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gene expression. We also determined the kinetics of gene
activation to understand if the induced changes were somatically heritable. We found that upon removal of
DZNep, gene expression is reduced to its original state.
This suggests that there is a homeostatic mechanism that
returns the histone modifications to their “ground state”
after DZNep treatment. Our data show the strong need
for further development of histone methylation inhibitors.
[Mol Cancer Ther 2009;8(6):1579–88]

Introduction
Abstract
DNA methylation, histone modifications, and nucleosomal
occupancy collaborate to cause silencing of tumor-related
genes in cancer. The development of drugs that target
these processes is therefore important for cancer therapy.
Inhibitors of DNA methylation and histone deacetylation
have been approved by the Food and Drug Administration
for treatment of hematologic malignancies. However,
drugs that target other mechanisms still need to be developed. Recently, 3-deazaneplanocin A (DZNep) was reported to selectively inhibit trimethylation of lysine 27
on histone H3 (H3K27me3) and lysine 20 on histone H4
(H4K20me3) as well as reactivate silenced genes in cancer cells. This finding opens the door to the pharmacologic
inhibition of histone methylation. We therefore wanted to
further study the mechanism of action of DZNep in cancer
cells. Western blot analysis shows that DZNep globally inhibits histone methylation and is not selective. Two other
drugs, sinefungin and adenosine dialdehyde, have similar
effects as DZNep on H3K27me3. Intriguingly, chromatin
immunoprecipitation of various histone modifications
and microarray analysis show that DZNep acts through a
different pathway than 5-aza-2′-deoxycytidine, a DNA
methyltransferase inhibitor. These observations give us interesting insight into how chromatin structure affects
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Chromatin modifications regulate genetic expression patterns and are necessary for the proper development and
function of mammals. DNA methylation and covalent and
noncovalent modifications of histones are all mechanisms
that work together to control gene expression and stabilize
the genome. Errors in any of these processes can contribute
to tumorigenesis and result in cancer (1).
New therapeutic approaches have been developed with
the goal of reversing the epigenetic marks that lead to gene
silencing (2). Three such drugs have already been approved
by the Food and Drug Administration for the treatment of cancer. Inhibitors of DNA methylation 5-aza-2′-deoxycytidine
(5-Aza-CdR) and 5-azacytidine (5-Aza-CR) have been approved for the treatment of myelodysplastic syndromes. In
addition, suberoylanilide hydroxamic acid, a general deacetylase inhibitor, has been approved for the use in treatment of
cutaneous T-cell lymphoma. These three drugs have been
shown to act on the same genes and to have synergistic effects
when used together (3, 4).
Two separate epigenetic pathways have been shown to be
dysregulated in cancer. The first is the well-known silencing
of genes by DNA methylation (5) and the second is the silencing of genes mediated by the Polycomb repressor complex 2, which is often independent of DNA methylation (6, 7).
The Polycomb repressor complex 2 plays an important role
during development and the methyltransferase component,
enhancer of zeste homologue 2 (EZH2), is responsible for
the trimethylation of histone H3K27 (H3K27me3), which
is a repressive chromatin mark (8). Overexpression of
EZH2 has been associated with a number of cancers, including melanoma, lymphoma, and breast and prostate cancers
(9–12). Because the Polycomb system and DNA methylation can work through different pathways, a combination
treatment using an inhibitor to the Polycomb repressor
complex 2 as well as an inhibitor of DNA methylation could
target both sets of genes silenced by the two mechanisms.
This would allow for a simultaneous reactivation of genes
by epigenetic therapy.
Recently, 3-deazaneplanocin A (DZNep) was discovered
to selectively inhibit H3K27me3 and H4K20me3 (trimethylation of histone H4 at lysine 20) as well as to induce apoptosis
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Figure 1. Methyltransferase inhibitors. A, chemical structures of DZNep, adenosine dialdehyde,
sinefungin, and 5-Aza-CdR. The enzyme(s) inhibited
by each chemical is indicated below the structures
in parenthesis. B, schematic of AdoMet (S-adenosylmethionine) metabolism and its inhibition. AdoMet
is the methyl donor for methylation reactions. AdoMet
is metabolized to AdoHcy by methyltransferases.
AdoHcy is then converted into adenosine and homocysteine by AdoHcy hydrolase. DZNep and adenosine
dialdehyde inhibit AdoHcy hydrolase, causing an increase in AdoHcy levels. AdoHcy in turn inhibits the
methyltransferases. Sinefungin directly inhibits
methyltransferases.

in cancer cells (13). This makes DZNep a possible candidate
as an epigenetic therapeutic for the treatment of cancer. However, DZNep is a known S-adenosylhomocysteine (AdoHcy)
hydrolase inhibitor, which leads to the indirect inhibition of
S-adenosyl-methionine (AdoMet)–dependent reactions,
including those carried out by many methyltransferases
(Fig. 1B; refs. 14, 15). Therefore, it is surprising that the effects
of DZNep on cancer cells were found to be relatively specific
to EZH2.
To better understand how DZNep affects gene expression
and chromatin structure and to test its potential as an epigenetic therapeutic, we further explored the mechanism by
which DZNep inhibits the methylation of H3K27 and determined whether it affects other histone methylation marks.
In addition, we compared the mechanisms by which DZNep
and 5-Aza-CdR affect gene expression. We found that
DZNep affects multiple histone methyltransferases and can
epigenetically reactivate a different cohort of genes than
those by 5-Aza-CdR. In addition, we have used DZNep to
study how chromatin structure affects gene expression using
the KRT7 gene, which is part of the keratin gene family. The
KRT7 gene codes for a subunit of the type II cytokeratins that
aid in cytoplasmic structure and protein binding. We also
studied if the changes induced by DZNep were somatically
heritable. Taken together, our data give useful insight into

how chromatin structure affects gene expression and support the use of methyltransferase inhibitors for epigenetic
therapy.

Materials and Methods
Cells and Drug Treatments
MCF7 and T24 were purchased from the American Type
Culture Collection and cultured according to their recommendations. The immortalized keratinocyte HaCaT cell line
was obtained as described previously (16) and was grown
in modified MEM supplemented with 10% FCS. For drug
treatments, cells were seeded the day before the drugs were
added. Cells were seeded at 700,000 per 10-cm dish. Cells were
then treated with 1 to 5 μmol/L DZNep (17), 10 to 100 μmol/L
adenosine dialdehyde (Sigma), 50 to 150 μmol/L sinefungin
(Sigma), and 1 to 3 μmol/L 5-Aza-CdR (Sigma) for 72 h.
Western Blots
Cells were harvested by treatment with trypsin and resuspended in radioimmunoprecipitation assay buffer. The resuspended cells were lysed by two cycles of sonication for
15 s. Equal amounts of protein (20-50 μg) were separated on
SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride membranes. The blots were probed with antibodies against EZH2, SUZ12, proliferating cell nuclear antigen,
Mol Cancer Ther 2009;8(6). June 2009

Downloaded from mct.aacrjournals.org on January 28, 2022. © 2009 American Association for Cancer
Research.

Published OnlineFirst June 9, 2009; DOI: 10.1158/1535-7163.MCT-09-0013

Molecular Cancer Therapeutics

histone H3, and the following histone modifications:
H3K27me3, H3K9me2, H3K79me3, H4K20me3, H3K9me3,
H3K4me3, H3K9me1, H3K36me3, H3R2me2, and H3K27me1.
Rapid Amplification of cDNA Ends
Total RNA was extracted using Trizol (Invitrogen) from
MCF7 cells treated with either 5 μmol/L DZNep or 1 μmol/L
5-Aza-CdR for 72 h. The 5′ ends of mRNA were determined
using the RLM-RACE Kit (Ambion) according to the manufacturer's instructions. The 5′ to 3′ sequences of gene-specific
primers were as follows: KRT7 P1 outer, 5′-TGCAGTGCCTCAAGCTGA-3′; KRT7 P1 inner, 5′-GGAGGCAAACTTGTTGTTGAGGGT-3′; KRT7 P2 outer, 5′-ATTGAGGGT‐
CCTGAGGAAGTTGAT-3′; KRT7 P2 inner, 5′-CTTCAGCACCACAAACTCATTCTCAG-3′. Universal outer and
inner primers were provided with the kit. The rapid amplification of cDNA ends (5′-RACE) reaction products were
cloned using the TOPO-TA cloning kit (Invitrogen) and were
sequenced.
Quantitative Real-time PCR
Total RNA was isolated from cell lines using Trizol (Invitrogen) or the RNeasy Mini Kit (Qiagen). Reverse transcription using MMLV-RT (Invitrogen) was done according to the
manufacturer's instructions. Quantitative real-time PCR was
done using TaqMan probes (Applied Biosystems). Expression of KRT7 was normalized to glyceraldehyde-3-phosphate dehydrogenase. Primers and probe for KRT7 P1:
sense primer 5′-AGCAGATCAAGACCCTCAA-3′ and antisense primer 5′-GGCCTCAAAGATGTCTGG-3′; KRT7 P2:
sense primer 5′-GGGAGTCCAGGGAAGGAGTA-3′ and
antisense primer 5′-AGGTCAAGAGGGTGCACAGA-3′,
probe 5′-CTGCTCAGGGAGTTCCGA-3′. PCR conditions

were as follows: 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 1 min.
Quantitation of DNA Methylation by Pyrosequencing
Pyrosequencing analysis was done on bisulfite-converted DNA, prepared as described previously (18, 19).
Briefly, the promoter regions of interest were first amplified
by PCR using biotinylated antisense primers. Next, the 10 μL
of the PCR product were used for individual sequencing.
Streptavidin-Sepharose beads (Amersham Biosciences) and
a Vacuum Prep Tool (Biotage AB) were used to purify the
single-stranded biotinylated PCR products according to the
manufacturer's recommendation. The primers used for amplification of promoter regions were as follows: KRT7 P1, sense
5′-TTGTTTGGATTGAAAGTTTGGGTTT-3′, antisense 5′-Biotin-ACTAAACTTCCACAAATAAAA-3′; KRT7 P2, sense
5′-GTAGGGAAGGTGTGGGGTTA-3′; antisense 5′-BiotinCCATACCCTCAAAATTACACTCCCT-3′.
The appropriate sequencing primer was annealed to the
purified PCR product. Pyrosequencing reactions were done
in a 96-well plate format using the PSQ 96HS system (Biotage). The sequencing primers were as follows: KRT7 P1,
S1:5′-TTGTTTGGATTGAAAGTTTGGGTTT-3′; and KRT7
P2, S1: 5′-GTTATTATTTAGTTTTTGTTGTTAGGATTAA-3′.
Raw data were analyzed using the allele quantitation algorithm using the provided software.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) analyses were
done as described previously (20) except that 25 μg of
DNA were used for each ChIP. Antibodies used are as follows: anti–histone H3 (Abcam), anti–histone H3K27me3
(Upstate), anti–acetyl histone H3 (Abcam), anti–histone

Figure 2. The effects of methyltransferase inhibitors on global histone methylation. A, MCF7 breast cancer cells and T24 bladder cancer cells were
treated with either 1 μmol/L 5-Aza-CdR, 5 or 10 μmol/L DZNep, 150 μmol/L sinefungin, or 50 μmol/L adenosine dialdehyde for 72 h. Cells were harvested,
and DNMT1, EZH2, and H3K27me3 levels were measured by Western blot analysis. B, MCF-7 cells were treated with either 1 or 5 μmol/L DZNep for 72 h.
Cells were harvested and global histone methylation levels were determined by Western blot analysis.
Mol Cancer Ther 2009;8(6). June 2009

Downloaded from mct.aacrjournals.org on January 28, 2022. © 2009 American Association for Cancer
Research.

1581

Published OnlineFirst June 9, 2009; DOI: 10.1158/1535-7163.MCT-09-0013

1582 Methylation Inhibitor Induces Developmental Genes

H3K9me2 (Abcam), anti–histone H3K4me3 (Abcam), and
anti-IgG (Upstate) as a negative control. Real-time quantitative PCR was used to quantify each histone mark found
within the KRT7 P1 and KRT7 P2 region. Sequences for
primer and probes were as follows: KRT7 P1, sense primer
5′-AAGCCTTCCCTCACTGAGTCC-3′ and antisense primer 5′ -TTCAGTCCAAGCAGGGATGG-3′ , probe 5′ATGGGCTGGAACTGCGGTCCC-3; KRT7 P2, sense primer
5′-GTACAGGGAGGGTCCCTGTGT-3′ and antisense primer 5′-AGCCAGGTCAAGAGGGTGC-3′, probe 5′CAGCTGCTCAGGGAGTTCCGATCTG-3′. PCR conditions
were as follows: 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 1 min.
Microarray Analysis
Cells were treated with either 5 μmol/L DZNep or
1 μmol/L 5-Aza-CdR for 72 h. Total RNA was isolated
from MCF7 cells with the RNAeasy Mini Kit. To look at
global gene expression, RNA was hybridized to the hu-

man 6 v2 Expression BeadChip (Illumina) and data analysis was done using Illumina microbead studio software.

Results
DZNep Inhibits Global Histone Methylation through
an Indirect Mechanism
To decipher the mechanism by which DZNep inhibits
EZH2, we compared its effects on EZH2 to that of a DNA
methylation inhibitor (5-Aza-CdR), another AdoHcy hydrolase inhibitor (adenosine dialdehyde), and a global methyltransferase inhibitor (sinefungin; Fig. 1A and B; refs. 21, 22).
The MCF7 breast cancer and T24 bladder cancer cell lines
were treated for 72 hours with each compound and harvested for Western blot analysis (Fig. 2A). We found that
5-Aza-CdR had no effect on EZH2 protein levels or on the
global amount of H3K27me3 in either cell line. Sinefungin, a
global and direct inhibitor of methyltransferases, caused a
decrease in EZH2 and a decrease in H3K27me3 levels in

Figure 3. The effects of 5-Aza-CdR and DZNep on KRT7 expression. A, 5′ RACE was done on RNA purified from MCF7 cells treated with either 1 μmol/L
5-Aza-CdR or 5 μmol/L DZNep for 72 h. The 5′ RACE results found that 5-Aza-CdR and DZNep turned on different transcripts. Black boxes, exons; gray
box, CpG Island; vertical lines, CpG sites; bent arrows, transcriptional start sites determined by 5′ RACE; vertical arrows, CpG sites analyzed by pyrosequencing; gray hatched squares, ChIP PCR products. B, specific primers were designed toward each transcript. Primer sites are indicated in A. Black
triangles, binding sites for the primers specific to the P1 transcript; white triangles, binding sites for the primers specific to the P2 transcript. Real-time
quantitative PCR was used to verify the activation of the different promoters by 5-Aza-CdR and DZNep. Error bars, range from two biological repeats. C,
MCF7 cells were treated with either 1 μmol/L 5-Aza-CdR or 5 μmol/L DZNep for 72 h. Pyrosequencing was used to analyze the affects within the KRT7 P1
promoter or the KRT7 P2 promoter. Error bars, range from two (P1) or three (P2) analyzed sites.
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T24 cells. However, the same decrease in EZH2 protein levels was not observed in MCF7 cells upon treatment with
sinefungin. The differences observed between the two cell
lines may have been due to the differences in the metabolism of sinefungin or in its cellular uptake. Next, we found
that another AdoHcy hydrolase inhibitor, adenosine dialdehyde, caused a decrease in EZH2 protein levels and a
global decrease in H3K27me3 in both cell types, similar
to what has been shown with DZNep (13). This implied
that the degradation of EZH2 and subsequently the decrease in H3K27me3 levels were not specific to DZNep
and that DZNep was probably not directly inhibiting
EZH2. Other studies have shown that it is AdoHcy that
inhibits methyltransferases upon treatment of cells with
adenosine dialdehyde (21). Therefore, the inhibition of
EZH2 observed in cells treated with DZNep was most likely
due to an increase in AdoHcy levels, which then directly inhibited EZH2. Taken together, these data imply that DZNep
can act indirectly to inhibit EZH2 and subsequently cause a
decrease in H3K27me3, similar to other compounds.
Next, we investigated whether the effect of DZNep was
selective for H3K27me3 or if it also affected other histone
methylation marks. To keep our study consistent with the
previous study, MCF7 cells were treated for 72 hours
with either 1 or 5 μmol/L DZNep (13). Protein extracts
were analyzed by Western blot analysis for EZH2 and
several other histone marks (Fig. 2B; Supplementary
Fig. S1). 3 We found that 1 μmol/L DZNep had no effect
on EZH2 levels whereas 5 μmol/L DZNep caused a slight
reduction. We discovered that in addition to H3K27me3
and H4K20me3, DZNep also caused a global decrease in
most histone modifications that were examined, except
for H3K9me3 and H3K36me3. It should be noted that these
experiments were repeated three times biologically and
although the degree of inhibition varied from experiment to
experiment the trend remained the same. These data showed
that DZNep acts as a global inhibitor of histone methylation
and is not selective to H3K27me3 and H4K20me3 as was previously reported (13).
Although we have clearly shown that DZNep acts globally
and can inhibit both activating and repressive histone marks,
DZNep may still be clinically useful. It is well known that the
histone deacetylase (HDAC) inhibitors are also global inhibitors that affect the deacetylation of other proteins as well as
histones, but are still successfully used in the treatment of
cancer (23, 24). We therefore decided that further investigation of the potential of DZNep as an epigenetic therapeutic
was warranted, in addition to using DZNep to further elucidate how chromatin structure affects gene expression.
Two Distinct Mechanisms Are Involved in the
Silencing of a Single Gene
It was previously suggested that DZNep, but not 5-AzaCdR, could cause reexpression of genes silenced by DNA
methylation in the absence of DNA demethylation (13).

3

Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Figure 4. KRT7 P1 and P2 ChIP analyses. ChIP analysis of the KRT7 P1
and P2 locus after treatment of MCF7 cells with either 1 μmol/L 5-Aza-CdR
or 5 μmol/L DZNep for 72 h. ChIP analysis for histone H3K27me3,
H3K4me3, and acetyl H3. Immunoprecipitates (IP) are normalized to H3
to account for any variation in nucleosome positioning due to the drug
treatments. Error bars, range between duplicate ChIPs. Representative of
two biological repeats. Each repeat gave similar results.

Because it is atypical for a transcript initiated from a
methylated CpG island in its promoter to be reexpressed
without demethylation of the CpG sites, we decided to
further explore this concept. We focused our studies on
KRT7 (NM_005556), which is one of the genes shown to
contain a methylated CpG island in its promoter yet
was seemingly activated by DZNep without DNA demethylation (13).
We first did a 5′-RACE on mRNA isolated from MCF7
cells that had been treated with either 5-Aza-CdR or
DZNep for 72 hours and identified two alternate transcripts of KRT7 (Fig. 3A). The downstream transcript,
which was identified in cells treated with DZNep, had
not been previously described. We therefore designed primers that were specific for each transcript and we found
that 5-Aza-CdR could induce the expression of the transcript generated from the promoter containing the methylated CpG island (P1; Fig. 3B). In contrast, DZNep was able
only to induce the expression of the second transcript generated from a downstream promoter located in a CpGpoor region (P2; Fig. 3B). Thus, the increase in expression
upon DZNep treatment that was previously shown to be

Mol Cancer Ther 2009;8(6). June 2009

Downloaded from mct.aacrjournals.org on January 28, 2022. © 2009 American Association for Cancer
Research.

1583

Published OnlineFirst June 9, 2009; DOI: 10.1158/1535-7163.MCT-09-0013

1584 Methylation Inhibitor Induces Developmental Genes

from a methylated promoter (P1) likely reflects this novel
transcript (P2).
We sought to determine if the second promoter we
found occurs naturally or if we were activating a cryptic
promoter with DZNep. We found that the KRT7 P2 transcript occurs in the immortalized keratinocyte HaCaT cell
line and other cancer cell lines (Supplementary Fig. S2).3
This suggests that KRT7 P2 becomes silenced in some epithelial cancers, but can be reexpressed upon DZNep
treatment.

These results show that there are two mechanisms for
silencing the KRT7 gene and that DZNep did not turn on
transcription from this methylated promoter. Our study also
highlights the importance of locating the exact start site of
the transcript being studied when analyzing epigenetic
modifications.
We then looked at the effects of DZNep on DNA methylation. Pyrosequencing showed that the treatment of MCF7
cells with 5 μmol/L DZNep did not affect the levels of
DNA methylation within either the KRT7 P1 or P2 promoters

Figure 5. Illumina expression arrays. A, scatter plots showing genes that are up-regulated or down-regulated >2-fold upon treatment of MCF7 cells
with either 1 μmol/L 5-Aza-CdR (top) or 5 μmol/L DZNep (bottom) for 72 h when compared with untreated MCF7 cells. B, Venn diagram showing the
overlap of genes up-regulated in MCF7 cells treated with 5-Aza-CdR or DZNep. MCF7 cells were treated with either 1 μmol/L 5-Aza-CdR or 5 μmol/L
DZNep for 72 h. Gene expression was analyzed using Illumina human 6 microbead array. C, Expression Analysis Systemic Explorer (EASE) analysis showing the categories of genes turned on by DZNep or 5-Aza-CdR. The Bonferroni score of <1 was determined to be significant.
Mol Cancer Ther 2009;8(6). June 2009
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Figure 6. Comparison of the heritability of gene expression upon treatment of MCF7 cells with either 5-Aza-CdR or DZNep. MCF7 cells were treated
with either 1 μmol/L 5-Aza-CdR or 10 μmol/L DZNep for 24 h. Cells were harvested for RNA extraction or for cellular extracts every day for 14 d beginning
24 h after drug removal (day 1). A, real-time quantitative PCR showing the heritability of KRT7 P1 transcript and KRT7 P2 transcript following drug
treatments. B, Western blot showing how the levels of EZH2 change upon drug removal. Blots were analyzed using the Fluor-S Multi-Imager MAX instrument (Bio-Rad). C, genes that were up-regulated >2-fold by either drug treatment were determined by Illumina microarray. The graph shows the number of
genes up-regulated on day 1 and day 7 by the indicated drug treatments.

(Fig. 3C), confirming previous studies (13). Treatment of
MCF7 cells with 10 μmol/L DZNep for 72 hours caused a
slight reduction (6%) in CpG methylation, but we found that
this treatment was not enough to cause expression of the P1
transcript (data not shown). However, 5-Aza-CdR caused a
27% decrease in CpG methylation in the KRT7 P1 promoter
(Fig. 3C), which is consistent with its increased expression after treatment with 5-Aza-CdR. This confirms, by an alternative methodology, that CpG methylation is the primary
mechanism through which expression of the P1 transcript,
but not the P2 transcript, is controlled.
Decrease in H3K27me3 Is Correlated with an Increase
in the Expression of the KRT7 P2 Transcript
We studied the local changes in histone modifications
after treatment of MCF7 cells with either 5-Aza-CdR or
DZNep (Fig. 4) using ChIP. We found that both promoters
contained H3K27me3 methylation. This is somewhat surprising because it has been shown that H3K27me3 most
often exists independent of DNA methylation. However,
there are exceptions to the rule, which we confirm here with
the KRT7 P1 promoter (6), whereas treatment with 5-AzaCdR did not affect the H3K27me3 levels at either the P1
or P2 promoter. However, treatment with DZNep resulted
in an ∼50% decrease in H3K27me3 at both promoters. This
result suggests that a decrease in H3K27me3 levels occurs as
the KRT7 P2 promoter is activated. Although DZNep also
affected H3K27me3 levels at KRT7 P1, this decrease alone

did not cause activation of the P1 transcript, suggesting that
the DNA methylation must be removed for the P1 transcript
to be expressed.
Additionally, we found that the treatment of MCF7
cells with 5-Aza-CdR generated an increase in H3K4me3
in the P1 promoter whereas treatment with DZNep resulted in no change in the relative enrichment of this mark.
This suggests that although H3K4me3 may contribute to
the expression of KRT7 P1, the KRT7 P2 promoter does
not require H3K4me3 to be expressed. No change was observed in the levels of acetylated H3; however, this mark
was already present in the P2 promoter.
DZNep and 5-Aza-CdR Activate Different Sets of
Genes
Next, we did a comparison between genes that can be activated by 5-Aza-CdR and genes that can be activated by
DZNep. RNA extracted from MCF7 cells treated with either
1 μmol/L 5-Aza-CdR or 5 μmol/L DZNep for 72 hours was
subjected to microarray analysis (Supplementary Fig. S3A
and B).3 These data have been deposited in the Gene Expression Omnibus of the National Center for Biotechnology Information (NCBI; ref. 25) and are accessible
through GEO Series accession number GSE15200. 4
Three genes found to be up-regulated by DZNep were

4

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15200
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validated by quantitative PCR (Fig. 3B and Supplementary Fig. S4). 3 Scatter plots show that treatment with
DZNep resulted in the activation of 154 genes, whereas
5-Aza-CdR resulted in the activation of only 68 genes
by >2-fold (Fig. 5A). The Venn diagram (Fig. 5B) shows
that few genes were commonly activated by both drugs.
Only seven genes were up-regulated by both drugs in
MCF7 cells. Further analysis is necessary to determine
whether some of the commonly regulated genes are generated as different transcripts as we showed for KRT7. In addition, DZNep also caused a reduction in the expression of
many genes. This may be the result of the ability of DZNep
to reduce H3K4me3 levels (Fig. 4).
To determine if 5-Aza-CdR and DZNep turned on genes
involved in different cellular processes, an EASE analysis
was done. We found that 5-Aza-CdR turned on genes mostly
involved in defense responses to parasites and wounding,
whereas DZNep activated genes involved in organogenesis
and epidermal and ectoderm development (Fig. 5C). Because
MCF7 is an epithelial cancer cell line, it is not surprising that
DZNep turns on epidermal and ectoderm genes that have
been silenced in cancer. It will be interesting to see whether
DZNep treatment induces expression of genes that are specific to blood cells in lymphomas or causes genes that are
specific to muscle development to become activated in
muscle cancer cells.
Kinetics of mRNA Induction by DZNep
We next did a time course to determine the kinetics of
gene activation and heritability of gene expression after
24-hour treatment with 10 μmol/L DZNep or 1 μmol/L
5-Aza-CdR. We chose 24-hour treatments instead of 72 hours
as we had done in the initial experiments so that our
data would be comparable with previous heritability studies using 5-Aza-CdR (26). Because we were only doing a
24-hour treatment, we also used 10 μmol/L DZNep instead of 5 μmol/L to try and increase the effects of the
drug during the shorter incubation period (Fig. 6A). We
found as before (Fig. 3A) that although DZNep did not
activate the KRT7 P1 transcript, the P2 transcript was robustly expressed on day 1 and that expression from the
KRT7 P2 was lost a further day after drug removal. When
the cells were treated with 5-Aza-CdR, the KRT7 P1 transcript was gradually turned on, peaking on day 7 and then
gradually turned off again. Western blot analysis showed
that EZH2 protein levels were decreased on day 1 but increased to normal levels by day 2 (Fig. 6B), consistent with
the expression data.
We then examined the global changes in gene expression
by microarray analysis on days 1 and 7 after treatment of
MCF7 cells with either DZNep or 5-Aza-CdR (Fig. 6C)
and found that no heritable changes in expression were
induced by DZNep. This suggests that a homeostatic
mechanism returns the histone modifications to their
pretreatment levels or “ground state” after DZNep treatment. In contrast, most of the genes turned on by 5-AzaCdR were observed at day 7, whereas only a handful of
genes were induced 2-fold or more by day 1. These data
have been deposited in the Gene Expression Omnibus of

NCBI (25) and are accessible through GEO Series accession number GSE1373.5

Discussion
DZNep was previously reported to be a selective inhibitor
of H3K27 and H4K20 trimethylation (13). However, that
study focused only on the methylation of H3K27, H3K9,
and H4K20, whereas we have expanded the study to include other histone methylation modifications. Our extended study shows that DZNep is not a selective inhibitor of
H3K27me3 and H4K20me3 as previously reported (13). Instead DZNep was found to globally inhibit both repressive
and active histone methylation marks. In addition, we tested other AdoHcy hydrolase and global methyltransferase
inhibitors and found that EZH2 inhibition is not specific
to DZNep. However, DZNep may have more clinical potential than many of these other inhibitors due to the known
limitations of other AdoHcy hydrolase inhibitors. For example, adenosine dialdehyde, which is less potent than
DZNep, may not metabolically survive because of the two
labile aldehyde groups. In addition, other AdoHcy inhibitors such as neplanocin A are toxic because neplanocin A
is converted into 5′-triphosphate whereas other compounds
such as asysteromycin are less potent (27).
It had been previously reported that DZNep could turn
on genes, such as KRT7, which contain a methylated CpG
island within their promoter, without demethylation of
5-methylcytosine, whereas 5-Aza-CdR was incapable of
turning on these genes (13). This finding was surprising
in view of our current understanding of epigenetic therapy; therefore, we further studied the effects DZNep had on
DNA methylation and gene expression of the KRT7 gene.
We found that DZNep activates a novel transcript that is
located further downstream from the promoter containing
a CpG island. 5-Aza-CdR, but not DZNep, activates the
transcript from the promoter containing the methylated
CpG island. This activation by 5-Aza-CdR was accompanied by a 27% decrease in DNA methylation of KRT7 P1 as
measured by pyrosequencing. This finding is contrary to
the previous study (13). The reason for this discrepancy
is not clear but may be due to the use of 5-Aza-CR, instead
of 5-Aza-CdR, by the previous authors (13, 26). Overall,
these studies stress the need for the identification of the
exact start site of the transcripts being analyzed when conducting epigenetic studies.
We have also shown that although repressive histone
marks can be reversed by DZNep treatment, a transcript
cannot be reexpressed if it contains a methylated CpG island. Our studies have found that both the KRT7 P1 and
P2 promoters contain H3K27me3 at their promoter. However, when this mark is decreased upon treatment of cells with
DZNep, only the P2 promoter, which is unmethylated, is
activated. This is in accordance with the data where knockdowns of the H3K9me2 methyltransferase or EZH2 failed to
cause a reexpression of genes that were methylated at CpG
5
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sites (28, 29). In addition, we have shown that one gene,
KRT7 P2, does not need H3K4me3 to become active
(Fig. 4) and only the repressive marks have to be removed.
It is possible that we would see a greater increase in expression of this transcript if the active mark was also not inhibited; however, initial activation of the KRT7 P2 transcript is
not dependent on H3K4me3.
We also studied the kinetics of gene activation and the
heritability of the somatic changes induced by DZNep. We
found that changes induced by DZNep were not heritable
and that the cell returned to its “ground” state within
24 hours after drug removal. Demethylation induced by
5-Aza-CdR was also not completely stable and genes became resilenced following removal of the drug, although it
took approximately 7 more days than cells treated with
DZNep for the cell to return to its previous state. This suggests that the cell has mechanisms in place that allow for
homeostasis that cannot be permanently reversed by individual epigenetic drugs. A previous study addressed the
heritability of epigenetic marks in bladder cancer cells
treated with 5-Aza-CdR followed by continuous exposure
to 4-phenylbuturic acid. This study showed that this regimen was not able to inhibit remethylation of the p16 promoter (4). We think it would be interesting to study the
kinetics of gene expression of cells treated with DZNep
and 5-Aza-CdR or DZNep and a HDAC inhibitor to determine if the resilencing of genes can be blocked using these
combination therapies.
A compound such as DZNep that inhibits multiple repressive marks may be useful in epigenetic therapy. It has
been shown that H3K9 methyltransferases (SUV39H1 and
G9a) are required to perpetuate the malignant phenotype
seen in prostate cancer cells (PC3) and that targeting these
histone methyltransferases may be of therapeutic benefit
(28). Therefore, having a single drug that decreases both
H3K27me3 and H3K9me2 could be powerful. However,
we show that DZNep can also inhibit the active histone
mark H3K4me3. Although we find induction of transcription even upon the inhibition of H3K4me3, it is likely that
a drug that was able to inhibit the repressive marks alone
and did not affect the active histone marks would be more
clinically valuable. It is therefore useful to continue looking
for inhibitors to specific histone methyltransferases. Regardless, DZNep may be a useful tool in studying chromatin
structure because it can inhibit multiple histone marks.
Because there are multiple epigenetic mechanisms that silence genes during carcinogenesis, it is important to develop
combination therapies targeting these pathways. HDAC
inhibitors have been shown to act synergistically with
both 5-Aza-CdR and DZNep (3, 4, 30). It is possible that
DZNep and H3K4 demethylase inhibitors could work together to provide a more powerful epigenetic therapy, but
more research is needed (31, 32). It is also necessary to develop therapies that simultaneously target DNA methyltransferases and EZH2. In addition to providing helpful insights
into how chromatin modifications affect gene expression, our
data also suggest that combination treatment with both 5Aza-CdR and DZNep may be beneficial for cancer treatment.
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