt lysis buffer (10 mM HEPES, 10 mM KCI, 1 mM
EDTA), then scraped and spun down. To harvest the nuclear fraction,
50-100 pl high-salt lysis buffer (20 mM HEPES, 0.4 M NaCl, 1 mM
EDTA) was added to the cell pellet and left on ice for 30 min. The
tubes were spun down and nuclear protein was collected.

Western Blot. The nuclear protein samples were loaded onto 12%
acrylamide gel (50 pg per lane). After electrophoresis, the proteins
were blotted onto a nitrocellulose membrane. Membranes were then
blocked in a solution of 10% non-fat milk in phosphor-buffered
saline with Tween 20 (PBST). Following incubation with blocking
buffer, membranes were incubated with the primary antibodies:
DNMT3A, herpesvirus-associated ubiquitin specific protease
(HAUSP), HDAC3 and topoisomerase type II B (TOPOIIf) (Santa
Cruz Biotechnology, Santa Cruz CA, USA) and UHRF1 (Millipore,
Billerica, MA, USA). After washing with PBST, the membranes
were incubated with the respective horseradish peroxidase-labeled
secondary antibody and visualized using the SuperSignal West Pico
Chemiluminescent Substrate Kit (Thermo, Waltham, MA, USA).
Densitometry was carried-out using the image processing software,
Image] (NIH, Bethesda, MD, USA).
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Immunoprecipitation. HCT 116 and HT-29 cells were treated with
either DMSO or 100 uM EGCG. Cells were harvested after 24 and 48
h and nuclear extracts were prepared as described above. Protein
concentration was determined by the NanoVue Plus spectrophotometer
(GE Healthcare, Piscataway, NJ, USA). Primary antibody (2 pg: anti-
UHRF1) was added to nuclear protein (250 pg) and tubes were rotated
at 4°C overnight. Protein G Sepharose Beads (50 pl) was added and
tubes were rotated for another twO hours at 4°C. Beads were then
collected and washed in immunoprecipitation buffer. To separate the
protein complex from beads, the tubes were heated to 95°C following
addition of 20 pl Laemmli Buffer (Bio-Rad, Hercules, CA, USA).

RNA extraction and real-time polymerase chain reaction (PCR).
RNA was isolated from the cells using the High Pure RNA Isolation
Kit (Roche, San Francisco, CA, USA) according to the
manufacturer’s protocol. RNA purity and concentration was
quantified using NanoVue Plus spectrophotometer (GE Healthcare,
Piscataway, NJ, USA). Reactions were set up in triplicate for each
sample. PCR was performed in a 25 pl reaction containing 12.5 pl of
the 2X SYBR PCR reaction mix, 300 nM of each primer, 0.5 pL of
iScript reverse transcriptase and 25 ng of RNA. The reaction protocol
was as follows: initial incubation at 50°C for 10 minutes to allow for
cDNA synthesis, reverse transcriptase inactivation at 95°C for 5
minutes; and then 40 cycles of PCR cycling and detection with 95°C
for 10 sec, 55°C for 30 sec and 95°C for one minute. The melting
curve was determined using 55°C for one minute and 80 cycles of
0.5°C increments from 55°C to 95°C. Primer sequences were:
DNMT3A: 5°- CTGAGAGTCAGGGACTTGGC-3’ (sense) and 5°-
AGTCTAGCAATCGTTGGCGT-3" (anti-sense); DNMT3B: 5’-
CAGGGAAAACTGCAAAGCTC-3’ (sense) and 5’-ATTTGTTA
CGTCGTGGCTCC-3’ (anti-sense); DNMTI; 5’-TGTGAGGACA
TGCAGCTTTC-3" (sense) and 5’- ACCAACTCGGTACAGGA
TGC-3’ (anti-sense); HDAC1: 5’- CTTCCTGCTGAGTCC CTCAC-
3’ (sense) and 5’-CCAGTGGGAAGGTACGAAAA-3’ (anti-sense);
HDAC2: 5°-AAAACCCAGTTTTCTGCCCT-3’ (sense) and 5’- TCT
GCCTCCCACTCTGTCTT-3’ (anti-sense); HDAC3: 5’- ACGTGG
GCAACTTCCACTAC-3’ (sense) and 5’-GACTCTTGGTGAAGC
CTTGC-3’ (anti-sense).

Protein degradation with cycloheximide. Cells were pre-treated for
24 h with either DMSO or 100 uM EGCG. Cycloheximide was
added to cells for a final concentration of 10 pg/ml. Nuclear protein
was extracted after 6, 12, 24, and 48 h using low- and high-salt lysis
buffers as mentioned previously. DNMT3a and HDAC3 protein is
then quantified and subjected to western blot analysis.

Statistics. Data were analyzed for Real-time PCR using Student’s #-
test. Significance was acceptable at p<0.05.

Results

Effects of EGCG on DNMT mRNA in HCT 116 and HT-29
cells. It is known that EGCG can reduce methylation of
promoter regions of genes or reactivate silenced genes in
various models of disease (7, 8, 18). To determine the effects
of EGCG on mRNA expression of DNMTs in human colon
cancer cell lines, HT-29 and HCT 116 cells were treated with
EGCG (from 50 uM to 150 uM) for 48 and 72 h. Transcript
expression was evaluated by quantitative real-time PCR. The
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Figure 1. Epigallocatechin 3-gallate reduces expression of some DNA methyltransferase (DNMT) transcripts. DNMT1, -3A and -3B transcript levels
were reduced in HCT 116 cells at 72 h at 150 uM EGCG (A). All studied transcripts were significantly reduced at 72 h in HT-29 cells at the lower
concentration of 50 uM (B). Error bars represent +/- one standard deviation (n=3). *p<0.05, **p<0.02, ***p<0.01 compared with the control.

resulting graphs show a statistically significant decrease in
DNMT3B transcript in HCT 116 cells at an EGCG
concentration of 150 uM while all studied DNMT transcripts
were found to be significantly down-regulated in HT-29 cells
at 48 h at all concentrations of EGCG (Figure 1A). At 72 h,
HCT 116 cells exhibited significant down-regulation of all
studied transcripts at 150 uM ECGG and HT-29 cells
exhibitied a similar, but more drastic decrease in expression
of all DNMT transcripts (Figure 1B).

Effect EGCG on DNMT3A protein expression in HCT 116
and HT-29 cells. Given the results of RT-PCR for the DNMT
transcripts, we chose DNMT3A to determine if the results
found at the mRNA level would be corroborated at the
protein level. HT-29 and HCT 116 cells were treated with
EGCG (from 50 uM to 150 uM) for 48 and 72 h. The
nuclear protein was extracted and probed for DNMT3A and
TopollIB (loading control). The western blot shows a time-
and dose-dependent decrease in DNMT3A protein in the
methylation-sensitive HCT 116 cell line (Figure 2A).
Densitometry for the depicted blot is also shown. In the HT-
29 cells, expression of DNMT3a remained relatively constant

at 48 h and there is only a noticeable decrease in expression
at the 150 uM concentration at 72 h (Figure 2B).

Effect of EGCG on HDAC mRNA. HDAC inhibitors can
reduce expression of key regulatory genes in colon tumors
(13). To determine the effect EGCG has on HDACs, we
treated HCT 116 and HT-29 cells with various concentrations
of EGCG and looked at class I HDAC mRNA expression. In
the HCT 116 cells, HDAC3 expression at 48 h decreased at
all concentrations of EGCG, while there was no decrease in
HDACI1 expression, and only a significant decrease in
HDAC?2 expression at 150 uM EGCG (Figure 3A). At 72 h,
in HCT 116 cells, HDAC 1, -2, and -3 were significantly
reduced at both 100 and 150 uM EGCG. Only at 150 uM
EGCG were all three HDACs reduced at both 48 and 72 h in
the HT-29 cells, while HDAC3 was also reduced at 100 uM
(Figure 3B).

Effects of EGCG on HDAC protein expression. To determine if
EGCG elicits the same effect on protein expression as seen on
transcript levels, nuclear protein from EGCG-treated cells was
extracted at 48 and 72 h. Immunoblots were probed with
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Figure 2. DNMT3A protein levels decrease in response to EGCG in HCT 116 cell line while expression in HI-29 cells remained constant at 48 h.
Response to EGCG treatment is both time- and dose- dependent in HCT 116 cells. There is no change in DNMT3a protein in response to EGCG in
HT-29 cells at 48 h but a significant decrease at 100 and 150 uM at 72 h. Error bars represent +/- one standard deviation.

antibodies against HDAC1, HDAC2, and HDAC3. HCT 116
cells exhibited significant decreases in expression of HDAC2
and HDAC3, both time- and dose-dependently (Figure 4).
Expression of HDACI remained relatively constant. There was
no pattern of loss of expression of HDACs in the HT-29 cell
line, but HDAC3 did show a decrease at 72 h at 150 pM
EGCG (Figure 4). Densitometry for each western blot is
provided.

Effects of EGCG on DNMT3A and HDAC3 degradation.
Using the targets DNMT3A and HDAC3 and drug
concentration (100 uM) that elicit the most consistent and
dramatic result, we determined if the difference between
message and protein levels was due to the effects of EGCG
on protein degradation. Using the translation inhibitor
cycloheximide to inhibit protein synthesis, we tested the
effects of 100 uM EGCG on these targets over time. HCT
116 and HT-29 cells were pre-treated for 24 h with 100
uM  EGCG of DMSO. Following pre-treatment,
cycloheximide was then added to cells to a final
concentration of 10 pg/ml. Nuclear proteins were extracted
after 6, 12, 24 and 48 h. Western blots were then probed
with antibodies to DNMT3A and HDAC3. HCT 116 cells
treated with EGCG showed a marked difference in
expression of DNMT3A and HDAC3 when compared to
cells treated with DMSO-only (Figure 5aA). Expression of
cyclin D1 was used to confirm inhibition of protein
synthesis (data not shown). To correct for variance in the
loading control and normalize each sample against
expression of its control, ImageJ was used to standardize
the data and the resulting graphic representation of the
western blot data is shown. Expression of DNMT3A in
HCT 116 cells treated with DMSO was increased while
cells treated with 100 uM EGCG tended towards a
decrease in expression. The same pattern was shown for
HCT 116 cells when probed for expression of HDAC3. In
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contrast, the expression trends of DNMT3A and HDAC3
in the HT-29 cells were similar when treated with DMSO
and EGCG (Figure 5B).

Effects of EGCG on association between UHRF1, DNMT3A
and HDACS3. Still focusing on 100 uM EGCG, we decided
to look for changes in association between the ubiquitin
ligase, UHRF1, and DNMT3A as well as its association with
HDAC3. We incubated the nuclear lysates of HCT 116 and
HT-29 cells with a primary antibody against UHRF1
following treatment of cells with DMSO or 100 uM EGCG
for 48 h, and used protein G sepharose beads to capture the
antibody complex. The beads were heated to 95°C in loading
dye to separate the antibody complex from the beads. Input
(cell lysate containing no UHRFI antibody) was run
alongside the pulldown samples. The western blot was
probed for DNMT3A, HDAC3Aand UHRF1 (control). The
results show a decreased association between UHRF1 and
DNMT3 in cells treated with EGCG for both HCT 116 and
HT-29 cell lines (Figure 6). The results also show a
decreased association between UHRF1 and HDACS3 in only
the HCT 116 cell line (Figure 6a).

Discussion

There are various factors that contribute to cancer
development. Epigenetic events, including DNA methylation
and histone modifications, that help regulate gene expression
and cellular function are now conjectured to play a
significant role in cancer development and present possible
targets for cancer prevention (5, 14, 15). Aberrant DNA
methylation is a hallmark of cancer and leads to silencing of
tumor suppressor genes in many different types of cancer
and in animal models thereof. Green tea intake is linked to a
lower relative risk for a wide range of human cancer types,
including colon cancer (29). Chemopreventive studies
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Figure 3. Histone deacetylase-1, -2, and -3 transcript levels decreased in HCT 116 and HT-29 cell lines when treated with EGCG. Significant results
are seen at the higher concentration of 150 uM. Error bars represent +/- one standard deviation (n=3). *p<0.05, **p<0.02, ***p<0.01 compared
with the control.
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Figure 4. Protein expression of histone deacetylase-2 and -3 significantly decreased in a time- and dose- dependent manner in HCT 116 cells in
response to EGCG treatment, while HDAC1 expression remained relatively constant except at the highest EGCG dosage and after 72 h. In HT-29
cells, protein expression for all targets remained relatively constant.
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Figure 5. Treatment with cycloheximide to inhibit protein synthesis lends decreased expression of histone deacetylase-3 and DNA methyltransferase
3A in extracts from HCT 116 cells co-treated with 100 uM EGCG in (5A). HT-29 cells co-treated with EGCG and cycloheximide showed no difference
in protein expression (5B).

performed in rodent models of colorectal cancer indicate that EGCG, has been shown to be involved in epigenetic
green tea inhibited, to some degree, the cancer initiation  modifications to actually slow the progression of various
process (10, 12). The most active green tea polyphenol, types of cancers.
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Figure 6. Immunoprecipitation of UHRF I reveals an association of both histone deacetylase-3 and DNA methyltransferase 3A. HCT 116 cells treated
with 100 uM EGCG exhibitied a decrease in association between UHRF1 and both HDAC3 and DNMT3a (6A). In HT-29 cells there is only a
decerased association between UHRF1 and DMT3a in response to EGCG (6B).

One of the most intriguing roles for EGCG is its ability to
reverse hypermethylation and re-activate silenced genes. It is
thought that EGCG has some role in inhibiting class 1
HDACSs and DNMTs (6, 22). It still is not definitively known
how the gene silencing actions of HDACs and DNMTs are
inhibited by EGCG. Computer modeling shows that there
could be direct binding between EGCG and DNMTs (16).
There is evidence to supports the idea that EGCG contributes
to the degradation of key regulatory proteins such as cyclin
D1, leading to increased expression of p21 in colon cancer
(32). Here we specifically assayed the effects EGCG has on
the message and protein levels of a specific DNA
methyltransferases as well as class I HDACs. Class I HDACs
are of a particular interest because they are commonly
overexpressed in colon cancer (28).

We used the human colon cancer cell lines HCT 116 and
HT-29 as an in vitro model for the methylation-sensitive and
methylation-insensitive colon cancers respectively. First, we
showed that the methylation insensitive cell line showed a
more robust response to EGCG treatment when looking at
DNMT transcript levels using RT-PCR. These results were

consistent across the 48 and 72 h timepoints. In the HCT 116
cells, expression of the mRNA transcripts were only
decreased at the highest concentration at 72 h. This suggests
that EGCG non-discriminately inhibits transcription of
DNMTs. We then examined the effect of EGCG on the
expression of DNMT3A. Increased DNMT3A activity
promoted tumorigenesis in a mouse model of colon cancer
(19). We wanted to determine if the decrease found in
transcript of DNMT3A translated to a decrease in protein
levels. The data reveal that although EGCG reduced mRNA
levels of DNMT3A in both HCT 116 and HT-29 cell lines,
this change only translated to a decrease in protein levels for
the methylation-sensitive, HCT 116 cell line. We then
questioned whether EGCG plays a role in degrading
DNMT3a in the HCT 116 cells

We also wanted to determine if a similar pattern of
expression of HDACs occurred in response to EGCG
treatment. DNMTs recruit HDACs to assist with gene silencing
(2,9). We found a decrease of all HDAC transcripts in the HT-
29 cell line at the highest concentration of EGCG by 48 hours,
however, there was a significant decrease in HDAC3 in the
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HCT 116 cell line at 50 pM at 48 h. Thus, we also see that
EGCG indiscriminately works to reduce HDAC transcription.
We again looked to see if the results would be the same for the
protein as it was for the mRNA. The western blots show
relatively stable expression of HDACs in the HT-29 cells but a
decrease in HDAC?2 and -3 in the HCT 116 cells. This result
also suggests that EGCG plays a role in protein degradation or
stability. It is our thought that if the message remains constant
but the protein decreases, degradation occurs. The opposite
effect, where mRNA decreases and the remaining protein
remains, is somehow stabilized.

To determine if, in fact, EGCG contributed to the
degradation of the proteins in cells sensitive to methylation,
we used the classic protein synthesis inhibitor,
cycloheximide in a time course to monitor expression of our
proteins of interest. At 100 uM the data demonstrate a
difference between the HCT 116 and HT-29 cell lines in
stability of the HDAC3 and DNMT3A proteins. There was
no difference in expression of either target in HT-29 cells
between the EGCG treatment and DMSO control group. On
the other hand, the HCT 116 cell line showed a different
response. Expression of these proteins of interest generally
decreased over time when cells were treated with 100 pM
EGCG. This suggests that EGCG plays a role, particularly
in methylation-sensitive cancer, in degrading DNMT3A and
HDAC3 in order to modulate the epigenetic profile. We
looked, briefly, at a mechanism involving the E3 ubiquitin
ligase, UHFRI1, to see if EGCG had any effects on the
association of this protein with the epigenetic regulators.
UHRF]1 facilitates colorectal cancer progression by recruiting
DNMTs and aiding in gene silencing (27). DNMT3A
directly interacts with UHRF1 (31). We found that EGCG
reduces the association between the proteins possibly aiding
in HDAC3 and DNMT3A degradation.

In summary, we report, as far as we know, for the first
time that EGCG reduces expression of DNMT3A and
HDAC3 in methylation-sensitive HCT 116 cells by targeting
these proteins for degradation. We also report a difference
in the way these two separate types of colon cancer respond
to the same treatment. This finding has some implications
for diseases such as human non polyposis colorectal cancer
(HNPCC), where the hallmark of this subset of colon
cancers is aberrant methylation of the human mismatch
repair gene hMLH1(17). Considerable controversy exists
over whether the consistent findings for effects of EGCG in
concentrations tested in vitro, where considerable salutary
effects on cancer are observed, will translate to the same
effects in vivo. This is a topic of continuing research in the
field, and applies to other natural products. There are,
however, numerous studies in other models that suggest the
optimum concentration for use of EGCG in therapeutic
application is greater than 50 uM (26, 30, 33). Avenues of
enhancing EGCG biodistribution may allow future
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applicability in humans. Our findings are also of importance
in the search for alternative cancer therapies that can reduce
or eliminate toxicity usually associated with common
pharmacological inhibitors of DNMTs and HDACs in
treatment of colon cancer. Currently in our laboratory, we
are assessing the efficacy of combining EGCG with major
pharmacological inhibitors to determine the combined
effects of inhibiting DNMT and HDAC expression on colon
cancer cell growth.
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