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syndrome, lymphoma, and normal bone marrow specimens.
Methylation of 11 genes was frequently detected even in control
tissues (Fig. 1C and D). On the other hand, there were 9 genes
whose methylation was only detected in a subset of multiple
myeloma specimens. The remaining 2 genes showed no
methylation, indicating that they were silenced by mechanisms
other than DNA methylation.

Epigenetic inactivation of RASD1 in multiple myeloma cell
lines. Among the 9 genes showing multiple myeloma-specific
methylation, we selected RASD1 for further analysis because it
was originally detected based on its induction by dexametha-
sone (26). We initially confirmed the methylation status of
RASD1 using bisulfite sequencing and bisulfite pyrosequencing.
The results of the bisulfite sequencing were consistent with the
methylation levels determined by pyrosequencing (Fig. 2B
and C), and there was a significant correlation between the
results of pyrosequencing and those of the combined bisulfite
restriction analysis (r = 0.905, P = 0.001; 1s = 0.854, P = 0.003).
Moreover, levels of RASD1 expression determined by real-time
quantitative reverse transcription-PCR were inversely correlated
with the methylation levels determined by pyrosequencing
(r = -0.766, P = 0.010; 1s = -0.842, P = 0.002; Fig. 2D). All cell
lines with methylated RASD1 exhibited >5-fold increase in
RASD1 expression after 5-aza-2-deoxycytidine treatment, and
the induction of RASD1 following 5-aza-2'-deoxycytidine
treatment was correlated with the methylation level before
treatment (r = 0.645, P = 0.044; 1s = 0.733, P = 0.16).

We next carried out real-time PCR with and without
dexamethasone treatment to assess the degree to which RASD1
is induced by dexamethasone in multiple myeloma cell lines
(Fig. 3A and B). RPMI8226 cells, in which RASD1 is
unmethylated, showed the greatest increase in expression
(100 nmol/L dexamethasone versus mock). When we then
tested whether 5-aza-2"-deoxycytidine would enhance the

induction of RASD1 by dexamethasone in multiple myeloma
cell lines showing RASD1 methylation, we found that 5-aza-2’-
deoxycytidine acted synergistically with dexamethasone to
induce RASD1 expression in all of the cell lines tested (Fig. 3B).

5-Aza-2-deoxycytidine acts synergistically with dexamethasone
to suppress dexamethasone-resistant OPM1 cell viability. Alth-
though multiple myeloma cells are generally sensitive to
dexamethasone treatment, tolerance appears during the end
stage of the disease. Given that RASD1 reportedly suppresses
cell growth (27), we hypothesized that dexamethasone acts
through activation of RASD1. To test that idea, we first carried
out a set of WST-8 assays to determine the dexamethasone
sensitivity of each multiple myeloma cell line. Two cell lines
(RPMI8226 and MM.1S) with unmethylated RASD1 were
clearly sensitive to dexamethasone, which dose-dependently
suppressed their viability (Fig. 4A and B). Consistent with their
lack of RASD1 methylation, 5-aza-2"-deoxycytidine had no
effect on the viability of these two cell lines (Fig. 4B). By
contrast, cell lines with methylated RASD1 showed no
sensitivity to dexamethasone treatment (Fig. 4A), suggesting
that dexamethasone resistance is associated with RASD1
methylation. That finding prompted us to test whether
demethylating RASD1 using 5-aza-2"-deoxycytidine would alter
the dexamethasone sensitivity of RASD1-methylated cell lines.
We found that, in the absence of 5-aza-2’-deoxycytidine, OPM1
cells were insensitive to dexamethasone treatment as reported
previously (ref. 8; Fig. 4A). In the presence of 5-aza-2-
deoxycytidine, however, dexamethasone suppressed OPM1
cell viability in a time- and dose-dependent manner (Fig. 4C).
Thereafter, we compared the sensitivities to dexamethasone
and 5-aza-2’-deoxycytidine treatment of two drug-resistant
cell lines derived from the dexamethasone-sensitive cell
lines shown in Fig. 4B, taking into consideration the differences
in their methylation status. RPMI8226/Dox40 cells are
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doxorubicin-resistant cells derived from the RPMI8226 line;
RASD1 is highly methylated (95%; data not shown) in these
cells, and" like  OPM1 cells;" their viability was suppressed
by treatment with 5-aza-2’-deoxycytidine + dexamethasone
(Fig. 4D). By contrast, MM.IR cells; which are derived from
MM.1S cells, are known to be dexamethasone-resistant due to
glucocorticoid receptor truncation, not RASD1 methylation (30,
31). Consistent with the absence of RASD1 methylation (<5%;
data notshown), 5-aza-2'-deoxycytidine had no ability to enhance
dexamethasone cytotoxicity toward MM. 1R cells (Fig. 4D).
Increased RASD1 methylation after repeated treatments in
multiple myeloma patients. To assess the levels of RASD1
methylation in primary multiple myeloma cells, we performed
pyrosequencing using CD138" cells from 87 multiple myeloma
patients and 12 control subjects without tumors (Fig. 5A
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and B). We selected 10% as the cutoff for methylation based on
our findings that it represents the 75th percentile among the
control samples and that cell lines with methylation of >10%
showed down-regulated RASD 1 expression that was restored by
5-aza-2"-deoxycytidine (Fig. 2B). Methylation of RASD1 was
observed in' 8 of the 87 (8%) primary multiple myeloma
samples (Fig. 5B). Moreover, levels of RASD1 methylation were
elevated in all multiple myeloma cases (5 cases) in which there
was repeated administration of antitumor therapy, including
dexamethasone (P < 0.001; Fig. 5C).

Identification of the genes involved in the synergistic effect of
5-aza-2-deoxycytidine with dexamethasone. To identify genes
responsible for the synergistic effect of 5-aza-2’-deoxycytidine
with dexamethasone, we performed cDNA microarray analyses
using ¢cDNA prepared from dexamethasone-resistant OPM1
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cells treated with or without dexamethasone, 5-aza-2"-deoxy-
cytidine, or 5-aza-2’-deoxycytidine + dexamethasone. We then
selected genes whose expression was up-regulated or down-
regulated >3-fold by 5-aza-2’-deoxycytidine + dexamethasone
for analysis of gene tree clustering (Fig. 6A; Supplementary
Table S4). One cluster exhibited an expression pattern similar to
that of RASD1 shown in Fig. 3B. This cluster included RASD1 as
well as other known cancer-related genes (Supplementary Table
S4). To validate the results of the microarray analysis, we then
carried out quantitative real-time PCR for four genes chosen
from this cluster (Fig. 6B), and the results were consistent with
those obtained with the microarray. We also examined the
expression of SOCS3, which plays a role in the regulation of the
interleukin-6 signaling pathway. Like that of RASD1, expression
of SOCS3 was synergistically up-regulated in cells treated with
5-aza-2'-deoxycytidine + dexamethasone (Fig. 6B).

Finally, we performed bisulfate sequencing analysis to
examine the role of DNA methylation in silencing genes
up-regulated by 5-aza-2’-deoxycytidine + dexamethasone
(Supplementary Fig. S5). Significant methylation of BNIP3
was detected, although methylation of SOCS3 gene was not,
and ROS1 does not contain a CpG island in its 5’ region. Thus
5-aza-2"-deoxycytidine + dexamethasone appears to suppress
cell growth in both DNA methylation-dependent and DNA
methylation-independent manners.

Discussion

Although genomic screening of genes silenced by DNA
methylation has been reported previously (14, 16), the
epigenetic alterations involved in tumorigenesis of multiple

myeloma are still not fully understood. In the present study,
genomic screening revealed that 128 genes were up-regulated
>10-fold by 5-aza-2’-deoxycytidine in RPMI8226 cells, and 83
were similarly up-regulated in KMS12-PE cells, which is
comparable with earlier findings (14). In addition, we found
that 5-aza-2"-deoxycytidine up-regulated 424 genes >10-fold in
OPMT1 cells. This suggests that different numbers of genes are
targeted for methylation in different multiple myeloma cells.
This implies that the utility of the expression-based approach
to finding target genes silenced by DNA methylation is limited
because (a) 5-aza-2’-deoxycytidine induces expression of genes
silenced via multiple mechanisms (e.g., DNA damage and
growth inhibition) and (b) the sensitivity of microarrays is
limited. We therefore focused on genes that have CpG islands
in their 5 regions using real-time PCR to confirm restoration
of their expression by 5-aza-2’-deoxycytidine and bisulfite PCR
to assess their methylation status. We found specific methyl-
ation of 9 genes in multiple myeloma cells and tissue
specimens but not in normal bone marrow cells, suggesting
that these 9 genes are involved in multiple myeloma
tumorigenesis.

RASD1 was originally identified as a dexamethasone-induc-
ible gene (26), and its product was shown to be a receptor-
independent activator of G-protein signaling (32, 33). RASD1
protein belongs to the Ras family (e.g., RIG, ARH1/NOEY2, and
RRP22), which was recently shown to suppress cell growth
(34-36). Located on chromosome 17p11.2, loss of RASD1
heterozygosity is frequently detected in human tumors, and
Furuta et al. reported epigenetic inactivation of RASD1 in a
melanoma cell line (37), which suggests that inactivation of
RASD1 provides a growth advantage to tumor cells. In the
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present study, we showed that RASD1 methylation is closely
associated with dexamethasone resistance in multiple myeloma
cells. Levels of RASD1 methylation were well correlated with
the silencing of RASD1 and impaired the sensitivity to
dexamethasone in multiple myeloma cell lines. Although
RASD1 hypermethylation was less frequently observed in
primary multiple myeloma samples than multiple myeloma
cell lines, methylation levels were always elevated after repeated
antitumor therapy, suggesting that RASD1 methylation is
pivotal for disease progression and the development of drug
resistance in multiple myeloma.

We found that expression of RASD1 was not induced
by dexamethasone in multiple myeloma cells showing
RASD1 methylation, but treating these cell lines with
5-aza-2"-deoxycytidine restored dexamethasone-mediated gene
expression. This indicates that the impaired response to
dexamethasone need not be caused by the absence of a
transcription factor but can be caused by methylation of the
RASD1 promoter. Our findings are consistent with earlier
reports that inhibition of DNA methylation induces dexameth-
asone-sensitive clones in lymphoid cell lines (38) and that
B-cell proliferation and activity are negatively regulated by
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RASD1 (39). We also found that 5-aza-2"-deoxycytidine had no
significant effect on MM.R1 cells, a dexamethasone-resistant
cell line that does not show RASD1 methylation. Taken
together, our findings indicate that combined treatment
with 5-aza-2’-deoxycytidine and dexamethasone is a potentially
effective therapy for dexamethasone-resistant multiple
myeloma.

Microarray analysis identified several genes that were
synergistically up-regulated by 5-aza-2’-deoxycytidine + dexa-
methasone. Among the affected genes, BNIP3 expression has
been shown to be up-regulated when cells undergoing
apoptosis induced by hypoxia or glucocorticoids (40, 41). It
has also been suggested that SOCS3, a negative regulator of
JAK-STAT signaling, is altered in a variety of tumors (42).
Although SOCS3 is reportedly methylated in various tumor
types (43, 44), we did not detect SOCS3 methylation in
multiple myeloma, which suggests that the antitumor effect of
5-aza-2’-deoxycytidine + dexamethasone involves both deme-
thylation-dependent and demethylation-independent mecha-
nisms, and the synergistic effect of 5-aza-2"-deoxycytidine with
dexamethasone works through multiple mechanisms in mul-
tiple myeloma cells. Further study will be necessary to clarify

Clin Cancer Res 2009;15(13) July 1, 2009



Cancer Therapy: Preclinical

the molecular mechanisms underlying the synergistic effect of
5-aza-2'-deoxycytidine with dexamethasone.

myeloma.

In conclusion, we have shown that epigenetic inactivation

of RASD1 is closely correlated with resistance to dexameth-

asone in multiple myeloma cells. Restoration of RASD1

expression in multiple myeloma cells using 5-aza-2-deoxy-
cytidine also restored sensitivity to dexamethasone. Although
further study is needed to determine how important RASD1
hypermethylation is in the clinical course of multiple
myeloma, our results are indicative of the potential utility
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Genetic alterations in cancer can provide information for predicting
a tumor’s sensitivity to chemotherapeutic drugs. But although such
information is certainly useful, the relatively low frequency of
mutations seen in many cancers limits the utility of pharmacogenomics
in large numbers of cancer patients, necessitating consideration of
other approaches. Epigenetic changes such as DNA methylation are
a hallmark of human cancers. Methylation of genes involved in DNA
repair and maintaining genome integrity (e.g. MGMT, hMLHT, WRN,
and FANCF), and cell-cycle checkpoint genes (e.g. CHFRand 74-3-3 ¢,
CDK10, and p73), all reportedly influence the sensitivity to
chemotherapeutic drugs, suggesting that DNA methylation could
serve as a molecular marker for predicting the responsiveness of
tumors to chemotherapy. However, the comprehensive study of
pharmacoepigenomics awaits the advent of genome-wide analysis
of DNA methylation using  microarrays - and next-generation
sequencers. (Cancer Sci 2009; 100: 787-791)

Cancer arises through the accumulation of multiple genetic
changes, including point mutations; gene amplifications and
gene deletions, which ultimately lead to activation of oncogenes
and inactivation of tumor-suppressor genes.” Moreover, it was
recently proposed that cancer cells are ‘addicted’ to oncogenes for
maintenance of the malignant phenotype.?’ The most convincing
evidence for the concept of oncogene addiction comes from the
increasing number of studies showing the therapeutic efficacy of
antibodies and drugs that selectively target specific oncogenes in
human cancers. For example, mutation of EGFR indicates sensitivity
to gefitinib,® the presence of BCR-ABL translocation or mutation
of c-kit indicates sensitivity to imatinib,® and-amplification: or
overexpression of human EGFR-related 2 (Her-2YErbB2 indicates
sensitivity to herceptin.” Thus genetic alterations in cancer can
provide important information that enables one to predict the
sensitivity of a given tumor to particular chemotherapeutic drugs.

Information about gene expression also can be used to predict
the response to chemotherapy. Profiles of gene expression.in
cancer cell lines revealed an association between the expression
of certain genes and the cells’ sensitivity to chemotherapeutic
drugs.®” What’s more; gene expression signatures have been
used clinically to predict the likely responsiveness of tumors
to: chemotherapy.’® But although information about genetic
changes certainly contributes to our ability. to predict sensitivity
to chemotherapeutic. drugs; the relatively low frequency of
mutations seen in many cancers limits the utility of pharmacog-
enomics in large numbers of cancer patients, necessitating
consideration of other approaches. In this review, we focus on
the implications of epigenetic alterations such as DNA methylation
in predicting the- efficacy of chemotherapeutic. drugs in-the
treatment of cancer.

doi: 10.1111/}.1349-7006.2009.01095.x
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Role of DNA methylation in carcinogenesis

DNA methylation of the 5’-CpG islands of genes plays an important
role in gene regulation. Under normal physiological conditions,
DNA methylation is involved in regulating genome imprinting,
X-chromosome inactivation, and inactivation of repetitive
sequences. Three DNA methyltransferases (DNMT1, DNMT3A,
DNMT3B) catalyze methylation of the promoter regions of a
variety of genes, including genes involved in cell-cycle checkpoints,
apoptosis, DNA repair, cell adhesion, and signal transduction.®!-*
Simultaneous methylation of multiple genes occurs in colorectal
cancers that show the CIMP," and the majority of sporadic
colorectal cancers that show microsatellite instability are associated
with CIMP; which leads to inactivation of the mismatch repair
gene hMLHI and thus disruption of mismatch repair.'> DNA
methylation also plays a role in altering signaling pathways in
cancer. For example, epigenetic inactivation of SFRPI, SFRP2,
SERPS, DKK1, DKK?2, and DKK3, six negative regulators of WNT
signaling, contributes to the full activation of T cell Factor (TCF)
B-catenin activity in colorectal cancers (Fig. 1a,b),""'” whereas
epigenetic inactivation of RASSFI and RASSF2, negative regulators
of the Ras signaling pathway, contributes to full activation of
oncogenic Ras signaling (Fig. 2).%%!% Although the molecular
mechanisms underlying DNA methylation remain unclear, recent
studies suggest that inflammation and pathogens are likely
involved.®02h

Epigenetic inactivation of DNA repair and altered
sensitivity to chemotherapeutic drugs

Genomic instability is an important phenotype that allows cancer
cells to generate oncogenic translocations, inactivate tumor-
suppressor genes, and amplify oncogenes and drug-resistance genes.
Genomic instability is caused by impairment or inactivation of
DNA repair systems, which could represent a molecular target of
cancer therapy. Evidence suggests, for example, that epigenetic
inactivation of DNA repair underlies tumor responsiveness to
DNA-damaging agents. The first reported epigenetic alteration
associated with sensitivity to a chemotherapeutic drug was
the association between methylation of the MGMT gene and
sensitivity to” alkylating agents.?? MGMT is a DNA repair

*To whom correspondence should be addressed. E-mail: mtoyota@sapmed.ac.jp
Abbreviations: 5-aza-dC, 5-aza-2’-deoxycitidine; 5-FU, S5-fluorouracil;: BCNU, 1,3-
bis(2-chloroethyl)-1-nitrosourea; BCR-ABL, breakpoint cluster region-ABL; CDK10,
cyclin-dependent kinase 10; CHFR, checkpoint with ring finger; CIMP, CpG island
methylator phenotype; DNMT, DNA methyltransferase; EGFR, epidermal growth
factor réceptor; FA, Fanconi anemia; FANCF, Fanconi anemia protein F; hMLH1, human
mutL homolog 1;. MAPK, mitogenactivated protein kinase; MGMT, O°methylguanine-
DNA-methyltransferase; RASSF, Ras association domain family; SFRP; secreted frizzled-
related: protein; shRNA, short hairpin’ RNA; siRNA, short interfering RNA; WRN,
Werner syndrome protein.

Cancer Sci | May2009 | vol.100 | no.5 | 787-791



enzyme that removes mutagenic adducts from O°-guanine in
DNA, and its epigenetic silencing has been reported in a wide
variety of tumors.?¥ This silencing of MGMT is associated with
G:Cto A: T transition mutations in K-ras and p53, a mutator
phenotype distinct from mismatch repair deficiency.?>26
Alkylating agents are one of the most widely used classes of
chemotherapeutic drugs and frequently act by modifying the O°
position of guanine. Consequently, their toxicity, and thus their
efficacy, is diminished in tumors expressing MGMT.?” For
example, Esteller ef al. reported that MGMT gene methylation
correlates with response of gliomas to BCNU (Fig. 3).%? More-
over, several clinical trials have shown MGMT gene methylation
to be an independent predictor of outcome in glioblastoma
patients treated with methylating agents.®%>?

Approximately 15% of colorectal cancers show microsatellite
instability due to methylation of the mismatch repair gene
hMLHI1." Clinically, colorectal cancers with hiMLHI methyla-
tion are less aggressive, but they do not respond to 5-FU.C?
Thymidylate synthase catalyzes the conversion of dUMP to
dTMP, which is necessary for DNA synthesis, and inhibition of
this enzyme is the major mechanism underlying the anticancer
effects of 5-FU. Ricciardiello et al. reported that colorectal
cancers with hMLHI methylation express high levels thymidylate
synthase.®" Moreover, colorectal cancer cell lines displaying
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Fig. 1. Epigenetic inactivation of negative regulators of WNT signaling.
(a) In normal cells, SFRP and DKK are associated with key WNT signaling
molecules such as WNT ligands and LRP5/6, which prevent translocation
of B-catenin to the nucleus. (b) In cancer cells, epigenetic inactivation
of SFRP and DKK enables B-catenin to translocate to the nucleus, which
leads to activation of WNT signaling. SFRP, secreted frizzled-related
protein; DKK, Dickkopf; LRP, lipoprotein receptor-related protein.
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microsatellite instability are resistant to 5-FU due to methylation
of hMLH]I, but they become susceptible to treatment upon
exposure to 5-aza-dC.®? Thus methylation of h/MLH1 appears to
be a predictive molecular marker of the sensitivity of colorectal
cancers to 5-FU.

RecQ-like helicases also reportedly play a role in the mainte-
nance of genetic stability, and disruption of their activity results
in chromosome breakage syndromes such as Bloom syndrome,
Rothmund-Thomson syndrome, and Werner syndrome, the last
of which is an inherited disorder characterized by the premature
onset of aging and susceptibility to various types of cancer.
Recently, Agrelo et al. reported that the WRN gene is frequently
silenced by DNA methylation in colorectal cancers®® and that
colorectal cancer cell lines showing WRN methylation are sensitive
to the topoisomerase inhibitor camptothecin and to the interstrand
crosslinker mitomycin C. Clinically, moreover, colorectal cancers
exhibiting WRN methylation respond well to the topoisomerase
inhibitor irinotecan. Hypermethylation of WRN in colorectal
tumors could thus be a useful predictor of a robust clinical
response to a topoisomerase inhibitor.

Fanconi anemia is an autosomal recessive chromosomal insta-
bility syndrome that causes FA patients to be prone to various
types of malignancies. Taniguchi et al. reported that epigenetic
inactivation of one of the FA complementation group genes,
FANCEF, is associated with resistance to cisplatin.®® Defects in
the FA-Breast Cancer (BRCA) pathway are associated with
genomic instability and increased sensitivity to DNA-damaging
agents such as mitomycin C and cisplatin, and there is a signif-
icant correlation between FANCF methylation and sensitivity to
cisplatin in ovarian cancer cell lines, so that restoration of
FNCAF expression using 5-aza-dC induces resistance to cispla-
tin. Methylation of FANCF has been found in 20% of primary
ovarian cancers not previously exposed to cisplatin,*¥ but the
correlation between chemosensitivity and FANCF methylation
in primary tumors remains to be determined. Methylation of
FANCEF was also found in 30% of cervical cancers, 15% of head
and neck squamous cell cancers, and 14% of non-small cell lung
cancers.***® Further study will be necessary to determine
whether methylation of FANCF is a predictive marker of sensitivity
to DNA-damaging agents.

Cell-cycle checkpoint defects and sensitivity
to chemotherapeutic drugs

Impairment of cell-cycle checkpoints is associated with sensitivity
to chemotherapeutic agents. For example, overexpression of
mitotic arrest difficient 2 (MAD2) sensitizes cancer cells to both
cisplatin and vincristine,*”® whereas overexpression of Aurora A
induces chemoresistance.®” In addition, we recently found that

Fig. 2. Positive and negative regulators of Ras
signaling. The oncogenic and anti-oncogenic
functions of Ras are mediated by positive and

negative effectors. Among the negative effectors of

Ras, epigenetic inactivation of RASSF1 and RASSF2

is frequently observed in human tumors. Akt, v-

akt murine thymoma viral oncogene homolog;

Cdc, cell-division cycle; Erk, extracellular signal-

regulated kinase; MEK, Mitogen-activated protein

kinase; MST, mammalian STE20-like protein kinase

1; PI3K, Phosphoinositide 3-kinase; PIP, phospha-

tidylinositol phosphate; PKB, protein kinase B; RAP,

ras-related protein; RASSF, Ras association domain
family.
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methylguanine. (b) Cancers with MGMT methylation are sensitive to
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two microtubule inhibitors, paclitaxel and docetaxel, induce
apoptosis among gastric cancer cells showing CHFR methylation
and that adenoviral introduction of CHFR into methylated cancer
cell lines restores the checkpoint and reduces the incidence of
apoptosis (Fig. 4).“? This correlation between CHFR methyla-
tion and sensitivity to microtubule inhibitors appears to be
specific, as there was no correlation between CHFR methylation
and sensitivity to other chemotherapeutic agents (e.g. VP16) or
to UV. This suggests that CHFR methylation could serve as a
clinically useful predictive marker of the sensitivity of tumors to
microtubule inhibitors. Consistent with that idea, Koga et al.
found that six of seven (86%) patients with methylated CHFR
tumors showed some regression or no progression of their
disease when treated with a microtubule inhibitor, whereas four
of five (80%) patients with an unmethylated CHFR tumor showed
progressive deterioration.“? A correlation between CHFR methyla-
tion and sensitivity to microtubule inhibitors also was noted in
oral squamous cell carcinoma.“?

The fact that CHFR is frequently inactivated by genetic or
epigenetic alteration in human cancers suggests that this cancer-
specific checkpoint defect also could be a useful therapeutic
target.“**> Bearing that in mind, we recently established a system
to knock down CHFR expression using shRNA.“? We found
that CHFR expression was significantly suppressed in cancer
cells transfected with shRNA, and the resultant impairment of
the prophase checkpoint led to an increased mitotic index in cells
treated with microtubule inhibitors, which in turn led to an increased
incidence of apoptosis. This effect was specific to microtubule
inhibitors, as no effect was seen when a DNA-damaging agent
(cisplatin or VP16) was used. In addition, an earlier finding that
E3 ubiquitin ligases can be targeted using small molecules®”
suggests drugs that inhibit CHFR’s ubiquitin ligase activity also
could be used to enhance the sensitivity of cancer cells to micro-
tubule inhibitors.

Disruption of the G,—M checkpoint also appears to contribute
to the sensitivity of chemotherapeutic drugs. Among the genes
involved in the G,~M checkpoint, /4-3-3 o, a transcriptional
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Fig. 4. Epigenetic inactivation of a mitotic checkpoint gene, CHFR, and
sensitivity to microtubule inhibitors. (a) Genes involved in the mitotic
checkpoint. (b) CHFR and sensitivity to microtubule inhibitors. Cancer
cells that show an intact CHFR checkpoint arrest at G,-M phase after
treatment with microtubule inhibitors, which allows the cells to grow.
These tumors are resistant to the drugs (top). By contrast, cancer cells
that show methylation of CHFR do not arrest after treatment with
microtubule inhibitors. These tumors are sensitive to the drugs (bottom).
BUB, budding uninhibited by benzimidazoles; CHFR, checkpoint with
ring finger; EB, end-binding protein; MAD, mitotic arrest deficient.

target of p53,“% is frequently silenced by DNA methylation in
breast and gastric cancers,“**” and it has been suggested that
14-3-3 ¢ is a critical regulator of G,-M that also has tumor-
suppressor activity. Knocking out /4-3-3 o in cancer cells leads
to mitotic catastrophe and cell death following DNA damage
resulting form the absence of G,~M arrest.“3#* Consistent with
those data, the G,—M checkpoint is impaired in gastric cancer
cell lines that show methylation of 14-3-3 ¢;*” and restoration of
14-3-3 oexpression using 5-aza-dC restores G,—M arrest induced
by DNA damage. In addition, functional proteomic analysis
revealed 14-3-3 ¢ to be a key molecule that contributes to resistance
to mitoxantrone and adriamycin in breast cancer cells.®?

Using high-throughput siRNA screening, Iorns ef al. identified
CDKI10 as an important determinant of resistance to endocrine
therapy in breast cancer, and thus a major factor limiting successful
treatment of the disease.®" They also found that knocking down
CDKI10 increases V-ets erythroblastosis virus E26 oncogene
homolog 2 (ETS2)-driven transcription of C-Raf, resulting in
activation of the MAPK pathway and loss of tumor cell reliance on
estrogen signaling, and that breast cancer patients with estrogen
receptor-o-positive tumors expressing low levels of CDKI10
relapse early on tamoxifen, which suggests that downregulation
of CDK10 contributes to resistance to endocrine therapy. In that
regard, DNA methylation of CDK10 was found in 18% of breast
cancers, suggesting that methylation of CDK10 could be a pre-
dictive molecular marker of breast cancer sensitivity to tamoxifen.

In general, the studies cited above were carried out using a
candidate gene approach, but recent progress in genome-wide
methylation analysis could enable performance of unbiased
methylation analyses. For example, genome-wide gene expression
profiles in NCI-60 cell lines are often used to assess the association
between gene expression and sensitivity to chemotherapeutic
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Table 1.

Stages toward the clinical application of DNA methylation markers for prediction of sensitivity to chemotherapeutic drugs

Gene Function Cancer type Stages in clinical application References

MGMT  DNA repair Glioma Several clinical studies to define sensitivity to alkylating agents 22,28,29
have been reported.

hMLH1 Mismatch repair Colorectal cancer  Association with sensitivity to 5-fluorouracil has been reported. 30
independent experiments remain to be performed.

WRN DNA helicase Colorectal cancer  Association with sensitivity to cisplatin has been reported. 33
Independent experiments remain be performed.

FANCF DNA repair Ovarian cancer Association with sensitivity to cisplatin has been reported. 34
Independent experiments remain to be performed.

CHFR Mitotic checkpoint Colorectal cancer  Several clinical trials to define sensitivity to microtubule 41,42
inhibitors have been reported.

14-3-30c G,~M checkpoint Colorectal cancer  Association with sensitivity to DNA damaging agents has 47
been shown in cell lines.
Clinical studies remain to be performed.

CDK10 G,-M checkpoint Breast cancer Association with sensitivity to tamoxifen has been reported. 51
Independent experiments remain to be performed.

p73 DNA damage checkpoint  Renal cancer Association with sensitivity to cisplatin has been reported for cell lines. 52

Clinical studies remain to be performed.

CHFR, checkpoint with ring finger; FANCF, Fanconi anemia protein F; hMLH1, human mutl homolog 1; MGMT, O%-methylguanine-DNA-methyltransferase;

WRN, Werner syndrome protein.

drugs. By comparing the DNA methylation profiles for 32 genes
with drug sensitivity in NCI-60 cell lines, Shen et al. were able
to identify a correlation between p73 methylation and sensitivity
to alkylating agents.® p73 is a member of the p53 family and,
like other p53 family members, it is involved in cell-cycle
checkpoint function, apoptosis, DNA repair, and cellular differ-
entiation.® The findings of Shen ef al. suggest that methyla-
tion - of p73 could be a predictive marker of sensitivity to
alkylating agents.? Consistent with that idea, overexpression of
p73 has been observed in cancers of the bladder, lung, and
ovary, and is often associated with resistance to treatment with
DNA-damaging agents.®*5® In addition, knocking down p73
using SiRNA reduced cellular viability after treatment with
BCNU and cisplatin. The molecular mechanism by which silenc-
ing of p73 sensitizes cancer cells to alkylating agents remains
unknown, however.

Epigenetic alteration of signaling pathways and
resistance to therapy

Patients with K-ras mutations reportedly ‘do not respond to
treatment ~ with “monoclonal - anti-EGFR " antibodies “such “as
cetuximab or panitumumab.®"® Situated downstream of EGFR,
K-ras is a key component of the RAS-MAPK pathway and is
involved in mediating cell proliferation. Its mutation may enable
cells“to' circumvent the ‘anti-EGFR activity ‘of cetuximab and
panitumumab. That colorectal ‘ cancers with  K-ras mutations
tend to show methylation of multiple CpG islands suggests that
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Future directions in cancer epigenomics:
Genome-wide approaches

Although DNA methylation of certain genes appears to influence
sensitivity to chemotherapeutic drugs, the majority of studies
carried out to date were done using cell line models or only a
small number of subjects (Table 1). Large-scale analyses will be
necessary to confirm the utility of epigenetic information for
prediction of responses to chemotherapeutic drugs. Comprehensive
studieés ‘of pharmacoepigenomics in cancer await advances in
genome-wide DNA methylation analyses using microarrays and
next-generation sequencers.
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Epigenetic alterations (eg; DNA methylation) play
important roles. in: silencing cancer-related genes in
colorectal cancers (CRCs). DNA methylation occurs
in genes involved in cell ¢ycle checkpoints; apoptosis,
signal transduction; DNA repair, and maintenance
of ‘the genome’s integrity. Recent developments of
new methods- for detecting DNA methylation have
enabled us to create epigenetic profiles of CRC and to
classify them into three distinct subgroups based on
genetic and epigenétic alterations. DNA methylation
also leads to silencing of some microRNAs; which
in turn leads to dysregulation of oncogenic proteins,
which are their targets. Moreover; for diagnosis; epi-
genetic information may be used to detect cancer cells
in serum and stool. Obtaining a fuller understanding
of the epigenome will be an important step toward
understanding the molecular mechanisms underlying
CRC and may provide the basis for the development
of novel diagnostic tools and approaches to therapy.

Introduction

Colorectal cancer (CRC) arises through the accumulation of
genetic changes, including mutation, amplification, and dele-
tion of genes. Identification of these changes (eg, underlying
familial cancer syndromes, such as familial adenomatous
polyposis and hereditary nionpolyposis CRC [HNPCC]) has
shed light on the disease process by providing information
about the contributions to colorectal tumorigenesis made by
Wt signaling and impairment of mismatch repair genes [1].
Genome-wide screening has revealed that CRCs are associ-
ated with numerous gene mutations [2]. Integrated analysis
of homozygous deletions and focal gene amplification have
identified at least 17 altered genes per tumor, although the
frequency of these mutations are low, with the exception of
APC, KRAS, and pS3 [3].

In contrast to genetic alterations, epigenetic altera-
tions (eg, DNA methylation and modification of histone
tails) have been only recently extensively studied. This
is primarily because there was no procedure to examine
DNA methylation, and it was not known which genes
should be tested. However, progress in the methodology
for detecting DNA methylation has significantly improved
this situation. In this review, we provide an overview of
recent progress in analysis of the epigenome in CRC.

Epigenetic Regulation of Gene Expression
Epigenetics refers to heritable modifications of DNA that
do not affect the nucleotide sequence. DNA methylation
and modification of histone are the best studied among
such phenomena. Under normal physiologic conditions,
DNA methylation (catalyzed by three DNA methyltrans-
ferases [DNMT1, DNMT3A, and DNMT3B}), plays an
important role in gene imprinting, X chromosonie inacti-
vation, and silencing of repetitive sequences. Underlying
these effects are significant methylation-induced changes
in the chromatin structure, including recruitment of
methyl-CpG binding domain proteins and deacetylation
and methylation of histone tails. Notably, knockout of
DNMT1 and DNMT3B in the HCT116 CRC cell line
(double-knockout cells) results in demethylation, leading
to a 95% loss of methylcytosines [4]. When CRC cells
are treated with the DNA methyltransferase inhibi-
tor 5-aza-2’-deoxycytidine (5-aza-dC) with the histone
deacetylase inhibitor trichostatin, the two act synergisti-
cally to induce gene expression [5]. Moreover, analysis of
genes targeted by polycomb-repressive complexes (PRCs)
in pluripotent embryonic stem cells showed that patterns
of polycomb-based repression are closely associated with
targets of DNA methylation in cancer; suggesting there is
cross-talk between polycomb targeting and DNA meth-
ylation [6,7]. Consistent with that idea, EZH2, a histone
methyltransferase component of PRC2, is frequently
overexpressed in cancer [8].

Mapping DNA Methylation in the

Human Genome

One of the obstacles to studying epigenetics in cancer
has been the absence of a procedure for analyzing DNA
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Table 1. Methods for detecting DNA methylation changes in colorectal cancer

Methods
Methylation detection
Methylation-specific PCR

Study

Eads et al. [9]

Herman et al. [10] MethyLight
Clark et al. [11] Bisulfite sequencing
Xiong and Laird [12] " "COBRA

Uhlmann et al. {13] Bisulfite pyrosequencing

Methylation screening

Costello etal: [14] RLGS
Ushijima et al. [15] MS-RDA
Toyota et al. [16] MCA-RDA
Estecio et al. [17] MCA-array

Principles of technologies

Bisulfite conversion and allele-specific PCR
Bisulfite conversion and real-time PCR

Bisulfite conversion, PCR, and sequencing
Bisulfite conversion, PCR, and restriction digestion
Bisulfite conversion, PCR, and pyrosequencing

Restriction digestion, electrophoresis

Restriction digestion, adaptor ligation, and PCR

Restriction digestion, adaptor ligation, and PCR

Restriction digestion; adaptor ligation, PCR, and microarray

COBRA-—combined bisulfite restriction analysis; MCA-array—methylated CpG island amplification-array; MCA-RDA —methylated CpG
istand amplification restriction difference analysis; MS-RDA-—methylation-sensitive representational difference analysis; PCR—polymerase

chain reaction; RLGS—restriction landmark genomic scanning.

methylation. Restriction enzyme digestion followed
by Southern blotting has been used, but this method
requires high-quality DNA and is time consuming.
However, the development of bisulfate-based meth-
ylation analysis has dramatically improved the study
of DNA methylation (Table 1). With this approach,
allele-specific polymerase chain reaction can be used to
detect methylated and unmethylated alleles [9,10], after
which the amplified products can be sequenced [11]
or digested using restriction enzymes that selectively
recognize sites containing a CpG site [12]. By applying
pyrosequencing, DNA methylation levels can be deter-
mined more precisely [13].

Another factor that has limited the study of DNA
methylation in cancer is the lack of markers to study.
Several approaches enable differential screening of
methylated genes in cancer and normal-tissues (Table 1).
Restriction landmark genomic scanning is one technique.
With more than 1000 genes analyzed in each experiment,
restriction landmark genomic. scanning can be used to
evaluate methylation throughout the genome and can be
applied to detect cancer-related changes in DNA methyla-
tion [14]. Methylation-sensitive representational analysis
is another technique that was developed to detect differ-
ences between DNA methylation in cancer and normal
tissues [15]. However, a limitation of this approach is
that methylated alleles are detected as a loss of signal,
reflecting the inability of methylation-sensitive restriction
enzymes to digest at CpG sites.

We have developed a method called methylated CpG
island amplification (MCA). MCA enables us to amplify
only methylated sequences. DNA fragments differentially
methylated in cancer and normal tissues can be identified
using an MCA amplicon as a tester and driver to carry
out representational difference analysis [16]. MCA can

also be applied to promoter microarrays to identify genes
methylated in cancer but not in normal tissue [17].

Role of DNA Methylation in Tumorigenesis

of CRC

Earlier studies of DNA methylation demonstrated that
the calcitonin gene is hypermethylated in CRC [18]. It
was unclear whether methylation of genes such as cal-
citonin was really involved in tumorigenesis or whether
it was an epiphenomenon. However, recent studies have
confirmed that DNA methylation plays an important
role in tumorigenesis in the colon. For example, it was
shown that DNA methylation affects genes such as
RB, VHL, APC; CDHI1, and BRCAI, all of which are
involved in familial cancer syndrome [19]. Additionally,
DNA methylation serves as one of two hit mechanisms
for gene inactivation, and genes infrequently mutated in
CRCs are often targets of DNA methylation. For exam-
ple, the CDKN2A/p16 gene is rarely mutated or deleted
in CRC, but it is inactivated by methylation in 40% of
tumors [20]. CDKN2A/p16 methylation is also seen in
colorectal adenomas, indicating that DNA methylation
is already present in premalignant lesions.

Genes involved in signal transduction pathways are
often targets of DNA methylation, among which we
identified the secreted frizzled-related protein (SFRP)
gene family as one such target [21]. Their products,
SFRPs, antagonize Wnt signaling and are frequently
silenced in CRC [22]. Ectopic expression of SFRPs sup-
presses T-cell factor/B-catenin activity in CRC cells
carrying APC or B-catenin mutations and other negative
regulators of Wnt signaling, such as DKK genes, which
are also silenced by DNA methylation in CRC [23]. This
suggests that not only mutations of APC/B-catenin, but
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Figure 1. Colorectal cancers can be grouped into three distinct groups. CpG island methylator phenotype 1 (CIMP1) tumors, which have

a high degree of DNA methylation, frequently show microsatellite instability because of methylation of hMLH1T and BRAF mutation. It has
been suggested that CIMP1 tumors arise through the sessile serrated adenoma pathway. CpG island methylator phenotype 2 (CIMP2) tumors
frequently show mutation of KRAS, but the frequencies of microsatellite instability, BRAF, and p53 mutations are low. These tumors have the
poorest prognosis. CIMP-negative tumors frequently show p53 mutations.

epigenetic inactivation of negative regulators of Wnt is
important for full activation of Wnt signaling during
tumorigenesis in CRC.

Mutation of KRAS is frequently detected in CRCs and
adenomas. In normal cells, activation of KRAS induces
senescence and apoptosis mediated by negative regulators
of Ras [24]. Our group and others have found that two of
these negative regulators, Ras association domain family
proteins 1 and 2 (RASSF1 and RASSF2), are methylated
in CRCs, and ectopic expression of RASSF2 induces
morphologic changes in cells and apoptosis [25,26].
Moreover, knockdown of RASSF2 enhances KR AS-medi-
ated cellular transformation, indicating RASSF2 has the
ability to prevent cellular transformation. Primary CRCs
that show KRAS/BRAF mutations also frequently show
RASSF2 methylation, and the resultant inactivation of
RASSF2 enhances KRAS-induced oncogenic transforma-
tion. DNA methylation also occurs in genes involved in
DNA repair and maintaining the integrity of the genome
(eg, MGMT, WRN [27,28]), inhibition of angiogenesis
(eg, THBS1 [29]), and tumor immunity (eg, CIITA [30]).

CpG Island Methylator Phenotype and
Microsatellite Instability

HNPCC shows microsatellite instability (MSI), which
leads to alteration of genes containing microsatel-
lite tracts. In HNPCC, MSI is caused by mutations of
mismatch repair genes, such as hPMSH2 and PMLH1 [31].
About 15% to 20% of sporadic CRCs show MSI, although
mutation of mismatch repair genes is not frequent, and
one mismatch repair gene, PMLH, is inactivated by DNA

methylation [32]. During the course of our work profiling
methylation in CRC, we found that a subset of cancers
shows the CpG island methylator phenotype (CIMP),
and methylation of AMLH1 correlates significantly with
CIMP, suggesting CIMP causes MSI, which in turn leads
to inactivation of PMLHT1 [33].

Distinct Genetic and Epigenetic Alterations in
Three Types of CRC

Until recently, the existence of CIMP was controver-
sial because there were no optimal markers to define it.
This changed when Weisenberger et al. [34] were able
to identify CIMP in CRC using five markers detected
using MethyLight. However, these investigators likely
focused solely on CIMP1 cases and thus underestimated
the CIMP2 group. Recently, Shen et al. [35] analyzed
mutations of BRAF, KRAS, and p53 and methylation of
27 loci in 97 CRCs; they found that the tumors could
be grouped based on the genetic and epigenetic altera-
tions. Unsupervised hierarchical clustering of the DNA
methylation data identified three distinct groups of
colon cancers: CIMP1, CIMP2, and CIMP negative (Fig.
1). CIMP1 cases showed a high frequency of MSI and
BRAF mutations (80% and 53%, respectively) but few
instances of KRAS and/or p53 mutations (16% and 11%,
respectively). Conversely, CIMP2 cases were associated
with a high frequency of KRAS mutations (92%), but
MSI and BRAF mutations rarely occurred (0% and 4%,
respectively), and there was only a low rate of p53 muta-
tions (31%). CIMP-negative cases had a higher rate of
pS53 mutations (71%) and a lower rate of MSI (12%) and



mutations of BRAF (2%) and KRAS (33%). The exis-
tence of three groups of CRCs was confirmed in a larger
study by Barault et al. [36]; they assessed 582 cases.
Additionally, there was an inverse correlation between
chromosomal instability and the presence of CIMP, indi-
cating that CIMP-positive CRCs have distinct genetic
and epigenetic features. Most importantly, CIMP affects
the prognosis of patients with CRC. CIMP1 patients
have a relatively good prognosis, as MSI-positive CRC
patients generally have a better prognosis. By contrast,
patients with CIMP2 or CIMP-low microsatellite-stable
tumors have a poor prognosis [36,37]. However, the
existence of CIMP-high tumors without BRAF mutation
or MSI indicates there is still more to learn about CIMP
and its classification.

Epigenetic Alteration of MicroRNA Expression
MicroRNAs (miRNAs) are a group of small noncoding
RNAs that negatively regulate the translation and sta-
bility of partially complementary target mRNAs [38].
Downregulation of a subset of miRNAs is a commonly
observed feature of cancers, suggesting these molecules
may act as tumor suppressors [39,40]. By identifying
miRNAs whose expression was upregulated in CRC cells
in which DNMT1 and DNMT3B were knocked out, we
were able to identify miRNAs that were epigenetically
silenced [41]. Among the 37 miRNAs upregulated by
DNMT inhibition, we focused on miR-34b/c because
recent studies have shown that miR-34 family members
(miR-34a, miR-34b, and miR-34c) are direct targets
of p53 [40,42,43]. We found that downregulation ‘of
miR-34b/c expression was strongly associated with
methylation of its neighboring CpG island, which har-
bors bidirectional promoter activity and also regulates
expression of another candidate tumor suppressor gene,
B-cell translocation gene 4 (BTG4). In addition; ecto-
pic expression of the miR-34b/c precursor in CRC cells
resulted in downregulation of CDKS, a cyclin-dependent
kinase involved in cell growth, and MET, a receptor
tyrosine kinase involved in cell growth and metastasis.
Epigenetic inactivation of miR-34b/c may then attenu-
ate pS3 function through dysregulation of the cell cycle
and cell growth.

Lujambio et al. [44] showed that miR-124a, another
regulator of CDK6, is targeted for epigenetic inactiva-
tion by methylation in 75% of CRCs. Transfection of
miR-124a into colon cancer cell lines suppressed levels of
CDKé6 protein, which led to reduced phosphorylation of
ribose in residues 807 and 811. More recently, Lujambio
et al. [45] extended their analysis to identify miR-9, miR-
34b/c, and miR-148a as targets of epigenetic inactivation
in metastatic CRC, which suggests that epigenetic inacti-
vation plays a key role in the silencing of protein-coding
genes and noncoding RNA.
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Implications of DNA Methylation in Diagnosis
and Therapy

The tumor specificity of DNA methylation profiles suggests
it should be possible to diagnose cancers on that basis. Con-
sistent with that idea, DNA methylation can be detected in
the fecal DNA of colon cancer patients {46] and the serum
of CRC patients [47]. Moreover, the fact that methylation
of certain genes {eg, SFRP1) can be detected in early lesions,
such as aberrant crypt foci, suggests methylation levels may
be used to assess cancer risk. Thus, DNA methylation of
specific genes may serve as useful molecular markers for the
diagnosis of CRC and prediction of patient outcome.

DNA methylation also can be used as a molecular
marker to predict response to therapy. For example,
CRCs with MSI are less aggressive than others, but they
do not respond to 5-fluorouracil (5-FU) because of meth-
ylation of hPMLH]1 [48]. However, they become responsive
upon exposure to 5-aza-2’-deoxycytidine (5-aza-dC) [49].
Thus, methylation of H/MLH1 appears to be a predictive
molecular marker of the sensitivity of CRCs to 5-FU. Sim-
ilarly, methylation of WRN correlates with the sensitivity
of CRC cells to topoisomerase inhibitors [27], whereas
methylation of MGMT and p73 correlates with sensitiv-
ity to alkylating agents [S0e®e], and methylation of CHFR
(a mitotic checkpoint gene) correlates with sensitivity to
microtubule inhibitors [51].

Because epigenetic changes are reversible, DNA meth-
ylation and histone modification can be reversed using
DNA methyltransferase inhibitors or histone deacetylase
inhibitors, and DNA methyltransferase inhibitors (aza-
cytidine and decitabine) have been used to treat patients
with myelodysplastic syndrome . [52]. Although such
epigenetic therapy has not yet proved effective in the treat-
ment of CRC, it can be combined with chemotherapeutic
agents to enhance the effects of those drugs. For instance,
CRCs escape the immune system through inactivation of
the tumor antigen presentation system. Treating cancer
cells with DNA methyltransferase inhibitors or histone
deacetylase inhibitors restores tumor antigen, thereby
stimulating immune responses.

Conclusions

We anticipate that a great deal of new information about
the role of the epigenome in CRC will become available
in the near future. Understanding the epigenome will be
an important step toward a fuller understanding of the
molecular mechanisms underlying CRC and may provide
the basis for the development of novel diagnostic methods
and approaches to therapy.
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alterations in cancer

A proposed genetic model describing the transition from:normal colonic epithelium to malignant cancer
involves mutation of a number of key oncogenes and tumor suppressor genes. However, only subsets of
colorectal cancers contain such mutations. Moreover, the heterogeneous pattern of tumor mutations
stiggests there are multiple alternative pathways leading to colonic tumorigenesis. These alternative
pathways involve epigenetic alterations such as the methylation of multiple CpG islands, termed the CpG
island methylator phenotype, and cancers with CpG island methylator phenotype show distinct genetic
and clinicopathological features. The causes of these epigenetic alterations are still not fully understood,
but exogenous pathogens such as Helicobacter pylori and Epstein=Barr virus, and the chromosomal
translocations seen in leukemia, have all been shown to induce epigenetic alterations of genes.

KEYWORDS: CpG island methylator phenotype ~ colorectal cancer

DNA methylation

epigenetics histone  tumor suppressor gene

It is now well established that both genetic
and epigenetic alterations accumulate during
carcinogenesis. Among the epigenetic changes
identified to date, DNA methylation, particu-
larly methylation of the 5" CpG islands of genes,
is the best characterized. Under normal physi-
ological conditions, DNA methylation catalyzed
by three DNA methyltransferases (DNMT1,
DNMT3A and DNMT3B) is involved in regu-
lating genome imprinting, X-chromosome inac-
tivation and inactivation of repetitive sequences
{1}. In addition to DNA methylation, acetylation
and methylation of lysine residues in histones
H3 and H4 also play key roles in gene regulation
12). In general, increases in histone acetylation are
associated with increases in transcriptional activ-
ity, while decreases in acetylation are associated
with gene repression (Feure 1. The acetylation
status of histones reflects the balance between
the activities of histone acetyltransferase and
histone deacetylase. Histones H3 and H4 are
also modified by methylation: methylation of
H3 lysine 4 is associated with active transcrip-
tion, while methylation of H3 lysines 9 and 27 is
associated with gene repression (Ficure 1), Histone
modification is also mediated by the polycomb
group proteins, which are negative regulators
of transcription that act by forming multiple
polycomb-repressive complexes (PRCs). Among
the PRCs, PRC2, which contains three core
components, EZH2, SUZ12 and EED, plays
a key role in gene silencing in cancer. EZH2
exhibits histone methyltransferase activity, and
SUZ12 and EED are required for that activity

(Freure 2). Analysis of genes tatgeted by PRC2 in
pluripotent embryonic stem cells showed that
the patterns of polycomb-based repression in
cancer are closely associated with: the targets
of DNA methylation, suggesting that there is
a cross-talk between DNA methylation and the
targeting of PRC2 [3,4]. Notably, DNA methyla-
tion affects a number of tumor suppressor genes;
including RB, VHL, BRCAI and CDHI [}, as
well as genes involved in cell-cycle checkpoints,
apoptosis and inhibition of angiogenesis 5]. In
the current review, we focus on the association
between genetic and epigenetic alterations in
human cancer. We also discuss recent progress
in genome-wide analysis of DNA methylation.

Genetic & epigenetic interactions in
colorectal cancer

Cancer-related genetic and epigenetic alterations
are perhaps best characterized in colorectal can-
cer. A genetic model describing the: transition
from normal colonic epitheliumi to incréasingly
dysplastic adenoma and then to malighant can-
cer has been proposed in which a numbes of
key oncogenes and tumor suppressor genes are
identified (6. Among these is APC, which was
first identified as a gene responsible for familial
adenomatous polyposis [7]. Inactivation of APC
leads to activation of WNT signaling through
translocation of B-catenin to the nucleus (3], In
addition, K~ras mutation, which has been shown
to be an early event in carcinogenesis'and to
result in the constitutive activation of Ras signal-
ing, is detected in 30-50% of colorectal cancers.

part of

future o
Medicine

10.2217/EP1.09.20 © 2009 Future Medicine Ltd

Epigenomics (2009) 1(2), 291-299

ISSN 1750-1911

291



Toyota, Suzuki, Yamamoto, Yamano, Imai & Shinomura

Finally, p53, which regulates a variety of genes
involved in cell-cycle checkpoints, apoptosis,
angiogenesis inhibition and immune responses,
is one of the most frequently altered tumor
suppressor genes in human cancers. However,
several studies have suggested that the classic
model of colorectal cancer evolution will only
rationalize tumor formation in a small fraction
of colorectal tumors. For instance, Smith et /.
reported that only 6% of colorectal cancers con-
tain mutations of APC, K-ras and p53 [9], and
the heterogeneous pattern of tumor mutations
suggests there are likely multiple alternative
pathways leading to colorectal cancer. A subset
of familial colorectal cancers, called hereditary
nonpolyposis colorectal cancer, results from
germline mutations in mismatch repair (MMR)
genes [6]. Microsatellite sequences, such as
mono- and di-nucleotide repeats, are frequently
mutated because of this MMR deficiency. In
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Figure 1. The role of DNA methylation and histone modification in gene
expression. In the active promoter, CpG sites are unmethylated, most of the
lysine residues in the histone tail are acetylated (Ac), and histone H3 lysine 4 is
methylated. In a repressed promoter, DNMTs methylate CpG sites, HDAC removes
acetyl groups, and histone H3 lysines 9 and 27 are modified by HMTase.

Gray circles: Unmethylated CpG sites; blue circles: Methylated CpG sites.

DNMT: DNA methyltransferase; HDAC: Histone deacetylase; HMTase: Histone
methyltransferase.
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addition, approximately 15-20% of sporadic
colorectal cancers show microsatellite instability
(MSTI), which is caused by the lack of MMR gene
expression. MMR mutations are rarely found in
these tumors, however [10].

Although one early study showed that hypo-
methylacion of DNA is a hallmark of colorectal
cancer [11], changes in DNA methylation in can-
cer were not very well studied until methylation
of the cell-cycle checkpoint gene CDKN2A/pI16
was reported [12]. Subsequent studies simulta-
neously showed that the angiogenesis inhibitor
TSP1/THBSI (13 and the DNA repair genes
HPMLHI 14 and MGMT [15] are all inactivated
by DNA methylation. In the early days of epi-
genetic research it was thought that DNA meth-
ylation likely accumulated as a result of selection,
but DNA methylation often silences oncogenes
such as COX2, TERT and EGFR [16-15]. As such
epigenetic silencing of oncogenes could confer
a growth disadvantage to cancer cells, a simple
Darwinian selection model may not be appli-
cable to changes in DNA methylation in cancer.
In addition, sporadic colorectal cancer with MSI
showed methylation of multiple CpG islands [13],
which suggests that CpG island methylation is
not a random occurrence.

The development of techniques with which
to screen for DNA methylation — for example,
methylated CpG island amplification (MCA)
— has enabled us to analyze the methylation
of multiple genes [19]. Using markers identi-
fied by MCA, we found a subset of colorectal
cancers that showed methylation of multiple
CpG islands — that is, the CpG island meth-
ylator phenotype (CIMP) [20]. Furthermore,
there was a significant association between
hMLHI methylation and CIMP, suggesting
that MSI-positive colorectal cancer may be
caused by CIMP [20]. To investigate the inter-
action between genetic and epigenetic factors
in colorectal cancer, we first examined the rates
of K-ras and p53 mutation in tumors with and
without CIMP. We found that CIMP cancers
were characterized by a high frequency of K-ras
mutations and a low frequency of p53 mutations
[21]. Moreover, the interactions between CIMP
and K-ras and p53 mutations were preserved in
colorectal adenomas, suggesting that they occur
early during carcinogenesis [21]. Recently, Shen
et al. reported that colorectal cancers can be
divided into three distinct subgroups based on
differences in their CIMP status (Ficure 3, [22]):
CIMP1 cases have a high frequency of MSI
and BRAF mutations; CIMP2 cases have with
a high frequency of K-ras mutations, but not
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MSI or BRAF mutations; and CIMP-negative
cases have a higher frequency of p53 mutations,
but not MSI, K-ras or BRAF mutations.

A growing number of studies have now con-
firmed the existence of CIMP and described
its unique disease characteristics [23,24]. CIMP-
positive cancers tend to occur in older patients,
in proximal locations and in female patients [23].
Colorectal cancers with different CIMP statuses
appear to have distinct precancerous lesions,
including hyperplastic polyps and serrated
adenomas for CIMP1 and villous adenomas for
CIMP2 [25,26]. CIMP status also affects patient
survival. For example, patients with CIMP1
have a good prognosis because their disease
consists mostly of MSI-H cancers. On the other
hand, Barault ez 2/. showed that CIMP status
was an independent predictor of a poor progno-
sis in microsatellite stable colorectal cancer [27].
The unique characteristics of CIMP-positive
tumors have also been reported in other malig-
nancies. For example, Terada ez a/. reported that
breast cancers with CIMP show a significantly
higher rate of HER2 amplification [28], while
gastric cancers with high levels of methylation
rarely show mutations of K-ras or p53 [29]. In
general, methylation of multiple CpG islands
is associated with a poor prognosis in patients
with multiple malignancies — for example, acute
leukemia with lung cancer and prostate cancer
with esophageal cancer [30].

There is a tight link between CIMP and
K-ras/ BRAF mutations, which makes it reason-
able to speculate that mutations in the K-ras/
BRAF pathway may induce aberrant methyla-
tion in cancer. In fact, Ras signaling has been
shown to activate effectors mediating epigen-
etic silencing, including DNMTT1, which plays
a key role in cellular transformation [31,32).
This suggests that K-ras/ BRAF activation may
be involved in the CIMP phenotype through
activation of the DNA methylation machinery.
Alternatively, genes affected by CIMP may be
involved in the cellular transformation associ-
ated with K-ras/BRAF activation. Activation of
the K-ras/BRAF pathway induces senescence
in cultured primary human cells. In addition,
although K-ras/BRAF mutations are frequently
seen in early lesions of the colon, these tumors
undergo senescence. It has therefore been sug-
gested that genes involved in the induction of
senescence by K-ras/BRAF are altered during
the progression of tumors [33]. For example,
several genes involved in Ras-mediated senes-
cence are inactivated by DNA methylation.
Thus, colorectal cancers with CIMP may escape
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Figure 2. The role of PRC2 during development. In pluripotent embryonic
stem cells, the promoter regions of some genes are modified to show methylation
of histone H3 lysines 4 and 27. After differentiation, methylation of histone H3
lysine 4 is associated with gene expression, and methylation of histone H3 lysine

27 is associated with gene repression.
MLL: Mixed lineage leukemia.

senescence by both activating oncogenic signal-
ing (e.g., BRAF mutations) and inactivating
regulators of senescence (e.g., p16 methylation).
The interaction between CIMP and APC
mutations is not as well established as that
between CIMP and the K-ras/BRAF pathway,
though it is known that the presence of APC
mutations is inversely correlated with the pres-
ence of BRAF mutations and CIMP [34]. Because
CIMP tumors with BRAF mutations show large
numbers of methylated CpG islands, one might
expect WNT signaling to be defective in these
tumors due to epigenetic inactivation of multiple
WNT-regulating genes [35,36].

Role of DNA methylation in
chromosomal instability

Changes in genome integrity result in large
chromosomal gains or losses, a phenomenon
termed chromosomal instability (CIN). The
integrity of chromosomes is maintained by
mitotic checkpoints, which are an important
cell cycle control mechanism that protects
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against chromosome missegregation and cel-
lular aneuploidy. Such chromosomal aberra-
tions are caused by genetic alterations of genes
involved in mitotic checkpoints, including
hBubl and hCDC4 [37,38]. However, mutation
of these genes is not frequently seen in cancer,
so the causes of CIN remain largely unknown.
Recently, an inverse relationship between CIMP
and CIN was reported [39.40]. Using a DNA chip
that covered entire chromosomes at high reso-
lution, Cheng et al. examined the association
between CIN and CIMP (40]. They found that
CIMP-positive tumors generally possess fewer
chromosomal aberrations. In addition, Derks
et al. reported that DNA methylation of multiple
genes is correlated with amplification of 8q23-
qter, indicating a linkage between genes located
in this region (e.g., c-myc) and CIMP [41). The
majority of cancers have only one genetic insta-
bility, MSI or CIN. Most sporadic colorectal
cancers with MSI overlap with CIMP, and the
inverse relation between CIMP and CIN may
reflect this association between MSI and CIMP.
Alternatively, CIN may correlate with low lev-
els of methylation. It was recently reported that
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levels of LINE1 methylation are significantly
reduced in colorectal cancer without MSI [42],
and that genome-wide demethylation is linked
to chromosomal instability in colorectal
cancer [43]. This is consistent with the findings
that a global loss of methylated cytosines is one
of the earliest epigenetic alterations in colorec-
tal cancer [11], and that low levels of DNMT1
induce a loss of heterozygosity at the Apc locus
in mice [44]. Further study will be necessary to
clarify the relation between DNA methylation
and chromosomal abnormalities in cancer.

Involvement of pathogens in
epigenetic alterations in

gastric cancer

The causes of aberrant DNA methylation in can-
cer remain largely unknown. Cancers related to
viral infections, including hepatocellular can-
cer [45], cervical cancer [46] and adult T-cell leu-
kemia [47], all show methylation of multiple CpG
islands. However, among the pathogen-associ-
ated cancers, the link between infection and epi-
genetic alterations is best characterized in gastric
cancer [29,48-50]. In gastric cancer, mutations in
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Figure 3. Three pathways mediating colorectal tumorigenesis. Based on the CIMP status, the
development of colorectal cancer can proceed along three distinct pathways: CIMP1 tumors show a
high degree of DNA methylation, microsatellite instability due to methylation of hAMLH1 and BRAF
gene mutations; CIMP2 tumors show heterogeneous DNA methylation and frequent K-ras mutations;
and CIMP-negative tumors show frequent p53 mutations. These three types of tumors have distinct
precursors: serrated adenoma for CIMP1, villous adenoma for CIMP2 and tubular adenoma for

CIMP-negative.

CIMP: CpG island methylator phenotype; CIN: Chromosomal instability; MSI: Microsatellite instability.
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