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Abstract
We examined the relationship between aberrant DNA hypermethylation and key histone code components at a hypermethylated, silenced
tumor suppressor gene promoter in human cancer. In lower eukaryotes,
methylated H3-lysine 9 (methyl-H3-K9) determines DNA methylation and
correlates with repressed gene transcription. Here we show that a zone of
deacetylated histone H3 plus methyl-H3-K9 surrounds a hypermethylated, silenced hMLH1 promoter, which, when unmethylated and active, is
embedded in methyl-H3-K4 and acetylated H3. Inhibiting DNA methyltransferases, but not histone deacetylases, leads first to promoter demethylation, second to gene reexpression, and finally to complete histone
code reversal. Our findings suggest a new paradigm-DNA methylation
may directly, or indirectly by inhibiting transcription, maintain key repressive elements of the histone code at a hypermethylated gene promoter
in cancer.

Introduction
Aberrant promoter DNA hypermethylation and associated epigenetic gene silencing frequently provide for loss of tumor suppressor
gene function in cancer (1, 2). DNA methylation-mediated gene
silencing is closely linked to the deacetylation of histones (1, 2). More
recently, methylation of histones at key lysine residues has been
shown to work in concert with acetylation and other modifications to
provide a histone code that may determine heritable transcriptional
states (3). The data for this have come predominantly from studies
examining broad domains in chickens (4), yeast (5), and the mammalian inactive X chromosome (6 – 8), as well as individual promoter
sites known to be expressed or silenced by epigenetic mechanisms
such as X inactivation (8) and genomic imprinting (9). These studies
reveal that acetylated histone H3 and methyl-H3-K45 are enriched in
euchromatic domains and correlate with active gene expression,
whereas methyl-H3-K9 is enriched at deacetylated, transcriptionally
silent heterochromatic regions (4 –9).
The above histone modifications have been widely hypothesized to
determine active versus inactive gene expression status (4 –9). More-

over, presence of methyl-H3-K9 has recently been shown to be
essential for all or a subset of DNA methylation in Neurospora crassa
(10) and Arabidopsis thaliana (11), respectively. However, for hypermethylated tumor suppressor genes in human cancer, DNA hypermethylation appears to be dominant over at least the histone deacetylation part of the histone code for maintaining a silenced state (12). In
this regard, we have shown previously that the DNA demethylating
agent 5-Aza-dC, but not the HDAC inhibitor TSA, reactivates the
expression of such genes (12, 13). We now provide evidence that
promoter DNA hypermethylation can control transcriptional silencing
and, either directly or indirectly, the state of key elements of the
histone code. At hMLH1, a mismatch repair gene often silenced with
aberrant CpG island hypermethylation in colorectal cancers (14), a
zone of deacetylated H3 (deacetylated histone H3-K9 and -K14) plus
methyl-H3-K9 (dimethyl-H3-K9) surrounds the hypermethylated, silenced promoter. This same promoter, when unmethylated and active,
is embedded in methyl-H3-K4 (dimethyl-H3-K4) and acetylated H3
(acetylated histone H3-K9 and -K14). Treatment with TSA fails to
reactivate the hypermethylated gene or dramatically alters the histone
modifications examined. However, 5-Aza-dC treatment leads to initiation of demethylation by 12 h, appearance of transcription by 24 h,
and full reversal of key elements of the histone code by 48 h. Thus,
DNA hypermethylation, either directly or indirectly through suppressing transcription, appears to specify for repressive histone modifications at a tumor suppressor gene promoter. An important element of
the findings is that the demethylating drug 5-Aza-dC appears to be a
potent tool for dissecting the components of this DNA methylationmediated transcriptional control and for potentially reversing their
interaction for therapeutic purposes in cancer.
Materials and Methods

Cell Culture. SW480 cells were maintained in McCoy’s 5A modified
medium. RKO cells were maintained in MEM. All media (Invitrogen) were
supplemented with 10% fetal bovine serum (Gemini Bio-Products) and 1%
penicillin/streptomycin (Invitrogen) and grown at 37°C in 5% CO2 atmosphere.
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A and Protein G agarose beads (3:1 ratio of Protein A to Protein G; Upstate
Biotechnology) for 1 h at 4°C with agitation. The soluble chromatin fraction
was collected, and 5 l of either anti-acetyl-Histone H3 (Lys 9 and Lys 14),
anti-dimethyl-Histone H3 (Lys 4), anti-dimethyl-Histone H3 (Lys 9), or no
antibody was added and incubated overnight with rotation (all antibodies from
Upstate Biotechnology). Immune complexes were collected with 60 l of the
3:1 salmon sperm DNA/Protein A and Protein G agarose beads. The beads
were washed as recommended but were transferred to a new tube before each
wash. After elution, the cross-links were reversed, and the samples were
digested with proteinase K. DNA was recovered by phenol extraction, ethanol
precipitated, and resuspended in 1⫻ 10 mM Tris (pH 8)-1 mM EDTA buffer.
PCR Amplification and Analysis. Primer sets for PCR were designed to
amplify overlapping fragments of ⬃200 bp along the hMLH1 promoter. One
primer set for GAPDH was designed to amplify a 128-bp fragment of the
genomic sequence to serve as an internal control. All primers were purchased
from Invitrogen or IDT. All PCR reactions were performed with JumpStart
REDTaq DNA Polymerase (Sigma) in a total volume of 25 l, using 1–2 l
of either immunoprecipitated (bound) DNA, a 1:10 dilution of nonimmunoprecipitated (input) DNA, or a no-antibody control. All reactions were optimized with input DNA to ensure that PCR products for both hMLH1 and
GAPDH were in the linear range of amplification. Primer sequences and
additional PCR conditions are available upon request. Ten l of PCR product
were size fractionated by PAGE and were quantified using Kodak Digital
Science 1D Image Analysis software. Enrichment was calculated by taking the
ratio between the net intensity of the hMLH1 PCR product from each primer
set and the net intensity of the GAPDH PCR product for the bound sample and
dividing this by the same ratio calculated for the input sample. Values for
enrichment were calculated as the average from at least two independent ChIP
experiments and multiple independent PCR analyses of each.
MSP. Genomic DNA was isolated using the Wizard Genomic DNA Purification Kit (Promega). The genomic DNA was modified by bisulfite treatment, as described previously (15). The primers used for MSP have been
previously described (14) and were purchased from Invitrogen. Primer sequences and additional PCR conditions are available upon request.

Reverse Transcriptase-PCR. We isolated RNA with Trizol (Invitrogen),
according to the manufacturer’s instructions. RNA was reverse transcribed
using Superscript II Rnase H Reverse Transcriptase (Invitrogen). PCR was
performed using 1 l of cDNA and primers unambiguous for GAPDH or
hMLH1 (Invitrogen). All PCR reactions were performed with JumpStart REDTaq DNA Polymerase (Sigma) in a total volume of 25 l. Primer sequences
and additional PCR conditions are available upon request.

Results
Mapping the Histone Code at hMLH1. We compiled a detailed
map of histone acetylation and histone methylation across a 1.8-kb
region of the promoter for hMLH1. We performed ChIP for two
human colorectal cancer cell lines, RKO and SW480, in which the
hMLH1 promoter is hypermethylated and transcriptionally silenced or
unmethylated and transcriptionally active, respectively (14). The
histone-associated DNA regions were analyzed using a multiplex
PCR approach with overlapping primer sets spanning the promoter
(Fig. 1A). Overall, acetylated histone H3 was enriched throughout the
unmethylated hMLH1 promoter; however, there was essentially no
acetylation of these same sites along the hypermethylated promoter
(Fig. 1, B and C). Virtually identical results were observed for
methyl-H3-K4 at the two promoters (Fig. 1, D and E). In stark
contrast, methyl-H3-K9 was enriched along the entire hypermethylated, silenced hMLH1 promoter, especially over a region where it was
depleted to virtually undetectable levels along the unmethylated,
transcriptionally active promoter (Fig. 1, F and G). Thus, it seems that
key elements of the histone code surrounding an aberrantly hypermethylated tumor suppressor gene in human cancer resemble the
histone modifications that may be necessary for proper genomic
imprinting and gene expression along the X chromosome in other

Fig. 1. Map of histone H3 modifications along a
hypermethylated versus an unmethylated hMLH1
promoter. A, schematic of the hMLH1 promoter.
The vertical lines represent the location of CpG
dinucleotides, and the arrow indicates the approximate position of the transcription start site. The
CpG island extends 3⬘ from ⬃⫺800 (relative to the
transcription start site) into exon 1. The doubled
horizontal line denotes the region examined by
MSP. In SW480 cells, the promoter is unmethylated, and the gene is expressed. However in RKO
cells, the promoter is hypermethylated, and the
gene is silenced. The horizontal bars below the
schematic indicate the location of the DNA fragments amplified by PCR done on the DNA recovered from ChIP experiments. The broken bars denote the primer sets used in the time course
experiments. B, D, and F, enrichment of hMLH1
promoter DNA immunoprecipitated with antibodies specific for acetylated histone H3 (K9 and
K14), dimethyl-H3-K4, and dimethyl-H3-K9, respectively. Points on the graphs represent data from
the corresponding DNA fragment amplified by
PCR, as shown at the bottom A. The value of each
point was calculated as the average from two independent ChIP experiments and a total of four independent PCR analyses. Each error bar indicates the
SD from the mean. 䡺 represent data from SW480.
f represent data from RKO. C, E, and G, representative PCR analyses of ChIP on RKO and
SW480 from areas typical of enrichment for acetylated H3, methyl-H3-K4, and methyl-H3-K9, respectively. Multiplex PCR was performed on
bound (B) immunoprecipitated DNA and input (I)
nonimmunoprecipitated DNA with each hMLH1
primer set.
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Fig. 2. Inhibition of histone deacetylation by TSA
fails to dramatically alter key components of the
histone code map along the hypermethylated hMLH1
promoter. ChIP was done on RKO cells after treatment with 300 nM TSA for 24 h. A, C, and E,
enrichment of acetylated histone H3 (K9 and K14),
dimethyl-H3-K4, and dimethyl-H3-K9, respectively,
at the hMLH1 promoter. E represents enrichment in
RKO cells treated with TSA. F represents data from
untreated RKO cells. Points on each graph represent
data from the corresponding DNA fragment amplified by PCR, as illustrated in Fig. 1A. The value of
each point was calculated as the average from two
independent ChIP experiments and a total of four
independent PCR analyses. Each error bar indicates
the SD from the mean. B, D, and F, representative
PCR analyses of ChIP performed on RKO cells,
before and after treatment with TSA, from areas
typical of enrichment for acetylated H3, methyl-H3K4, and methyl-H3-K9, respectively. Bound DNA
(B) and input DNA (I) were coamplified with primers for hMLH1 and GAPDH.

mammalian cells (6 –9) and for defining large heterochromatic and
euchromatic domains in chickens (4) and yeast (5).
Inhibition of HDACs with TSA. Although little is known about
the relationship between DNA methylation and the methylation component of the histone code in mammals, it has been known for some
time that DNA methylation and histone deacetylation work in concert
to silence genes in cancer (1, 2, 16, 17). In fact, we have shown
previously that DNA methylation is dominant over histone deacetylation in maintaining a silent state at hypermethylated promoters
because 5-Aza-dC can reactivate genes silenced with aberrant promoter hypermethylation but TSA alone cannot reactivate these same
genes (12). We explored these findings further at the level of the
histone code. We treated RKO cells with TSA, which alone did not
reactivate hMLH1, but which was able to reactivate FABP4, a control
gene silenced in these cells by a mechanism distinct from one involving DNA hypermethylation (Ref. 13; data not shown). Subsequent
ChIP and PCR analysis revealed only a slight increase in acetylated
H3 at the hMLH1 promoter (Fig. 2, A and B) and essentially no change
in methyl-H3-K4 (Fig. 2, C and D) and methyl-H3-K9 (Fig. 2, E and
F). These data show that in addition to being unable to reactivate
expression of a hypermethylated, silenced hMLH1gene, TSA alone is
unable to evoke obvious changes in key parameters of the histone
code at this promoter.
Inhibition of DNMTs with 5-Aza-dC. Recent genetic studies in
Arabidopsis (11) and Neurospora (10) suggest that methyl-H3-K9
may determine sites of DNA methylation, although evidence for the
existence of this relationship in higher eukaryotes has not been explored. We therefore set out to probe this relationship between key
elements of the histone code and DNA methylation. We addressed this
question by using ChIP and PCR analysis to examine the fate of
histone modifications at the hMLH1 promoter upon inhibition of
DNMTs by a dose of 5-Aza-dC, which is sufficient to cause demethylation of the promoter region (14) and to reactivate the expression
of the hypermethylated, silenced hMLH1 gene in RKO cells (Ref. 14;

data not shown). Surprisingly, after drug treatment, we observed a
complete reversal of the histone code components examined at the
hMLH1 promoter in RKO cells. Acetylated H3 and methyl-H3-K4
levels became markedly enriched (Fig. 3, A–D), whereas methylH3-K9 levels were severely depleted (Fig. 3, E and F). Thus with
5-Aza-dC, we recapitulated in RKO cells the state of the unmethylated, expressed promoter originally observed in SW480 cells (compare Fig. 3, A, C, and E to Fig. 1, B, D, and F). This transformation
of key parameters of the histone code upon inhibition of the DNMTs
suggests that in human colorectal cancer cells, DNA hypermethylation, or another activity mediated by DNMTs, may be essential for
maintaining a particular combination of histone modifications at gene
promoters silenced with aberrant DNA hypermethylation. Furthermore, the observation that 5-Aza-dC, but not TSA, can both reactivate
expression of the silenced hMLH1 gene and completely reverse key
histone modifications surrounding the gene promoter strengthens the
idea that there exists some interdependence between reversal of important histone code components and reactivation of a gene silenced
with aberrant DNA hypermethylation.
Time Course Analysis after 5-Aza-dC Treatment. The observation that inhibition of the DNMTs leads to both steady-state reactivation of hMLH1 expression and complete reversal of key histone
code parameters surrounding the gene promoter invited delineating
the sequence of events to help dissect the operative mechanisms. We
performed time course studies in which RKO cells were treated with
5-Aza-dC and monitored over 5 days for the states of key elements of
the histone code, DNA methylation, and gene expression using ChIP
and PCR analysis, MSP, and reverse transcriptase-PCR, respectively.
For the ChIP and PCR analysis, we used four of the original 13 primer
sets (Fig. 1A), which cover the region of greatest difference in histone
modification observed between RKO and SW480 cells and also
between 5-Aza-dC-treated and -untreated RKO cells at hMLH1 (Fig.
1, A, B, D, and F; Fig. 3, A, C, and E). At 12 and 24 h after the start
of 5-Aza-dC treatment, there was no dramatic change in the histone
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Fig. 3. Inhibition of DNA methylation by 5-AzadC completely reverses all examined components
of the histone code map along the hypermethylated
hMLH1 promoter. ChIP was performed on RKO
cells after treatment with 1 M 5-Aza-dC for 5 days.
A, C, and E, enrichment of hMLH1 promoter DNA
precipitated by antibodies specific for acetylated
histone H3 (K9 and K14), dimethyl-H3-K4, and
dimethyl-H3-K9, respectively. E represents enrichment in RKO cells treated with 5-Aza-dC. F represents data from untreated RKO cells. The value of
each point was calculated as the average from two
(untreated) or three (drug-treated) independent
ChIP experiments and four independent PCR analyses from each untreated or drug-treated experiment. Each error bar indicates the SD from the
mean. Points on each graph correspond to the overlapping DNA fragments amplified by PCR as depicted in Fig. 1A. B, D, and F, representative PCR
analyses of ChIP done on RKO cells, with or without treatment with 5-Aza-dC, from areas typical of
enrichment for acetylated H3, methyl-H3-K4, and
methyl-H3-K9, respectively. DNA from bound (B)
and input (I) fractions were coamplified with primers for hMLH1 and GAPDH.

code components examined (Fig. 4). By 48 h, acetylated H3 and
methyl-H3-K4 showed dramatic enrichment in 5-Aza-dC-treated samples compared with mock-treated samples; at the same time, methylH3-K9 became depleted (Fig. 4). We next used MSP to examine the
methylation status of the hMLH1 promoter after treatment with
5-Aza-dC. The region examined covers the area of greatest CpG
density in the promoter and overlaps with the region examined by
ChIP and PCR analysis in these time course studies (Fig. 1A). By 12 h,
we observed demethylation of the promoter, which was maximal by
24 h and sustained until 5 days after the start of drug treatment (Fig.
5A). Finally, we examined reexpression of hMLH1 by 5-Aza-dC using
reverse transcriptase-PCR. Transcriptional reactivation became apparent by 24 h after the start of 5-Aza-dC treatment, and gene expression
continued throughout the time course (Fig. 5B). The observed sequence of events, then, is demethylation of the hMLH1 promoter by
12 h, appearance of hMLH1 transcript by 24 h, and complete reversal
of all examined histone code components along the gene promoter by
48 h (Table 1).
Although in these experiments it appears that demethylation distinctly occurred first, as it was detectable by 12 h and maximal by
24 h, we are less certain about the order of events with respect to
reactivation of transcription and reversal of the histone code parameters examined because of the different sensitivities of the techniques
used. To help sort this out, we examined data from several immunofluorescence experiments in which we stained for hMLH1 protein
after treatment of RKO cells for 24 h with the same dose of 5-Aza-dC
used in the present studies. No nuclear staining was visible in mocktreated cells, but distinct reexpression of hMLH1 protein was present
in 33–50% of RKO cells by 24 h (data not shown). These data suggest
that a substantial percentage of cells were transcribing hMLH1 by 24 h
in our present time course experiments and that the ChIP procedures
would likely have detected a distinct change in the histone code
parameters examined if these changes had preceded transcription. Our
data, then, suggest a sequence of events in which 5-Aza-dC produces

demethylation first, transcriptional reactivation second, and reversal
of important histone code components third.
Discussion
Our data provide the first detailed map of H3 acetylation and H3
methylation for a hypermethylated versus an unmethylated gene promoter in cancer cells. We also demonstrate here that inhibiting the
DNMTs, but not the HDACs, essentially recapitulates at a hypermethylated, silenced promoter a combination of histone modifications
similar to that at an unmethylated, active promoter. Finally, our results
show unequivocally that DNA demethylation precedes both the reactivation of the silenced gene and, somewhat surprisingly, the reversal
of key elements of the repressive histone code. These findings are
consistent with the idea that DNA demethylation, either directly or
indirectly by reactivating transcription of the hMLH1 gene, reverses
important components of the repressive histone code surrounding the
hypermethylated promoter. These results favor the idea that DNA
hypermethylation, not a particular combination of histone modifications containing elevated methyl-H3-K9, is the dominant epigenetic
mechanism involved in maintaining silencing of the hMLH1 gene.
In considering the mechanisms that underlie our observation that
upon treatment with 5-Aza-dC, demethylation precedes reactivation
of transcription, which precedes reversal of key histone code parameters, at least two scenarios may be considered. The first potential
mechanism is one in which DNA methylation plays a direct role in
both gene silencing and maintaining a repressive histone code at a
hypermethylated gene promoter in cancer. We could speculate that the
DNA modification itself, or components of the DNA methylating
machinery such as the DNMTs or methyl-CpG binding proteins, could
directly interact with histone methyltransferases or proteins that target
them, directing them to regions containing DNA methylation and
allowing them to set up a repressive histone code (18). If this turns out
to be the case, it would suggest a new paradigm, seeing that data from
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Fig. 4. Treatment with 5-Aza-dC reverses all components of the histone code examined at a hypermethylated hMLH1 promoter by 48 h. The data represent two independent time
course experiments in which RKO cells were treated with 1 M 5-Aza-dC (or mock-treated) and harvested at each time point shown for ChIP analysis. A total of four to seven PCR
analyses were performed on the immunoprecipitated DNA from each time point. Each point on the graphs represents the average value of enrichment, and each error bar indicates
the SD from the mean. E represents data from RKO cells treated with 5-Aza-dC. F represents data from mock-treated RKO cells. Data from a 5-day time point served as positive
controls to ensure that drug treatment was effective. The broken horizontal bars under the hMLH1 promoter schematic in Fig. 1A indicate the location of the primer sets used in this
ChIP and PCR analysis.

Neurospora (10) and Arabidopsis (11) suggest the opposite and point
to a role for methyl-H3-K9 in targeting and maintaining DNA methylation. Our data stress the importance of identifying the enzymes
responsible for modifying the histones in the setting of mammalian
gene promoters and developing histone methyltransferase inhibitors to
formally test relationships between histone modifications and DNA
methylation in mammalian cells.
A second and more indirect mechanism may better fit the changes
we have observed and relate to an important new view of relationships
between histone code parameters and gene transcription (19 –21). In
this scenario, DNA demethylation leads to gene reactivation, which in
turn, leads to reversal of key elements of the histone code. This
possibility is supported by our temporal data and by recent exciting
findings in Arabidopsis (21) and Drosophila (20) by others. Johnson
et al. (21) report that loss of DNA methylation itself does not lead to
a decrease in methyl-H3-K9; rather, only at loci where reactivation of
transcription occurs because of loss of DNA methylation does methylH3-K9 decrease. They postulate that methyl-H3-K9 may be replaced
by replication-independent deposition of new nucleosomes containing
variant histone H3.3 once transcription occurs (21), a concept suggested by studies from Ahmad and Henikoff (20) in Drosophila. In
light of these findings, our data could be interpreted as showing that
5-Aza-dC leads to demethylation of the DNA, which causes reactivation of hMLH1 gene transcription and, possibly, subsequent depo-

sition of H3.3. The newly deposited variant histones would lack
methyl-H3-K9 and could undergo posttranslational modification, including methylation at K4 or acetylation, resulting in a heritable
histone code that supports active transcription at the hMLH1 promoter. This type of mechanism could also help to explain our previous
findings that TSA alone cannot reactivate hypermethylated genes in
cancer but can synergize with low doses of 5-Aza-dC to reactivate
such genes (12, 13). In this model, TSA may be working by facilitating the acetylation of the newly deposited histones, thus helping to
augment newly initiated transcription.
Although additional studies must continue to verify the above
proposed sequence of events, our new findings are important to
multiple aspects of abnormal, epigenetically mediated gene silencing
in cancer. Pooling all of the available data, including ours and those
from studies in Neurospora (10) and Arabidopsis (11, 21), the following sequence of events is a plausible model for DNA methylationmediated silencing of tumor suppressor genes in cancer. Our extensive
histone code map along the hMLH1 promoter in SW480 cells suggests
that enrichment of acetylated H3 and methyl-H3-K4 within and upstream of promoter CpG islands could protect the islands at normally
expressed mammalian genes from DNA hypermethylation, similar to
the postulated methyl-H3-K4- and acetylation-mediated protection
from transcriptional repression that has been suggested to occur in
chickens (4) and yeast (5). Such protection may be lost in some
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