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Pharmacoepigenetics in gastrointestinal tumors: MGMT methylation and beyond
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1. ABSTRACT

Epigenetic mechanisms are involved in
gastrointestinal (Gl) cancer pathogenesis. Insights
into the molecular basis of Gl carcinogenesis led to
the identification of different epigenetic pathways
and signatures that may play a role as therapeutic
targets in metastatic colorectal cancer (MCRC) and
non-colorectal Gl tumors. Among these alterations,
O6-methylguanine DNA methyltransferase (MGMT)
gene promoter methylation is the most investigated
biomarker and seems to be an early and frequent event,
at least in CRC. Loss of expression of MGMT as a result
of gene promoter methylation has been associated
with interesting activity of alkylating agents in mCRC.
However, the optimal methods for the definition of the
MGMT status and additional predictive factors beyond
MGMT in Gl malignancies are lacking. Here we review
the current role of MGMT methylation and other
epigenetic alterations as potential treatment targets in
Gl tumors.

2. INTRODUCTION

In the last decade, we have witnessed significant
advances in the management of several advanced
gastrointestinal (GI) malignancies. New therapeutic
agents (targeted drugs or cytotoxic compounds) have
been proved effective against both metastatic colorectal
cancer (MCRC) (1) and non-colorectal Gl tumors such
as pancreatic, gastric and liver cancers (2-4). However,
prognosis of patients with advanced Gl tumors remains
dismal and the development of alternative treatment
approaches is needed.
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Beyond MGMT in mCRC: too many questions and still no answers
Epigenetic mechanisms and treatment of advanced non-colorectal Gl malignancies: still far from the

Epigenetics has generated great interest as a
valuable companion to cancer genetics in the unravelling
of tumor initiation and progression in recent years (5).
Even more intriguingly, epigenetic alterations have
been proved effective in predicting disease course in
specific solid malignancies (e.g. glioblastoma), thus
adding additional prognostic information to conventional
pathologic and clinical features in the clinics. As regards
treatment response, epigenetics is being explored as a
predictive tool for activity and efficacy of both cytotoxics
and biologic agents and in the case of central-nervous
system malignancies it has already entered the clinical
practice. In this scenario, epigenetics thus offers a
different perspective to investigate and develop anti-
tumor drugs with the ability to overcome resistance
to conventional treatments. In fact, DNA methylation,
histone post-translational modifications and microRNAs
cooperate with somatic gene alterations in the multistep
carcinogenetic process in most cancer types, contributing
to tumor growth, metastatization and drug resistance (5).
Two main epigenetics-based approaches have been
explored in Gl tumors after the failure of available
therapies: the use of demethylating agents in order to
interfere with gene expression and the administration of
specific drugs in selected patient subgroups according to
key gene silencing by DNA methylation.

In this review, we will describe the current
evidence supporting the role of O6-methylguanine DNA
methyltransferase (MGMT) gene promoter methylation
as a promising treatment biomarker and we will review
the other epigenetic pathways currently under evaluation
as putative therapeutic targets in GI malignancies.
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Table 1. Phase Il clinical trials with alkylating agents in mCRC

Reference Drug Schedule No. % with >3 previous Methods RR DCR mPFS mOS
(MGMT+) | lines (range of lines) (MGMT+) (%) | (MGMTH+) (%) | (MGMT+) | (MGMT+)
Amatu [23] DTIC {250 mg/sgm 68 (26) 54% (2-7) PCR 3(8) 15 (44) 1.7 (NR) [NR
d1-4 g21
Hochhauser [24] |TMZ |150 mg/sqm/daily |37 (37) 5% (2-4) PCR 3(3) 44 (44) NR NR
d1-7 q14
Pietrantonio [25] |TMZ [150 mg/sqm/daily |32 (32) 37% (2-5) PCR 12 (12) 31(31) 1.8(1.8) |8.4(8.4)
d1-5q28
Pietrantonio [27] |TMZ |75 mg/sqm/daily |21 (21)* |Median: 3 (2-5) PCR 24 (24) 30 (30) 22(2.2) [NR
d1-21 q28

Abbreviations: mMCRC: metastatic colorectal cancer; DTIC: dacarbazine; TMZ: temozolomide; d: day; q: repeated every (days); No.: number (of
patients); MGMT+: MGMT methylated; PCR: (methylation-specific) polymerase chain reaction; RR: response rate; DCR: disease control rate;
mPFS: median progression-free survival (months); mOS: median overall survival (months); NR: not reported. *preliminary results

3. MGMT METHYLATION IN MCRC

3.1. Current evidence supporting a role for
MGMT methylation as therapeutic target in
mCRC

Epigenetic mechanisms of gene silencing are
often deregulated in CRC and essentially contribute to
colorectal carcinogenesis. In particular, DNA methylation
is one of the most studied genetic aberrations in CRC
and 20% of all CRCs display a cytosine guanine
(CpG) dinucleotides island methylation phenotype
(CIMP) (6): CIMP is characterized by multiple promoter
hypermethylation of tumor-related genes and is
associated with distinct clinico-pathologic features and
genetic signatures in early stage CRC (7). MGMT is a
DNA repair protein that removes O6-methylguanine
adducts in DNA by transferring the methyl group to a
cysteine residue in the active site of the protein, thus
restoring guanine in DNA and allowing cell survival (8).

Loss of MGMT expression is associated with
diminished DNA-repair activity and may therefore play a
significant role in disease progression. MGMT deficiency
(which is primarily due to promoter hypermethylation)
has been reported in approximately 40% of CRC
cases (9). Of note, it is thought to be an early event in
CRC pathogenesis (10), succeeding APC mutation
but preceding KRAS mutation (11): MGMT promoter
hypermethylation is closely associated with the G: C>A: T
mutation in KRAS (12,13). MGMT expression has been
recently correlated with shorter overall survival (OS) in
CRC and retained its prognostic value independently of
treatment and other histopathologic variables (14).

Alkylating agents, like temozolomide and
dacarbazine, are currently employed mainly in the
treatment of high-grade glioma and metastatic melanoma.
Temozolomide is the oral prodrug of dacarbazine, which
is able to induce genotoxic damage in cancer and
normal cells. Alkylating agents induce DNA damage
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by the creation of O6-methylguanine adducts, which
may induce G1/S cell-cycle arrest and p53-dependent
apoptosis (15). Cancer cells may repair DNA damages
induced by alkylating agents through the MGMT
enzymatic activity (16). In temozolomide-treated glioma
patients, MGMT methylation has been associated with
longer survival and seems to have a predictive value (17).
Thus, it is conceivable that MGMT methylation might
predict response to temozolomide and other alkylating
agents also in other cancer types.

Alkylating agents failed to show interesting
activity in unselected mCRC patients (18-20). On the
other hand, interesting results have been obtained in
selected patient populations (Table 1).

In a pilot study published in 2010, 86 patients
with refractory metastatic tumors (arising from multiple
different sites such as the ovary, colon-rectum, breast
and other) had their tissue samples analyzed by multiple
techniques (immunohistochemistry, fluorescent in situ
hybridization or oligonucleotide microarray) in order to
identify a potential therapeutic target: all the investigated
factors (11 proteins and 51 mRNAs) covered a panel
of targets for commercially available anticancer agents
(e.g. EGFR, SPARC, c-KIT, hormone receptors, VEGF,
MGMT and others). The authors compared the outcome
(in terms of progression-free survival (PFS)) of a treatment
regimen selected by molecular profiling with that achieved
by the most recent regimen on which the patients had
experienced disease progression (21). Intriguingly,
a molecular target was detected in 84 patients, and
66 patients were treated according to molecular profiling.
Temozolomide was the effective targeted treatment in
2 of the enrolled mCRC patients with MGMT promoter
methylation, suggesting that it could be an interesting
option in selected CRC populations.

A subsequent case report by Shacham-
Shmueli et al. suggested that loss of the MGMT
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expression might be a marker of temozolomide activity
in CRC (22). A liver metastasis biopsy was obtained
from two consecutive mCRC patients progressed to
several lines of standard treatments: tissue analysis
revealed a decreased expression of MGMT (evaluated
by immunohistochemistry). Both patients were thus
treated with single agent temozolomide and experienced
objective response lasting for 5 to 6 months.

These findings were confirmed by Amatu
and colleagues in a recently published phase Il study
with dacarbazine in mCRC patients whose tumor
was refractory to standard treatments (23). Sixty-
eight patients were enrolled in the study and received
dacarbazine at the dose of 250 mg/sqm intravenously
for 4 consecutive days (with cycles repeated every
21 days), and tumor tissue specimens were assessed
for MGMT promoter hypermethylation. Overall response
rate (RR) was 3%, and an additional 12% of the patients
had stable disease (disease control rate (DCR): 15%).
MGMT hypermethylation was detected in 40% of the
65 specimens analyzed. Of note, only patients with
hypermethylated MGMT in the tumor achieved an
objective response and MGMT status also predicted the
benefit from treatment as measured by DCR (44% vs. 6%
among methylated vs. non-methylated cases, p=0.0.12).

Two recent phase |l trials evaluated
temozolomide activity in refractory mCRC. In the study
by Hochhauser et al. (24) the investigators applied an
adaptive design to estimate the activity of temozolomide
in patients with aerodigestive tract cancers (including
esophageal, head and neck and non-small-cell lung
cancers) and mCRC whose tumor and/or serum samples
had MGMT promoter hypermethylation. Patients were
treated with temozolomide 150 mg/sqgm administered
daily on a seven-day-on, seven-day-off schedule
with 28 days-cycles. Among 740 patients screened,
137 (19%) had confirmed tissue and/or serum MGMT
promoter methylation, including 25% (57 out of 229) of all
mCRC cases: concordance of MGMT status evaluation
between tumor tissue and cell-free tumor DNA in serum
was 81%, even though this percentage fell to 32% among
the 113 patients with MGMT promoter methylation in a
tissue sample (suggesting that a significant proportion
of MGMT methylated cases was not detected by the
serum assay or that tumor heterogeneity may influence
the results of different methods). A total of 86 patients
with mCRC, esophageal cancer, head and neck cancer
or lung cancer who were positive for MGMT promoter
hypermethylation were treated: in the intention-to-treat
population, 6% of the patients had partial response
and 45% reported disease stabilization. Among the 37
mCRC patients treated with temozolomide, 1 patient
(3%) experienced partial response and 15 (41%) had
stable disease. Therefore, despite some signals of drug
activity, the authors conclude that temozolomide is not
promising for aerodigestive tract cancers and mCRC

patients with confirmed MGMT status because of low
RR: it is arguable that additional site-specific factors
should be identified and considered (beyond MGMT
status) to further select patients for alkylating agents.
The authors also point out that serum assay alone may
underreport gene promoter methylation, as only 32%
of the subject with MGMT hypermethylation in tissue
samples resulted hypermethylated also at the serum
assay, and conclude that tissue assay remains the gold
standard for methylation detection.

The second trial enrolled mCRC patients only,
and evaluated temozolomide at a dose of 150 mg/sqm/day
for 5 consecutive days in 4 weeks cycles, administered
after the failure of all approved treatments (25). Thirty-
two patients with MGMT promoter methylation were
treated and the schedule demonstrated a favorable
safety profile. The objective RR was 12%, reaching the
pre-specified level for promising activity. The median
duration of response was 7 months (range, 3.7.-9.2.
months). Six patients (19%) had stable disease and DCR
was 31%. Tissue blocks were available for 31 patients
for a biological ancillary study. KRAS, NRAS and BRAF
mutations were highly represented (overall incidence
was 71%) and patients with KRAS, NRAS and BRAF wild-
type mCRC showed significantly higher response when
compared with those with any RAS or BRAF mutation
(44% vs. 0%, p=0.0.04). These data are in line for those
reported among patients with glioblastoma, confirming
that the MAP kinase (MAPK) signaling may represent
a resistance mechanism to temozolomide (26). The
reasons beneath such different results between the two
discussed trials are unclear: it is arguable that differences
in patient populations (due to different selection criteria)
and in treatment exposure may have played a role.

The same authors recently presented the
preliminary results obtained by a dose-dense schedule
of temozolomide, that may result in enhanced
activity and may restore treatment sensitivity in RAS
mutant tumors (27). Enrolled patients are treated
with temozolomide at the daily dose of 75 mg/sqm for
21 consecutive days in 4 weeks cycles. The primary
end-point is RR, with a target accrual of 32 patients.
Preliminary data about the first 21 patients enrolled
showed an interesting RR of 24%: even more intriguingly,
all patients with tumor response harbored a KRAS or
BRAF mutation. Reasons explaining this discrepancy are
still under investigation: it could be of particular interest
to understand if treatment schedule is relevant in this
context. DCR was 30%, further confirming a promising
activity of temozolomide in MGMT hypermethylated
heavily pretreated mCRC patients.

3.2. Open questions about MGMT methylation
in mCRC: ready for prime time?

Despite the increasing needs for MGMT
methylation testing in clinical practice, there is no
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consensus about the best laboratory technique for its
assessment even in glioma (28). Quillien et al. compared
five different methods (methylation-specific polymerase
chain reaction (PCR), methylight, pyrosequencing,
methylation-sensitive  high-resolution  melting and
immunohistochemistry) to analyze MGMT status in a
series of 100 patients with glioblastoma who had received
radiotherapy plus concomitant adjuvant chemotherapy
with temozolomide (29). The authors found that the
most accurate prediction of survival was obtained with
pyrosequencing.

The abovementioned studies conducted in
CRC patients used different techniques to assess MGMT
hypermethylation. In the case reports by Shacham-
Shmueli et al. (22) MGMT status was evaluated
by immunohystochemistry, while in the studies by
Amatu (23), Hochhauser (24) and Pietrantonio (25-27)
MGMT status was assessed by methylation-specific PCR.
More in detail, Amatu and colleagues (23) defined loss
of expression of MGMT as a promoter hypermethylation
of 25% or more, while in the other papers this cut-off is
not specified, so that the accurate definition of MGMT
hypermethylation remains an open issue.

Due to the difficulties in the definition of a clear
cut-off value for the identification of MGMT methylated
CRC cases, alternative strategies for patient selection are
warranted. A germline single nucleotide polymorphism
(SNP) in the MGMT promoter region has been described
(c-56C>T; rs16906252) (30,31). Interestingly, this SNP is
strongly correlated with MGMT methylation and loss of
MGMT expression in tumors. Indeed, MGMT methylation
was found in 24% of C/C patients and 84% of C/T or T/T
patients (multivariate odds ratio: 18.0.;95% Cl:6.2.-52.1.).
The T allele has a 12% prevalence among Caucasians
(source: NCBI-SNP website at: http://www.ncbi.nlm.nih.
gov/projects/SNP/), thus the c-56C>T SNP identifies
a relatively common variant. Although the molecular
mechanism is not clear, it has been hypothesized
that the T allele reduces MGMT expression, thereby
favoring gene methylation and silencing. Our group
hypothesized that this genetic variant may be useful to
predict MGMT methylation levels in normal patients and,
consequently, temozolomide sensitivity in CRC patients.
At our Institution we prospectively analyzed c-56C>T
SNP in 88 heavely pretreated mCRC patients (results
were available for 74 of them) (unpublished data). In
12 patients we found a C/T genotype and 6 of them
were treated with metronomic temozolomide at the daily
dose of 50 mg/sqm. All patients experienced progressive
disease at first radiological evaluation (DCR: 0%) and
the study was prematurely interrupted. On the basis of
our experience the ¢c-56C>T SNP evaluation does not
seem promising as selection tool in mMCRC and can not
substitute the MGMT status evaluation on tumor tissue.
Moreover, a metronomic schedule of temozolomide could
be less effective than a higher dose schedule.
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4. BEYOND MGMT IN MCRC: TOO MANY
QUESTIONS AND STILL NO ANSWERS

As reported for MGMT in the previous chapter,
DNA methylation is involved in the maintenance of DNA
stability and the regulation of gene expression. Global DNA
hypomethylation is more often detected in CpG dinucleotides
found in satellite DNA sequences or long interspersed
nuclear element (LINE) repeats and is responsible for the
impairment of chromosomal stability, mainly by inducing
the expression of normally silenced genetic elements and
facilitating chromosomal damage (32,33).

In many human genes the promoter region is rich
in CpG sequences, and at this level DNAmethyltransferases
(DNMTs) are responsible for DNA methylation: usually
CpG regions are found methylated in silenced genes, as
methylation prevents the interaction of DNA with trascription
factors. Hypermethylation is often found in the promoter
regions of oncosuppressor genes in CRC, resulting in a
loss of expression. The CIMP phenotype is interpreted as
the identification of promoter hypermethylation of tumor
suppressor genes in tumorigenesis (6).

Epigenetic mechanisms can trigger resistance
to some cytotoxic agents usually used in mCRC, such
as 5-fluorouracil, irinotecan and oxaliplatin (34), so there
is growing interest in developing new epigenetic drugs.
Different classes of inhibitors of DNA methylation are
actually under investigation: as epigenetic mechanisms
are involved in treatment resistance, combining
hypomethylating agents with conventional chemotherapy
seems to offer the best results when trying to exploit DNA
methylation as a therapeutic target. Most of the evidences
however still come from the preclinical phase (34).

More recently, data of a potential synergistic
effect of hypomethylating agents and even targeted drugs
are emerging: in a phase /Il study among 20 KRAS wild-
type mCRC patients the combination of decitabine (a
hypomethylating agent) and panitumumab (a monoclonal
antibody against the epidermal growth factor receptor)
demonstrated a 10% RR and a DCR of 60% (35).
Patients responsive to experimental treatment were
pretreated with cetuximab: it is then difficult to understand
if they benefit from the combination of decitabine and
panitumumab or from a rechallenge with an effective anti-
EGFR antibody after previous response (36).

Histone post-translational modifications
usually occur in N-terminal tails of histones, and are
responsible for genetic regulation in an epigenetic
manner (34). Histone post-translational modifications
include  phopshorylation, methylation, acetylation
and ubiquitination, orchestrating gene expression
by modifying chromatin configuration. The two most
important histone modifications are acetylation of histone
tails (regulated by histone acetyltransferases (HATs)
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and histone deacetylases (HDACs)) and methylation
(mediated by histone methyltransferases (HMTs) and
histone demethylases (HDMs)) (37). Histone acetylation
is always associated with gene activation due to a reduced
histone-DNA binding: some tumor suppressors seem to
be hypo-acetylated, and thus silenced, in CRC (32).

Given the importance of histone post-
traslational modifications in tumorigenesis, HDACs are
intriguing targets in pharmacoepigenetics. Among the
most studied compounds, vorinostat (a HDACs inhibitor)
seems to down-regulate the expression of thymidylate
synthase, with a consequent sinergistic anti-tumor
activity with 5-fluorouracil. Unfortunately, the combination
of vorinostat with 5-fluorouracil has been tested in clinical
trials with disappointing results. In the trial reported by
Fakih et al. (38), patients with refractory mCRC were
randomized to receive vorinostat at two different dose
levels (800 or 1400 mg daily for 3 days, repeated every
2 weeks) in association with 5-fluorouracil. The low-dose
vorinostat arm accrued 43 patients reporting 1 partial
response: the median PFS and OS in this arm were
2.4. and 6.5. months, respectively. On the other hand,
the high-dose vorinostat arm did not even reach the pre-
specified level of efficacy for completing accrual.

Among more promising fields of interest for
the clinical development of the synergism observed
in the preclinical phase between HDAC inhibitors and
fluoropyrimidine,the treatment of locally advance rectal
cancer offers the opportunity to combine such agents with
radiotherapy. As HDAC inhibitors have shown activity in
combination with radiotherapy (39), some authors are
exploring the role of valproic acid plus capecitabine as
companion to short-course radiotherapy in the treatment
of low-moderate risk rectal cancer: valproic acid may in
fact enhance the activity of capecitabine by up-regulating
thymidine phosphorylase (the enzyme responsible for
converting the oral prodrug to 5-fluorouracil) and by
down-regulating thymidylate synthase (40).

As seen for hypomethylating agents, also the
HDACSs inhibitors are currently under investigation in
combination with biologic agents, but results are still
immature. As an example, valproic acid has been tested in
combination with bevacizumab in a recently reported phase
I study among 55 patients with advanced solid malignancies
(CRC and non-colorectal tumors) (41). Disease stabilization
lasting more than 6 months was reported in 7% of the
patients, including 2 patients with colorectal cancer who
had progressed previously on bevacizumab.

5. EPIGENETIC MECHANISMS AND
TREATMENT OF ADVANCED NON-
COLORECTAL GI MALIGNANCIES: STILL
FAR FROM THE CLINICS

Over the years, advances in our understanding
of the molecular biology of Gl tumors have led to an
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increased interest for epigenetic processes also in non-
colorectal tumors. Epigenetic changes, including aberrant
DNA methylation and histone modifications, contribute
significantly to the initiation and progression of gastric
tumor (42-44). As regards MGMT, hypermethylation is
frequently detected in gastric cancer and preclinical data
suggest a potential prognostic value of this epigenetic
event (45-47).

Moving from these data, novel therapeutic
approaches are emerging. A phase | study of vorinostat
combined with capecitabine and cisplatin as first-
line chemotherapy was conducted in 30 patients with
metastatic gastric cancer (48). Median PFS and OS
were 7.1. months and 18.0. months, respectively. Dose
limiting toxicities were represented by thrombocytopenia
and non-hematologic events such as fatigue, stomatitis
and anorexia and a phase |l trial is currently ongoing with
the established dose of vorinostat 400 mg once daily to
better evaluate the activity of the combination. Another
HDAC inhibitor currently under phase Il investigation is
panobinostat, which demonstrated the ability to overcome
resistance to anthracyclines in preclinical model of gastric
cancer (49).

The aberrant hypermethylation of cancer-
related genes, such as MGMT, is a frequent event also in
esophageal cancer (50): preliminary in vitro data suggest
that MGMT methylation may be useful in selecting
patients for temozolomide treatment even in this difficult
disease (51). Hochhauser et al. reported promising results
in the cohort of 32 patients with advanced esophageal
cancer and MGMT promoter methylation in their recent
already discussed study (24): 3 (9%) patients achieved
a partial response and 17 (53%) reported a disease
stabilization, for an overall DCR of 62% (which is the
highest among the different patient subgroups enrolled in
the trial according to disease location).

In pancreatic cancer the research on epigenetic
mechanisms is paving the way for the rational
development of novel epigenetic drugs (52,53): however,
available results are still disappointing. A phase Il study
with panobinostat and bortezomib in patients progressing
on gemcitabine-based therapy was suspended after the
enroliment of 7 patients because of a complete lack
of treatment responses and early treatment-related
toxicity (54).

Epigenetics is actually making its entry also in the
field of hepatobiliary malignancies (55). Several epigenetic
events are described in cholangiocarcinoma (56) and
HDACs or HMTs inhibitors have been shown to inhibit
the growth of cholangiocarcinoma cells in vitro (57,58).
As regards hepatocellular carcinoma, multiple epigenetic
aberrations (e.g. gene hypermethylation, Polycomb group
protein deregulation, aberrant microRNA expression)
have been identified in preclinical studies (59,60). A phase
I/ll study demonstrated potential anti-tumor activity of
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belinostat with a favorable safety profile (61): this agent
achieved partial response and stable disease rates of
2.4.% and 45.2.%, respectively, with median PFS and OS
of 2.6. and 6.6. months, respectively. These limited data
from a phase I/ll study do not allow for a strict definition
of the efficacy of belinostat in HCC, even though disease
stabilization may be considered an interesting result in
hepatocellular carcinoma due to the limited number of
effective treatment options: future trials will clarify the role
of this (and other) agents, and will probably help identify
predictive biomarkers for a better patient selection.

6. DISCUSSION

As described in previous chapters, epigenetics
offers a complementary view to cancer biology beyond
the conventional framework of somatic gene mutations.
This may translate into the identification of new molecular
markers with prognostic or, more intriguingly, treatment
predictive value. Among the so far explored parameters,
MGMT promoter methylation is certainly the most
extensively studied in Gl tumors (mainly in mCRC).
Preclinical and clinical evidences are now available that
mCRC patients with tumors characterized by MGMT
promoter methylation may benefit from treatment with
alkylating agents such as dacarbazine and temozolomide:
objective responses have been reported in heavily
pretreated patients, and in some cases responses lasted
for more than 6 months (Table 1).

However, there are still open questions
before MGMT status may enter routine clinical testing
and alkylating agents become part of the therapeutic
armamentarium in mCRC. First of all, literature data were
reported with different drugs and different schedules.
Treatment schedules may have an impact on the
safety profile (and ultimately on treatment compliance
and exposure), and this may play a crucial role among
pretreated patients who are at increased risk of toxicity
with conventional cytotoxics. Moreover, temozolomide
schedules may differ in the capacity to effectively exert
antitumor activity in RAS mutant mCRC, as suggested by
preliminary clinical data (27).

As discussed, MGMT methylation is an
early event in CRC pathogenesis: it is arguable that
anticipating treatment with alkylating agents in previous
lines may therefore translate into higher RRs. Moreover,
there is now renewed interest in the combination of
temozolomide with other active agents in Gl cancers,
such as fluoropyrimidines and irinotecan (62,63): data
from non-Gl tumors show that there may be an important
synergistic activity between these agents, and that
time of administration may play a role in increasing the
chances of response (62). Future trials will thus explore
the role of temozolomide either alone or in combination
with chemotherapy administered earlier in the course of
mCRC.
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Last, there is no consensus about the optimal
methodology to be used in designing and conducting
MGMT-based ftrials: i) the most reliable method of
assessment has not been defined, at least in GI
tumors (29); ii) it is not clear whether results between
primary tumor and related metastases are superimposable
(as some initial data seem to confirm (23) and as it could
be anticipated from the evidence that such an alteration
occurs early in colorectal carcinogenesis (10,11)); iii) the
most suitable cut-off value for the identification of MGMT
methylated cases is unclear, as underlined by the different
strategies used in the reported mCRC studies (23-25,27).
All these issues should be addressed before we design
an ambitious plan of clinical trials with alkylating agents
in different treatment lines for mCRC.

The road toward the INTRODUCTION of
epidrugs (or epigenetic biomarkers) in the treatment of
non-colorectal Gl tumors appears still long and winding
when compared with the advances already achieved
in CRC. However, preclinical data suggest that similar
epigenetic alterations occur also in other Gl malignancies
and in vitro experiences have identified multiple
interesting compounds or therapeutic combinations,
which are currently under evaluation in phase /Il clinical
trials.

To conclude, pharmacoepigenetics may
contribute to shed new light on old drugs, as well as
identify new agents with innovative mechanisms of
action: in both cases, however, only rigorously designed
translational trials in selected patient populations will
move forward the current therapeutic results in advanced
Gl tumors.

7. REFERENCES

KK Ciombor, C Wu, RM Goldberg: Recent
therapeutic advances in the treatment
of colorectal cancer. Annu Rev Med 66,
83-95 (2015)

DOI: 10.1146/annurev-med-051513-102539

E Costello, W Greenhalf, JP Neoptolemos:
New biomarkers and targets in pancreatic
cancer and their application to treatment. Nat
Rev Gastroenterol Hepatol 9, 435-444 (2012)
DOI: 10.1038/nrgastro.2012.119

F De Vita, N Di Martino, A Fabozzi, MM
Laterza, J Ventriglia, B Savastano, A Petrillo,
V Gambardella, V Sforza, L Marano, A
Auricchio, G Galizia, F Ciardiello, M Orditura
M: Clinical management of advanced gastric
cancer: the role of new molecular drugs. World
J Gastroenterol 20, 14537-14558 (2014)

DOI: 10.3748/wjg.v20.i40.14537

© 1996-2016


http://dx.doi.org/10.1146/annurev-med-051513-102539
http://dx.doi.org/10.1038/nrgastro.2012.119
http://dx.doi.org/10.3748/wjg.v20.i40.14537

Pharmacoepigenetics in gastrointestinal tumors

10.

1.

L Fornaro, C Vivaldi, C Caparello, R Sacco,
V Rotella, G Musettini, S Luchi, EE Baldini,
A Falcone, G Masi: Dissecting signalling
pathways in hepatocellular carcinoma: toward
innovative medical treatment options. Future
Oncol 10, 285-304 (2014)

DOI: 10.2217/fon.13.181

SB Baylin, PA Jones: A decade of exploring
the cancer epigenome - biological and
translational implications. Nat Rev Cancer 11,
726-734 (2011)

DOI: 10.1038/nrc3130

M Toyota, N Ahuja, M Ohe-Toyota, JG Herman,
SB Baylin, JP lIssa: CpG island methylator
phenotype in colorectal cancer. Proc Natl
Acad Sci USA 96, 8681-8686 (1999)

DOI: 10.1073/pnas.96.15.8681

S Ogino, K Nosho, GJ Kirkner, T Kawasaki,
JA Meyerhardt, MLoda, EL Giovannucci, CS
Fuchs: CpG island methylator phenotype,
microsatellite instability, BRAF mutation and
clinical outcome in colon cancer. Gut 58,
90-96 (2009)

DOI: 10.1136/gut.2008.155473

AE Pegg: Mammalian O6-alkylguanine-DNA
alkyltransferase: regulation and importance
in response to alkylating carcinogenic
and therapeutic agents. Cancer Res 50,
6119-6129 (1990)

No DOI found

M Esteller, SR Hamilton, PC Burger, SB Baylin,
JG Herman: Inactivation ofthe DNArepairgene
0O6-methylguanine-DNA  methyltransferase
by promoter hypermethylation is a common
event in primary human neoplasia. Cancer
Res 59, 793-797 (1999)

JG Herman, SB Baylin. Gene silencing
in cancer in association with promoter
hypermethylation. N Engl J Med 349,
2042-2054 (2003)

DOI: 10.1056/NEJMra023075

S de Vogel, MP Weijenberg, JG Herman, KA
Wouters, AF de Goeij, PA van den Brandt,
AP de Bruine, M van Engeland: MGMT and
MLH1 promoter methylation versus APC,
KRAS and BRAF gene mutations in colorectal
cancer: indications for distinct pathways
and sequence of events. Ann Oncol 20,
1216-1222 (2009)

DOI: 10.1093/annonc/mdn782

176

12.

13.

14.

15.

16.

17.

18.

19.

M Esteller, M Toyota, M Sanchez-Cespedes, G
Capella, MA Peinado, DN Watkins, JP Issa, D
Sidransky, SB Baylin, JG Herman: Inactivation
of the DNA repair gene O6-methylguanine-
DNA  methyltransferase = by  promoter
hypermethylation is associated with G to A
mutations in K-ras in colorectal tumorigenesis.
Cancer Res 60, 2368-2371 (2000)

No DOI found

J Fahrer, B Kaina: O6-methylguanine-DNA
methyltransferase in the defense against
N-nitroso compounds and colorectal cancer.
Carcinogenesis 34, 2435-2442 (2013)

DOI: 10.1093/carcin/bgt275

JA Oliver, R Ortiz, C Melguizo, PJ Alvarez,
J Gomez-Millan, J Prados: Prognostic
impact of MGMT promoter methylation and
MGMT and CD133 expression in colorectal
adenocarcinoma. BMC Cancer 14, 511 (2014)
DOI: 10.1186/1471-2407-14-511

T Fukushima, H Takeshima, H Kataoka: Anti-
glioma therapy with temozolomide and status
of the DNA-repair gene MGMT. Anticancer
Res 29, 4845-4854 (2009)

No DOI found

SL Gerson: MGMT: its role in cancer aetiology
and cancer therapeutics. Nat Rev Cancer 4,
296-307 (2004)

DOI: 10.1038/nrc1319

ME Hegi, AC Diserens, T Gorlia, MF Hamou, N
de Tribolet, M Weller, JM Kros, JA Hainfellner,
W Mason, L Mariani, JE Bromberg, P Hau,
RO Mirimanoff, JG Cairncross, RC Janzer, R
Stupp: MGMT gene silencing and benefit from
temozolomide in glioblastoma. N Engl J Med
352, 997-1003 (2005)

DOI: 10.1056/NEJMo0a043331

F Igli, A Arican, F Cay, H Akbulut, D Dingol,
H Karaoguz, A Demirkazik: Phase Il study
of cisplatin and dacarbazine for metastatic
colorectal carcinomaresistantto 5-fluorouracil.
Oncology 56, 297-300 (1999)

DOI: 10.1159/000011981

H Akbulut, F Icli, B Yalcin, A Demirkazik,
H Onur, A Buyukcelik, G Utkan: Activity of
irinotecan, cisplatin and dacarbazine (CPD)
combination in previously treated patients
with advanced colorectal carcinoma. Exp
Oncol 26, 149-152 (2004)

No DOI found

© 1996-2016


http://dx.doi.org/10.2217/fon.13.181
http://dx.doi.org/10.1038/nrc3130
http://dx.doi.org/10.1073/pnas.96.15.8681
http://dx.doi.org/10.1136/gut.2008.155473
http://dx.doi.org/10.1056/NEJMra023075
http://dx.doi.org/10.1093/annonc/mdn782
http://dx.doi.org/10.1093/carcin/bgt275
http://dx.doi.org/10.1186/1471-2407-14-511
http://dx.doi.org/10.1038/nrc1319
http://dx.doi.org/10.1056/NEJMoa043331
http://dx.doi.org/10.1159/000011981

Pharmacoepigenetics in gastrointestinal tumors

20.

21.

22.

23.

24.

25.

OA Khan, M Ranson, M Michael, | Olver,
NC Levitt, P Mortimer, AJ Watson, GP
Margison, R Midgley, MR Middleton: A phase
II trial of lomeguatrib and temozolomide in
metastatic colorectal cancer. Br J Cancer 98,
1614-1618 (2008)

DOI: 10.1038/sj.bjc.6604366

DD Von Hoff, JJ Jr Stephenso, P Rosen, DM
Loesch, MJ Borad, S Anthony, G Jameson,
S Brown, N Cantafio, DA Richards, TR Fitch,
E Wasserman, C Fernandez, S Green, W
Sutherland, M Bittner, A Alarcon, D Mallery, R
Penny: Pilot study using molecular profiling of
patients’ tumors to find potential targets and
select treatments for their refractory cancers.
J Clin Oncol 28, 4877-4883 (2010)

DOI: 10.1200/JC0.2009.26.5983

E Shacham-Shmueli, A Beny, R Geva, A
Blachar, A Figer, D Aderka D: Response to
temozolomide in patients with metastatic
colorectal cancer with loss of MGMT
expression: a new approach in the era of
personalized medicine? J Clin Oncol 29,
€262-265 (2011)

DOI: 10.1200/JC0.2010.32.0242

A Amatu, A Sartore-Bianchi, C Moutinho,
A Belotti, K Bencardino, G Chirico, A
Cassingena, F Rusconi, A Esposito, M
Nichelatti, M Esteller, S Siena: Promoter CpG
island hypermethylation of the DNA repair
enzyme MGMT predicts clinical response to
dacarbazine in a phase Il study for metastatic
colorectal cancer. Clin Cancer Res 19,
2265-2272 (2013)

DOI: 10.1158/1078-0432.CCR-12-3518

D Hochhauser, R Glynne-Jones, V Potter, C
Gravalos, TJ Doyle, K Pathiraja, Q Zhang,
L Zhang, EA Sausville: A phase Il study of
temozolomide in patients with advanced
aerodigestive tract and colorectal cancers
and methylation of the O6-methylguanine-
DNA methyltransferase promoter. Mol Cancer
Ther 12, 809-818 (2013)

DOI: 10.1158/1535-7163.MCT-12-0710

F Pietrantonio, F Perrone, F de Braud, A
Castano, C Maggi, | Bossi, A Gevorgyan, P
Biondani, M Pacifici, A Busico, M Gariboldi,
F Festinese, E Tamborini, M Di Bartolomeo:
Activity of temozolomide in patients with
advanced chemorefractory colorectal cancer
and MGMT promoter methylation. Ann Oncol

177

26.

27.

28.

29.

30.

31.

25, 404-408 (2014)
DOI: 10.1093/annonc/mdt547

A Sato, J Sunayama, K Matsuda, S Seino,
K Suzuki, E Watanabe, K Tachibana, A
Tomiyama, T Kayama, C Kitanaka: MEK-ERK
signaling dictates DNA-repair gene MGMT
expression and temozolomide resistance of
stem-like glioblastoma cells via the MDM2-p53
axis. Stem Cells 29, 1942-1951 (2011)

DOI: 10.1002/stem.753

F Pietrantonio, F de Braud, C Maggi, M
Milione, R lacovelli, A Castano, F Perrone, |
Bossi, F Ricchini, S Pusceddu, G Leone, F
Dominoni, G Saibene, M Di Bartolomeo: Dose-
dense temozolomide (TMZ) in patients with
advanced chemorefractory colorectal cancer
(CRC) and MGMT promoter methylation. Ann
Oncol 25 (suppl 2), ii98 (P-0267) (2014)

No DOI found

V Quillien, A Lavenu, M Sanson, M Legrain, P
Dubus, LKarayan-Tapon, JMosser,KIchimura,
D Figarella-Branger: Outcome-based
determination of optimal pyrosequencing
assay for MGMT methylation detection in
glioblastoma patients. J Neurooncol 116,
487-496 (2014)

DOI: 10.1007/s11060-013-1332-y

V Quillien, A Lavenu, L Karayan-Tapon, C
Carpentier, M Labussiére, T Lesimple, O
Chinot, M Wager, J Honnorat, S Saikali,
F Fina, M Sanson, D Figarella-Branger:
Comparative assessment of 5 methods
(methylation-specific ~ polymerase  chain
reaction, methylight, pyrosequencing,
methylation-sensitive high-resolution melting,
and immunohistochemistry) to analyze
06-methylguanine-DNA-methyltranferase in
a series of 100 glioblastoma patients. Cancer
118, 4201-4211 (2012)

DOI: 10.1002/cncr.27392

S Ogino, A Hazra, GJ Tranah, GJ Kirkner, T
Kawasaki, K Nosho, M Ohnishi, Y Suemoto,
JA Meyerhardt, DJ Hunter, CS Fuchs:
MGMT germline polymorphism is associated
with somatic MGMT promoter methylation
and gene silencing in colorectal cancer.
Carcinogenesis 28, 1985-1990 (2007)

DOI: 10.1093/carcin/bgm160

NJ Hawkins, JH Lee, JJ Wong, CT Kwok,
RL Ward, MP Hitchins: MGMT methylation
is associated primarily with the germline

© 1996-2016


http://dx.doi.org/10.1038/sj.bjc.6604366
http://dx.doi.org/10.1200/JCO.2009.26.5983
http://dx.doi.org/10.1200/JCO.2010.32.0242
http://dx.doi.org/10.1158/1078-0432.CCR-12-3518
http://dx.doi.org/10.1158/1535-7163.MCT-12-0710
http://dx.doi.org/10.1093/annonc/mdt547
http://dx.doi.org/10.1002/stem.753
http://dx.doi.org/10.1007/s11060-013-1332-y
http://dx.doi.org/10.1002/cncr.27392
http://dx.doi.org/10.1093/carcin/bgm160

Pharmacoepigenetics in gastrointestinal tumors

32.

33.

34.

35.

36.

37.

38.

C>T SNP (rs16906252) in colorectal cancer
and normal colonic mucosa. Mod Pathol 22,
1588-1599 (2009)

DOI: 10.1038/modpathol.2009.130

M van Engeland, S Derks, KM Smits, GA
Meijer, JG Herman: Colorectal cancer
epigenetics: complex simplicity. J Clin Oncol
29, 1382-1391 (2011)

DOI: 10.1200/JC0O.2010.28.2319

K Suzuki, | Suzuki, A Leodolter, S Alonso, S
Horiuchi, K Yamashita, M Perucho: Global
DNA demethylation in gastrointestinal cancer
is age dependent and precedes genomic
damage. Cancer Cell 9, 199-207 (2006)

DOI: 10.1016/j.ccr.2006.02.016

F Crea, S Nobili, E Paolicchi, G Perrone, C
Napoli, | Landini, R Danesi, E Mini: Epigenetics
and chemoresistance in colorectal cancer: An
opportunity for treatment tailoring and novel
therapeutic strategies. Drug Resist Updat
14: 280-296 (2011)

DOI: 10.1016/j.drup.2011.08.001

| Garrido-Laguna, KA McGregor, M Wade,
J Weis, W Gilcrease, L Burr, R Soldi, L
Jakubowski, C Davidson, G Morrell, JD Olpin,
K Boucher, D Jones, S Sharma: A phase I/
Il study of decitabine in combination with
panitumumab in patients with wild-type (wt)
KRAS metastatic colorectal cancer. Invest
New Drugs 31, 1257-1264 (2013)

DOI: 10.1007/s10637-013-9947-6

D Santini, B Vincenzi, R Addeo, C Garufi, G
Masi, M Scartozzi, A Mancuso, AM Frezza,
O Venditti, M Imperatori, G Schiavon, G
Bronte, G Cicero, F Recine, E Maiello, S
Cascinu, A Russo, A Falcone, G Tonini:
Cetuximab  rechallenge in  metastatic
colorectal cancer patients: how to come
away from acquired resistance? Ann Oncol
23, 2313-2318 (2012)

DOI: 10.1093/annonc/mdr623

A Goel, CR Boland: Epigenetics of
colorectal cancer. Gastroenterology 143,
1442-1460 (2012)

DOI: 10.1053/j.gastro.2012.09.032

MG Fakih, A Groman, J McMahon, G Wilding,
JR Muindi: A randomized phase Il study of
two doses of vorinostat in combination with
5-FU/LV in patients with refractory colorectal
cancer. Cancer Chemother Pharmacol 69,
743-751 (2012)

178

39.

40.

41.

42.

43.

44.

45.

DOI: 10.1007/s00280-011-1762-1

KM Smits, V Melotte, HE Niessen, L Dubois,
C Oberije, EG Troost, MH Starmans, PC
Boutros, M Vooijs, M van Engeland, P
Lambin: Epigenetics in radiotherapy: where
are we heading? Radiother Oncol 111,
168-177 (2014)

DOI: 10.1016/j.radonc.2014.05.001

AAvallone, MC Piccirillo, P Delrio, B Pecori, E
Di Gennaro, L Aloj, F Tatangelo, V D’Angelo,
C Granata, E Cavalcanti, N Maurea, P
Maiolino, F Bianco, M Montano, L Silvestro,
M Terranova Barberio, MS Roca, M Di Maio,
P Marone, G Botti, A Petrillo, G Daniele, S
Lastoria, VR laffaioli, G Romano, C Caraco,
P Muto, C Gallo, F Perrone, A Budillon A:
Phase 1/2 study of valproic acid and short-
course radiotherapy plus capecitabine as
preoperative treatment in low-moderate
risk rectal cancer-V-shoRT-R3 (Valproic
acid - short RadioTherapy - rectum 3rd trial).
BMC Cancer 14, 875 (2014)

DOI: 10.1186/1471-2407-14-875

JJ Wheler, F Janku, GS Falchook, TL Jackson,
S Fu, A Naing, AM Tsimberidou, SL Moulder,
DS Hong, H Yang, SA Piha-Paul, JT Atkins, G
Garcia-Manero, R Kurzrock: Phase | study of
anti-VEGF monoclonal antibody bevacizumab
and histone deacetylase inhibitor valproic acid
in patients with advanced cancers. Cancer
Chemother Pharmacol 73, 495-501 (2014)
DOI: 10.1007/s00280-014-2384-1

C Kang, JJ Song, J Lee, MY Kim: Epigenetics:
an emerging player in gastric cancer. World J
Gastroenterol 20, 6433-6447 (2014)

DOI: 10.3748/wjg.v20.i21.6433

DQ Calcagno, CO Gigek, ES Chen, RR
Burbano, Mde. A Smith: DNA and histone
methylation in gastric carcinogenesis. World
J Gastroenterol 19, 1182-1192 (2013)

DOI: 10.3748/wjg.v19.i8.1182

J Nakamura, T Tanaka, Y Kitajima, H
Noshiro, K Miyazaki: Methylation-mediated
gene silencing as biomarkers of gastric
cancer: a review. World J Gastroenterol 20,
11991-12006 (2014)

DOI: 10.3748/wjg.v20.i34.11991

WK Leung, KF To, ES Chu, MW Chan, AH
Bai, EK Ng, FK Chan, JJ Sung JJ: Potential
diagnostic and prognostic values of detecting
promoter hypermethylation in the serum of

© 1996-2016


http://dx.doi.org/10.1038/modpathol.2009.130
http://dx.doi.org/10.1200/JCO.2010.28.2319
http://dx.doi.org/10.1016/j.ccr.2006.02.016
http://dx.doi.org/10.1016/j.drup.2011.08.001
http://dx.doi.org/10.1007/s10637-013-9947-6
http://dx.doi.org/10.1093/annonc/mdr623
http://dx.doi.org/10.1053/j.gastro.2012.09.032
http://dx.doi.org/10.1007/s00280-011-1762-1
http://dx.doi.org/10.1016/j.radonc.2014.05.001
http://dx.doi.org/10.1186/1471-2407-14-875
http://dx.doi.org/10.1007/s00280-014-2384-1
http://dx.doi.org/10.3748/wjg.v20.i21.6433
http://dx.doi.org/10.3748/wjg.v19.i8.1182
http://dx.doi.org/10.3748/wjg.v20.i34.11991

Pharmacoepigenetics in gastrointestinal tumors

46.

47.

48.

49.

50.

51.

52.

patients with gastric cancer. Br J Cancer 92,
2190-2194 (2005)
DOI: 10.1038/sj.bjc.6602636

K Hibi, M Sakata, K Yokomizo, YH Kitamura,
K Sakuraba, A Shirahata, T Goto, H
Mizukami, M Saito, K Ishibashi, G Kigawa, H
Nemoto, Y Sanada: Methylation of the MGMT
gene is frequently detected in advanced
gastric carcinoma. Anticancer Res 29,
5053-5055 (2009)

No DOI found

J Jin, L Xie, CH Xie, YF Zhou. Aberrant DNA
methylation of MGMT and hMLH1 genes in
prediction of gastric cancer. Genet Mol Res
13, 4140-4145 (2014)

DOI: 10.4238/2014.May.30.9

C Yoo, MH Ryu, YS Na, BY Ryoo, CW
Lee, J Maeng, SY Kim, DH Koo, | Park, YK
Kang: Phase | and pharmacodynamic study
of vorinostat combined with capecitabine
and cisplatin as first-line chemotherapy in
advanced gastric cancer. Invest New Drugs
32, 271-278 (2014)

DOI: 10.1007/s10637-013-9983-2

I Regel, L Merkl, T Friedrich, E Burgermeister,
W Zimmermann, H Einwéachter, K Herrmann,
R Langer, C Rdcken, R Hofheinz, R Schmid,
MP Ebert: Pan-histone deacetylase inhibitor
panobinostat sensitizes gastric cancer cells
to anthracyclines via induction of CITEDZ2.
Gastroenterology 143, 99-109 (2012)

DOI: 10.1053/j.gastro.2012.03.035

Y Su, L Yin, R Liu, J Sheng, M Yang, Y
Wang, E Pan, W Guo, Y Pu, J Zhang, G
Liang: Promoter methylation status of MGMT,
hMSH2, and hMLH1 and its relationship to
corresponding protein expression and TP53
mutations in human esophageal squamous
cell carcinoma. Med Oncol 31, 784 (2014)
DOI: 10.1007/s12032-013-0784-4

R Hasina, M Surati, | Kawada, Q Arif, GB
Carey, R Kanteti, AN Husain, MK Ferguson,
EE Vokes, VM Villaflor, R Salgia: O-6-

methylguanine-deoxyribonucleic acid
methyltransferase  methylation enhances
response to temozolomide treatment in

esophageal cancer. J Carcinog 12, 20 (2013)
DOI: 10.4103/1477-3163.120632

AL McCleary-Wheeler, GA Lomberk, FU
Weiss, G Schneider, M Fabbri, TL Poshusta,
NJ Dusetti, S Baumgart, JL lovanna, V

179

53.

54.

55.

56.

57.

58.

59.

60.

Ellenrieder, R Urrutia, ME Fernandez-Zapico:
Insights into the epigenetic mechanisms
controlling pancreatic carcinogenesis. Cancer
Lett 328, 212-221 (2013)

DOI: 10.1016/j.canlet.2012.10.005

D Neureiter, T Jager, M Ocker, T Kiesslich:
Epigenetics and pancreatic cancer:
pathophysiology and novel treatment aspects.
World J Gastroenterol 20, 7830-7848 (2014)
DOI: 10.3748/wjg.v20.i24.7830

H Wang, Q Cao, AZ Dudek: Phase Il study
of panobinostat and bortezomib in patients
with pancreatic cancer progressing on
gemcitabine-based therapy. Anticancer Res
32, 1027-1031 (2012)

No DOI found

JP  Hamilton: Epigenetic mechanisms
involved in the pathogenesis of hepatobiliary
malignancies. Epigenomics 2, 233-243 (2010)
DOI: 10.2217/epi.10.9

Y Koga, Y Kitajima, A Miyoshi, K Sato, K
Kitahara, H Soejima, K Miyazaki: Tumor
progression  through  epigenetic  gene
silencing of O(6)-methylguanine-DNA
methyltransferase in human biliary tract
cancers. Ann Surg Oncol 12, 354-363 (2005)
DOI: 10.1245/AS0.2005.07.020

V Baradari, M Hopfner, A Huether, Schuppan
D, H Scheribl: Histone deacetylase inhibitor
MS-275 alone or combined with bortezomib
or sorafenib exhibits strong anti-proliferative
action in human cholangiocarcinoma cells.
World J Gastroenterol 13, 4458-4466 (2007)
No DOI found

S Nakagawa, Y Sakamoto, H Okabe, H
Hayashi, D Hashimoto, N Yokoyama, R
Tokunaga, K Sakamoto, H Kuroki, K Mima,
T Beppu, H Baba: Epigenetic therapy with
the histone methyltransferase EZH2 inhibitor
3-deazaneplanocin A inhibits the growth of
cholangiocarcinoma cells. Oncol Rep 31,
983-988 (2014)

No DOI found
L Ma, MS Chua, O Andrisani, S So:
Epigenetics in hepatocellular carcinoma:

an update and future therapy perspectives.
World J Gastroenterol 20, 333-345 (2014)
DOI: 10.3748/wjg.v20.i2.333

IP Pogribny, I Rusyn: Role of epigenetic
aberrations in the development and
progression of human  hepatocellular

© 1996-2016


http://dx.doi.org/10.1038/sj.bjc.6602636
http://dx.doi.org/10.4238/2014.May.30.9
http://dx.doi.org/10.1007/s10637-013-9983-2
http://dx.doi.org/10.1053/j.gastro.2012.03.035
http://dx.doi.org/10.1007/s12032-013-0784-4
http://dx.doi.org/10.4103/1477-3163.120632
http://dx.doi.org/10.1016/j.canlet.2012.10.005
http://dx.doi.org/10.3748/wjg.v20.i24.7830
http://dx.doi.org/10.2217/epi.10.9
http://dx.doi.org/10.1245/ASO.2005.07.020
http://dx.doi.org/10.3748/wjg.v20.i2.333

Pharmacoepigenetics in gastrointestinal tumors

carcinoma. Cancer Lett 342, 223-230 (2014)
DOI: 10.1016/j.canlet.2012.01.038

61. W Yeo, HC Chung, SL Chan, LZ Wang, R
Lim, J Picus, M Boyer, FK Mo, J Koh, SY
Rha, EP Hui, HC Jeung, JK Roh, SC Yu,
KF To, Q Tao, BB Ma, AW Chan, JH Tong,
C Erlichman, AT Chan, BC Goh: Epigenetic
therapy using belinostat for patients with
unresectable hepatocellular carcinoma: a
multicenter phasel/ll study with biomarker
and pharmacokinetic analysis of tumors from
patients in the Mayo Phase Il Consortiumand
the Cancer Therapeutics Research Group.
J Clin Oncol 30, 3361-3367 (2012)

DOI: 10.1200/JC0.2011.41.2395

62. RL Fine, AP Gulati, BA Krantz, RA Moss, S
Schreibman, DA Tsushima, KB Mowatt, RD
Dinnen, Y Mao, PD Stevens, B Schrope, J
Allendorf, JA Lee, WH Sherman, JA Chabot:
Capecitabineandtemozolomide (CAPTEM)for
metastatic, well-differentiated neuroendocrine
cancers: The Pancreas Center at Columbia
University experience. Cancer Chemother
Pharmacol 71, 663-670 (2013)

DOI: 10.1007/s00280-012-2055-z

63. G Reynés, C Balana, O Gallego, L Iglesias, P
Pérez, JL Garcia: A phase | study of irinotecan
in combination with metronomic temozolomide
in patients with recurrent glioblastoma.
Anticancer Drugs 25, 717-722 (2014)

No DOI found

Abbreviations: mCRC, metastatic colorectal
cancer; DTIC, dacarbazine; TMZ, temozolomide;
d, day; q, repeated every (days); No., number
(of patients); MGMT+, MGMT methylated; PCR,
(methylation-specific) polymerase chain reaction;
RR, response rate; DCR, disease control rate;
mPFS, median progression-free survival (months);
mOS, median overall survival (months); NR, not
reported. *preliminary results

Key Words: Alkylating Agents, Braf, Cancer
Epigenetics, Colorectal Cancer, Gastrointestinal
Tumors, Methylation, MGMT, RAS, Review

Send correspondence to: Lorenzo Fornaro,
Unit of Medical Oncology 2, Azienda
Ospedaliero-Universitaria Pisana, Istituto
Toscano Tumori, Via Roma 67, 56126 Pisa, Italy,
Telephone: 39050992466, Fax: 39050992069,
E-mail: lorenzo.fornaro@gmail.com

180

© 1996-2016


http://dx.doi.org/10.1016/j.canlet.2012.01.038
http://dx.doi.org/10.1200/JCO.2011.41.2395
http://dx.doi.org/10.1007/s00280-012-2055-z
mailto:lorenzo.fornaro@gmail.com

