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Colorectal  cancer  is the  second  leading  cause  of cancer-related  deaths  in  the  world.  Despite  many  ther-
apeutic opportunities,  prognosis  remains  dismal  for  patients  with  metastatic  disease,  and  a  significant
portion  of  early-stage  patients  develop  recurrence  after  chemotherapy.  Epigenetic  gene  regulation  is a
major  mechanism  of cancer  initiation  and  progression,  through  the  inactivation  of  several  tumor  sup-
pressor genes.  Emerging  evidence  indicates  that  epigenetics  may  also  play  a key  role  in the  development
of  chemoresistance.  In  the present  review,  we  summarize  epigenetic  mechanisms  triggering  resistance  to
three  commonly  used  agents  in  colorectal  cancer:  5-fluorouracil,  irinotecan  and  oxaliplatin.  Those  epige-
pigenetics
hemoresistance
-Fluorouracil

rinotecan
xaliplatin
istone deacetylase inhibitors

netic  biomarkers  may  help  stratify  colorectal  cancer  patients  and  develop  a tailored  therapeutic  approach.
In addition,  epigenetic  modifications  are  reversible  through  specific  drugs:  histone-deacetylase  and  DNA-
methyl-transferase  inhibitors.  Preclinical  studies  suggest  that  these  drugs  may  reverse  chemoresistance
in  colorectal  tumors.  In conclusion,  an epigenetic  approach  to  colorectal  cancer  chemoresistance  may
pave  the way  to  personalized  treatment  and  to innovative  therapeutic  strategies.
NA-methyl-transferase inhibitors

. Introduction

Worldwide, 1.2 million new colorectal cancer cases were
etected in 2008, and 608,700 deaths have been estimated (Jemal
t al., 2011). Colorectal cancer prognosis and treatment strategies
re highly dependent on tumor stage. Stage I colorectal cancer,
hich is confined to sub-mucosa, shows a 5-year survival rate of

pproximately 90% (Kohne and Lenz, 2009). On the other hand,
etastatic colorectal cancer patients (stage IV) treated with the

est supportive care, have a median survival of just 6 months. For
on-metastatic patients, surgical excision is the preferred option.
djuvant chemotherapy is employed after surgical resection in
tage III patients (localized tumor with lymph node invasion),
hile it is questionable for stage II patients (localized tumor with-

ut lymph node invasion) (Cunningham et al., 2010). Adjuvant

reatment is based on 5-fluorouracil (5-FU) alone or in combi-
ation with oxaliplatin. Stage IV disease is treated with doublet
hemotherapy, including 5-FU plus either oxaliplatin or irinotecan.
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∗∗ Corresponding author. Tel.: +39 050 992632.
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Doublet chemotherapy plus biological agents (anti-angiogenic or
anti-epidermal growth factor receptor (EGFR) molecules) increase
stage IV patients’ median survival to approximately 2 years (Kohne
and Lenz, 2009).

Despite this plethora of therapeutic options, many questions
remain open for the clinician. Should stage II patients be treated
with chemotherapy? What is the best drug combination for
metastatic disease? The answers differ according to each patient.
Individual and tumor genetic background can significantly affect
patient’s response to a drug and thus the choice of treatment. In
keeping with this hypothesis, it has been shown that only patients
with wild-type KRAS tumors respond to anti-EGFR therapy (Qiao
and Wong, 2009; Hollande et al., 2010; Dahabreh et al., 2011).

Even with some progress in molecular characterization of drug
sensitivity, tailored therapy for colorectal cancer patients is still
a challenge. Molecular determinants of response to chemothera-
peutic agents, which are still the cornerstone of colorectal cancer
therapy, are lacking (Fornaro et al., 2010).

In the present review, we explore a different mechanism
of chemoresistance, which is not determined by DNA sequence
alterations. Epigenetic modifications are defined as heritable

changes, not determined by modification of the DNA primary
structure (Dupont et al., 2009). Epigenetic modifications play a
crucial role in colorectal cancer initiation and progression (Van
Engeland et al., 2011). We  will describe emerging mechanisms of
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http://www.elsevier.com/locate/drup
mailto:r.danesi@med.unipi.it
mailto:enrico.mini@unifi.it
dx.doi.org/10.1016/j.drup.2011.08.001


nce Up

c
c
c
m
(
m
o
o

2

2

b
m
f
e
s
i
r
i
t
b
m
(
2

m
o
a
i
e
c
b
t
r
f
s

F
i
r
r
H
t
D
t
(

F. Crea et al. / Drug Resista

hemoresistance induced by epi-mutations, suggesting how they
ould be employed as biomarkers of chemotherapy response in
olorectal cancer patients. Unlike genetic alterations, epigenetic
odifications are reversible, and can be targeted by specific drugs

Kelly et al., 2010). Thus, we think that the epigenetic perspective
ay  broaden the biomarker panel in colorectal cancer and provide

ncologists with novel molecules which may  improve the outcome
f chemotherapy.

. Epigenetics and chemoresistance

.1. Epigenetic mechanisms of gene silencing in cancer cells

A broad definition of epigenetics comes from developmental
iology. This discipline was first defined as the sum of all those
echanisms necessary for the unfolding of the genetic program

or development (Holliday, 2006). Epigenetic mechanisms of gene
xpression regulation are not only crucial to physiological tissue
pecification, but are also disrupted in many diseases, includ-
ng colorectal cancer (Van Engeland et al., 2011). In the present
eview, we will refer to the two classical and most frequently
nvestigated epigenetic mechanisms: DNA methylation and his-
one post-translational modifications. This choice is motivated
y our translational purpose: both DNA methylation and histone
odifications can be detected by validated diagnostic instruments

Weber, 2010), and can be targeted by specific drugs (Kelly et al.,
010).

Fig. 1 provides a schematic representation of some epigenetic
odifications, occurring most frequently in the promoter region

f target genes. DNA is not always accessible to RNA polymerase
nd transcription factors. Depending on local transcriptional activ-
ty, DNA-protein complexes may  present as heterochromatin or
uchromatin (Mathews et al., 2009). In the first case, DNA-protein
omplexes are tightly bound, and gene transcription is impossi-
le. In the latter case, DNA-protein binding is loose, and gene

ranscription is allowed. Chromatin primary organization is rep-
esented by the nucleosome, a cylindrical structure composed of
our couples of histones (H2a, H2b, H3, H4). Adjacent nucleo-
omes are linked by the H1 histone, thereby forming a chain. DNA

ig. 1. Epigenetic mechanisms of gene expression regulation. The DNA helix (red)
s  wrapped around histones (light green cylinders). Histone acetylation (Ac) is
egulated by the contrasting activities of HAC and deacetylase (HDAC). Polycomb
epressive complex 1 and 2 (PRC) mediate histone H2a ubiquitination (Ub) and
3K27 methylation (met), respectively. DNA-methyl-transferases (DNMT) binds

o  pre-marked sites and methylates DNA. Methylated DNA is bound by methyl-
NA binding proteins (MBP), which hinder transcription factor (TF) binding,

hereby causing gene silencing. Demethylating agents (5-AZA) and HDACI inhibitors
HDACIs) reactivate gene silencing.
dates 14 (2011) 280– 296 281

is wrapped around each nucleosome, and is more or less tightly
bound to these proteins, depending on post-translational modifi-
cations occurring in critical regions (histone tails). Several kinds
of post-translational modifications have been described, includ-
ing phopshorylation, methylation, acetylation, ubiquitination. Only
a few of these have been functionally characterized, suggest-
ing that a histone code regulates gene expression (Sawan and
Herceg, 2010). Among characterized modifications, histone acety-
lation is always associated with reduced histone-DNA binding, and
thus to gene activation. Histone acetylation is determined by the
local balance between two  classes of enzymes: histone acetylase
(HAC) and histone deacetylases (HDACs). Some tumor suppressors
(cell-cycle regulators, anti-apoptotic genes) are hypo-acetylated in
colorectal cancer, resulting in gene silencing (Van Engeland et al.,
2011). As we will see in Section 4, HDAC inhibitors (HDACIs) (e.g.,
vorinostat and romidepsin) are small molecules that may  reac-
tivate epigenetically silenced genes in cancer cells (Kelly et al.,
2010).

Histone methylation may  be associated with both gene activa-
tion and repression. In cancer cells, histone methylation at histone
H3 Lys 27 is particularly important. It is a repressive mark medi-
ated by Polycomb repressive complex 2 (PRC2), which is generally
followed by histone H2a ubiquitination by PRC1 (Mathews et al.,
2009). Polycomb complexes are crucial for tissue-specific gene
silencing and stem cell self-renewal. In cancer cells, Polycomb
genes silence several pro-apoptotic and anti-metastatic genes,
thereby contributing to cancer progression (Piunti and Pasini,
2011). In colorectal cancer, the PRC2 member EHZ2 is over-
expressed in poor prognosis patients (Wang et al., 2010).

PRCs and HDACs cooperate with DNA methyl-transferase
(DNMT), a class of enzymes capable of adding a methyl group to
cytosine residues (Mathews et al., 2009). DNA methylation gen-
erally occurs in CpG-rich in promoter regions (CpG island), and
is associated with gene silencing. Approximately 70% of human
genes harbor a CpG island at its promoter (Saxonov et al., 2006). In
colorectal cancer, several anti-apoptotic, anti-metastatic and anti-
angiogenic genes are silenced by DNA methylation (Van Engeland
et al., 2011). DNMT inhibitors (DNMTIs) (e.g., 5-aza-cytidine, 5-aza-
2′deoxycitidine) are able to reactivate methylated genes in cancer
cells (Kelly et al., 2010).

In colorectal cancer, epigenetic modifications play a crucial role
at each step of carcinogenesis, and display a complex interaction
with genetic alterations (Van Engeland et al., 2011). In general,
global demethylation is found in many uncoding regions, leading
to increased genomic instability. This is associated to hyperme-
thylation of many tumor-suppressor genes. Approximately 20%
of colorectal cancers display a CpG island methylation phenotype
(CIMP). CIMP tumors display widespread methylation of tumor
suppressor genes, and show a distinct pathological and molec-
ular profile (Ogino and Goel, 2008). CIMP colorectal cancers are
associated with proximal tumor location, female sex, poor differ-
entiation, high BRAF and low TP53 mutation rates. Interestingly,
epigenetic alterations seem to be strictly associated with colorectal
cancer genetic features. A common genetic classification identifies
two  main groups of colorectal cancers: chromosomal instable (CIN)
cancers, which are characterized by chromosomal aberrations, and
microsatellite instable (MSI) cancers, which are characterized by
abnormal expansion of short repetitive elements (Ogino and Goel,
2008). Both CIN and MSI  tumors show distinct pathological and
prognostic profiles. Recently, it has been shown that CIMP is gen-
erally associated with MSI, while CIN tumors are more frequently
characterized by global DNA demethylation (Deng et al., 2006). As

we  will show in the next sections, genetic and epigenetic back-
grounds are highly interactive in colorectal cancer, and need to
be explored at the same time to identify markers of response to
chemotherapy.
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Fig. 2. Epigenetic mechanisms affecting cancer cell chemosensitivity. Chemotherapy agents are often pro-drugs, which can be activated or inactivated by specific cellular
enzymes. Active metabolites penetrate the nucleus and induce DNA damage, cell cycle arrest and apoptosis. ABC transporters mediate drug efflux, thereby protecting cancer
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.2. Epigenetic regulation of chemoresistance

In this section, we will briefly summarize some epigenetic
echanisms of chemoresistance and chemosensitivity. This will

rovide a molecular rationale for identifying epigenetic markers
f response to chemotherapy in colorectal cancer patients.

As shown in Fig. 2, chemotherapy agents interact with many cel-
ular targets. At each step, epigenetic gene silencing may  enhance or
inder chemotherapy-induced cell death. First, many chemother-
py agents enter cancer cells as pro-drugs, which can be activated
r transformed into harmless metabolites by specific enzymes.
ome drug-metabolizing enzymes are regulated by epigenetic
odifications. For example, capecitabine is an oral fluoropyrimi-

ine pro-drug which is transformed into 5-FU by the thymidine
hosphorylase (TP) enzyme (Malet-Martino et al., 2002). The
YMP gene, encoding for TP, is inactivated by DNA methylation
n human mesothelioma cells, which are therefore resistant to
apecitabine (Kosuri et al., 2010). This epigenetic inactivation is
umor-specific, since it is not found in normal pericardial tissue,
nd can be reversed by DNMTIs. On the other hand, some intracel-
ular enzymes may  inactivate chemotherapy agents. For example,
DP glucuronosyltransferase (UGT)-1A1 is the main enzyme for

rinotecan detoxification (Kuhn, 1998). It is well known that genetic
ariants in the UGT1A1 gene may  affect both irinotecan toxicity
nd activity (Ramirez et al., 2010; Toffoli et al., 2010). Recently, it
as been shown that UGT1A1 expression is positively regulated by
SF and HNF1-alpha transcription factors, and negatively regulated

y DNA methylation, which hinders transcription factor binding
Belanger et al., 2010). Interestingly, these experiments have been
erformed on colorectal cancer cells, and may  shed new light on
ersonalized disease treatment.
 regulated genes involved in each step of drug activity.

Once the active drug penetrates the nucleus, the main mecha-
nism of cancer cell killing is represented by DNA damage, which
can be direct or mediated by a DNA-binding molecule (e.g., Topoi-
somerase I for camptothecins) (Engelmann and Pützer, 2010).
Independently from molecular mechanisms, DNA  damage acti-
vates several downstream pathways which may  lead to DNA repair,
apoptosis or cell-cycle arrest (Redmond et al., 2008). It is worth
noting that several genes involved in these processes are epige-
netically regulated in cancer cells (Van Engeland et al., 2011). For
example, we showed that the cell cycle regulator p16, which is
methylated in colorectal cancer, is a main mediator of irinotecan
sensitivity (Crea et al., 2009). Cells harboring a methylated p16
gene are more resistant to irinotecan-induced cell cycle arrest.
DNMTIs reverse this resistant phenotype. Two  apoptosis effec-
tors, Bcl-2/adenovirus E1B 19 kDa-interacting protein 3 (BNIP3)
and death-associated protein kinase (DAPK), are frequently methy-
lated in gastrointestinal tumors, including colorectal cancer (Van
Engeland et al., 2011). It has been shown that BNIP3 and DAPK
methylation predicts lower response rates in gastric cancer patients
treated with fluoropyrimidine-based chemotherapy (Sugita et al.,
2011), probably due to increased resistance to chemotherapy-
induced apoptosis.

Finally, two  main mechanisms that counteract the chemother-
apy activity are drug efflux and DNA repair. Both mechanisms
are epigenetically regulated. ATP-binding cassette (ABC) trans-
porters are a set of efflux membrane transporters involved in
xenobiotic clearance. ABC transporters are also able to efflux

some chemotherapy drugs, with partially overlapping substrate
specificity (Sparreboom et al., 2003). Cancer cells may over-
express one or more ABC transporters, thereby displaying a
multidrug resistance phenotype (Broxterman et al., 1996). Histone
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eacetylation is a common mechanism of ABC transporter
ene silencing. In this case, reversing the epigenetic mark by
DACIs may  reactivate transporter expression, thereby causing
hemoresistance (Huo et al., 2010).

The alkylating agent temozolomide is currently employed as
rst-line therapy for glioblastoma multiforme (Corsa et al., 2006).
emozolomide and related drugs cause cytotoxic DNA lesions such
s O6-methylguanine and N7-methylguanine. O6-methylguanine-
NA methyltransferase (MGMT) removes the O6-methylguanine
dduct and restores normal guanine (Kaina et al., 2001). The MGMT
ene is inactivated by promoter methylation in approximately
0–50% glioblastoma multiforme samples (Dunn et al., 2009; Mellai
t al., 2009). Thus, it is conceivable that MGMT  silencing sensitizes
ancer cells to temozolomide. MGMT  methylation is associated with
rolonged progression-free and overall survival in glioblastoma
ultiforme patients treated with temozolomide (Dunn et al., 2009).
In conclusion, DNA methylation and histone variants may  affect

ancer chemosensitivity through several mechanisms, some of
hich are still unexplored. In particular, histone post-translational
odifications are an emerging area of research. Despite this, we

lready have a panel of putative epigenetic markers for colorectal
ancer which will be discussed in the next section.

. Colorectal cancer pharmaco-epigenetics

Knowledge of molecular mechanisms of resistance to
hemotherapeutic agents in colorectal cancer has recently
mproved based on investigations both in experimental tumor

odels and in tumor explants from patients. The causes of col-
rectal cancer resistance to chemotherapy may  comprise genetic
s well as epigenetic mechanisms (Table 1).

.1. 5-Fluorouracil

5-FU was developed more than 50 years ago (Heidelberger et al.,
957) and continues to be the backbone of treatment for patients
ith early or advanced colorectal cancer (Longley et al., 2003; NCCN
uidelinesTM Colon Cancer, 2011). Resistance to 5-FU and the more

ecently developed oral fluoropyrimidines is, however, a major
bstacle to successful therapy.

Studies undertaken to determine molecular mechanisms of
ntrinsic and acquired resistance to 5-FU have evidenced various
lterations of drug target(s) and metabolism (Banerjee et al., 2002;
ongley et al., 2003, 2006). Altered expression of apoptosis reg-
lating genes also can lead to resistance to 5-FU (Wilson et al.,
009).
.1.1. Thymidylate synthase expression as a mechanism of 5-FU
esistance

Thymidylate synthase (TS), encoded by TYMS, is the main molec-
lar target of 5-FU and related drugs and is the most widely studied

able 1
xamples of epigenetic modifications affecting chemosensitivity in colorectal cancer.

Gene Epigenetic modification Cellular effects 

ABC transporters Histone deacetylation ABC transporter silencing 

ASC  DNA methylation ASC inactivation 

BNIP3,  DAPK DNA methylation Reduced apoptosis 

DPYD  DNA methylation DPYD silencing 

DPYD  Histone deacetylation DPYD silencing 

MGMT  DNA methylation MGMT silencing 

SPARC  DNA methylation SPARC silencing 

TYMP DNA  methylation TYMP silencing 

TYMP  Histone acetylation TYMS up-regulation 

UGT1A1 DNA  methylation UGT1A1 silencing 

UMPK  DNA methylation UMPK silencing 

ene abbreviations are indicated in the text.
dates 14 (2011) 280– 296 283

biological marker of response to 5-FU chemotherapy. TS cat-
alyzes the methylation of deoxyuridine monophosphate (dUMP) to
deoxythymidine monophosphate (dTMP) by using 5,10-methylene
tetrahydrofolate as a cofactor. Thus, TS is the key enzyme in the
de novo synthesis of thymidylate, an essential precursor for DNA
replication and repair (Danenberg et al., 1974; Santi et al., 1974).

5-FU antitumor activity is mainly determined by inhibition of
TS enzyme activity via the formation of a covalent ternary complex
among the active 5-FU metabolite 5-fluoro-2′-deoxyuridine-5′-
monophosphate, TS and the folate cofactor (Danenberg et al., 1974;
Santi et al., 1974; Houghton et al., 1986). The stability of this com-
plex is highly dependent on the different size and composition of
cellular folate cofactor pools (Yin et al., 1983) while the formation
of an unstable binary complex results in poor enzyme inhibition
(Lockshin and Danenberg, 1981). The low availability of cofactor
and its polyglutamates in tumors thus leads to intrinsic resistance
to 5-FU (Houghton et al., 1981; Radparvar et al., 1989; Aschele et al.,
1992). This has provided the rational basis for the use of combi-
nation treatment regimens of folinic acid and 5-FU for colorectal
cancer (Mini et al., 1990).

Increased TS expression is widely accepted as a major molecular
mechanism responsible for 5-FU resistance and has been suggested
as a potential prognostic and predictive marker.

Johnston et al. (1994) first demonstrated a correlation between
low TS levels and improved survival in rectal cancer patients receiv-
ing 5-FU adjuvant chemotherapy. A meta-analysis by Popat et al.
(2004) showed that colorectal cancer patients with advanced dis-
ease treated with 5-FU had a significantly better overall survival if
they had low TS expression in primary tumors or metastases.

In same cases, the increase in TS may  be due to increased copy
number. In in vitro human tumor models including colon cancer
cell lines (H630) (Berger et al., 1985; Copur et al., 1995) and in one
colon cancer patient (Clark et al., 1987), TYMS gene amplification
associated with acquired resistance to 5-fluorodeoxyuridine or 5-
FU has been reported. Thereafter, several reports have confirmed
this finding (Wang et al., 2004; Yu et al., 2008; Watson et al., 2010).

Increased levels of TS as a result of translational upregulation
have been shown to occur in tumor models following fluoropyrim-
idine treatment (Chu et al., 1996; Peters et al., 2002), based on an
autoregulatory feedback pathway wherein the TS protein regulates
its own translational efficiency (Chu et al., 1991). This may also con-
tribute to the resistant phenotype, although the importance of this
mechanism in cancer patients remains to be established.

Furthermore, TS transcription and translation are likely influ-
enced by other genes, whose sequence (e.g., p53) (Nief et al., 2007)
and expression (e.g., E2F-1, AEG-1)  (Banerjee et al., 2000; Yoo et al.,
2009) can be altered in tumor tissues. It has been suggested that

p53 status could play a role in TS expression in tumor cells, by
altering transcription and/or translation levels (Nief et al., 2007).
Increased expression of TS may  also be a consequence of the over-
expression of the transcription factor E2F-1 and has been reported

Effect on chemotherapy Reference

Chemosensitivity Sparreboom et al. (2003)
Chemoresistance Ohtsuka et al. (2006)
Chemoresistance Sugita et al. (2011)
Capecitabine (5-FU) chemosensitivity Noguchi et al. (2004)
Capecitabine (5-FU) chemosensitivity Sato et al. (2006)
Temozolomide chemosensitivity Dunn et al. (2009)
Chemoresistance Cheetham et al. (2008)
Capecitabine (5-FU) chemoresistance Kosuri et al. (2010)
Capecitabine (5-FU) chemosensitivity Glaser et al. (2003)
Irinotecan chemosensitivity Belanger et al. (2010)
Capecitabine (5-FU) chemoresistance Humeniuk et al. (2009a,b)
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n pulmonary metastases from colorectal cancer patients (Banerjee
t al., 2000). It has also been shown that astrocyte elevated gene-1
AEG-1), known to augment invasion, metastasis and angiogenesis,
irectly contributes to 5-FU resistance, since it induces the expres-
ion of LSF (late SV40 factor), a transcription factor that regulates
he expression of TS (Yoo et al., 2009).

Many studies have been conducted to investigate whether TYMS
olymorphisms (Kaneda et al., 1987; Horie et al., 1995; Ulrich et al.,
000; Mandola et al., 2003; Lincz et al., 2007) might also explain
ifferences in mRNA expression levels, but the results are hetero-
eneous and even controversial, especially in studies on samples
rom colorectal cancer patients (Pullarkat et al., 2001; Kawakami
t al., 2001; Dotor et al., 2006; Fernández-Contreras et al., 2006;
osens et al., 2008; Vignoli et al., 2011).

In addition, resistance to 5-FU has been associated with the
roduction of altered structural forms of TS which has a reduced
ffinity for FdUMP in tumor cell culture models including human
olon tumor cell line (HCT 116) as a consequence of TYMS gene
utations (Berger et al., 1988; Barbour et al., 1990; Tong et al.,

998; Landis and Loeb, 1998). However, no examples of mutant TS
orms have been reported in clinical tumor samples (Sanguedolce
t al., 2000; Calascibetta et al., 2010).

Based on the above evidence, a strategy for downregulating TS
xpression would be helpful in reversing 5-FU resistance. Since
t has also been suggested that TS may  function as an onco-
ene (Rahman et al., 2004; Bertino and Banerjee, 2004), biological
ggressiveness of TS overexpressing cancer cells could also be con-
rolled by such an approach. Targeting of proteins that act as TS
xpression regulators may  affect the TS protein or mRNA expres-
ion level and consequently enhances 5-FU’s cytotoxic effects.

HDACIs inhibit HDACs, leading to altered acetylation of histone
nd non-histone proteins. The TYMS gene has been demonstrated to
e one of the most prominent genes to be down-regulated by HDACI
reatment (Glaser et al., 2003). Lee et al. (2006) reported that the
DACI trichostatin A can reverse 5-FU resistance in human cancer
ells, including colon cancer, by downregulating TS. Co-treatment
ith trichostatin A and cycloheximide (which inhibits the synthe-

is of new proteins), restored TS mRNA expression, suggesting that
S mRNA is repressed through induction of an unknown transcrip-
ional repressor. Also, it was found that TS protein interacted with
eat shock protein (Hsp) complex, and trichostatin A treatment

nduced chaperonic Hsp90 acetylation and subsequently enhanced
sp70 binding to TS. This led to the proteasome degradation of TS
rotein.

Also other HDACIs (vorinostat – also named suberoylanilide
ydroxamic acid, SAHA –, LBH589, MS275) have been shown to
nhance the antiproliferative effects of 5-FU in in vitro and in vivo
uman colorectal cancer models and to aid in resensitizing 5-FU
esistant cells (Tumber et al., 2007; Fazzone et al., 2009; Flis et al.,
010). Vorinostat and LBH589 caused a potent downregulation of
YMS gene expression through transcriptional repression both in
olon cancer cell lines and in a mouse xenograft model (Tumber
t al., 2007; Fazzone et al., 2009). This suggests that this effect may
e achievable by these agents in tumors and that the combina-
ion of HIDACIs with 5-FU-based regimens represents a potential
hemosensitization strategy to overcome TS-mediated resistance
o 5-FU. It has also been shown that p53 gene expression is upreg-
lated by vorinostat in wild-type p53 colorectal cancer cell lines
nd down-regulated in mutant p53 cells, suggesting an additional
echanism of the antiproliferative synergistic interaction observed
ith 5-FU (Di Gennaro et al., 2009). MS275 also potentiated the 5-

U growth inhibitory effects on human colorectal cancer cell lines.

imultaneous exposure to 5-FU and MS275 influenced cell cycle
rogression and induced cell apoptosis (Flis et al., 2010).

HDACIs have also been shown to affect additional molecular
athways involved in colon cancer carcinogensis and growth. These
dates 14 (2011) 280– 296

include downregulation of Cyclin B1 in a p21WAF-1 and tran-
scriptional dependent manner, suppression of Cox-activation and
repression of Src family kinase members. It is therefore conceiv-
able that molecular mechanisms of HDAC inhibition other than
TS downregulation may  be involved in their synergism with 5-FU
(Tumber et al., 2007).

3.1.2. Pyrimidine metabolism enzyme expression
Other potential molecular determinants of 5-FU resistance have

been studied (Kidd et al., 2005; Nobili et al., 2011). In particu-
lar, a high expression of dihydropyrimidine dehydrogenase (DPD),
the main enzyme responsible for the catabolism of 5-FU, encoded
by the DPYD gene (Salonga et al., 2000) and a low expression
of enzymes responsible for 5-FU activation (TP) (Metzger et al.,
1998; Salonga et al., 2000), orotate phosphorybosyltransferase
(OPRT) (Koopman et al., 2009a), and uridine monophosphate kinase
(UMPK) (Humeniuk et al., 2009a), have been associated with col-
orectal cancer resistance to 5-FU.

3.1.2.1. Dihydropyrimidine dehydrogenase. A lack of DPD expres-
sion correlates with severe 5-FU toxicity in patients. Low levels
of DPD in colorectal tumors have also been shown to add to the
predictive role of low TS and to correlate with response to 5-FU-
based chemotherapy (Salonga et al., 2000). This correlation is true
for mRNA levels while controversial results have been reported for
protein levels (Westra et al., 2005; Soong et al., 2008).

Because various reports have demonstrated that DPD activity
is closely correlated with mRNA levels, attention has been focused
on the regulatory mechanisms of DPYD gene expression. Noguchi
et al. (2004) subcloned an approximately 3.0 Kb fragment of the 5′

region of the DPYD that contained a total of 60 CpG sites, suggest-
ing that methylation status may  affect the repression of DPYD. They
found that aberrant methylation of the DPYD promoter region pos-
itively affected sensitivity to 5-FU in cancer cells such as HSC3 and
HepG2 through transcriptional repression of DPD expression, thus
decreasing DPD-mediated 5-FU degradation. Demethylation by the
DNMTI 5-aza-cytidine caused a remarkable decrease in sensitivity
to 5-FU along with a concurrent increase in DPD expression in a
dose- and time-dependent manner.

Sato et al. (2006) provided evidence that DPD mRNA expres-
sion and DPD activity were correlated with the IC50 for 5-FU in
biliary tract cancer cell lines, indicating transcriptional regulation
of DPD expression. They also examined the epigenetic gene silenc-
ing of DPYD using a DPD-deficient cell line among those tested,
KMG-C, which exhibited the highest sensitivity to 5-FU. They
demonstrated restoration of DPD expression by another DNMTI,
5-aza-2′deoxycitidine, treatment in a time- and dose-dependent
manner, suggesting gene suppression by promoter hypermethyla-
tion. However, methylated CpG sites in the 5′ flanking region and
intron 1 of the DPYD gene were not identified and the restored
DPD expression level was  more strongly induced by the HDACI
trichostatin A than 5-aza-2′deoxycitidine treatment. These find-
ings suggest that histone deacetylation may  be implicated in DPD
suppression more than hypermethylation. Thus, epigenetic gene
silencing appears to be an important mechanism of DPD suppres-
sion in cancer and this finding may  aid in the selection of 5-FU
chemotherapy.

3.1.2.2. Thymidine phosphorylase. TP, also known as the angio-
genic, platelet-derived endothelial cell growth factor, catalyzes
the reversible phosphorolysis of thymidine to thymine and
deoxyribose-1-phosphate using inorganic phosphate as a substrate

(Friedkin and Roberts, 1954; Iltzsch et al., 1985). TP also degrades
the powerful TS-directed agent 5-fluorodeoxyuridine to the less
potent 5-FU (Birnie et al., 1963). Conversely, the reverse reac-
tion could be used to convert 5-FU to 5-fluorodeoxyuridine in the
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resence of deoxyribosyl-donating compounds (Santelli and
aleriote, 1980). Intracellular TP levels can thus affect sensitiv-

ty of cancer cells to fluoropyrimidines. A higher TP level has
een correlated with tumor growth, invasion, and metastasis in
linical studies and is an indicator of worse prognosis in sev-
ral tumors including colorectal cancer (Metzger et al., 1998). At
dds with the preclinical data (Schwartz et al., 1995; Patterson
t al., 1995), Metzger et al. (1998) found that in colorectal cancer
atients, tumors with the highest basal levels of TP mRNA expres-
ion were unresponsive to 5-FU-based chemotherapy, whereas the
esponse rate in tumors with lower TP mRNA expression levels was
reater than the overall response rate. This inverse association was
ttributed to the role of TP as an angiogenic factor. A confirmatory
tudy was later published (Salonga et al., 2000).

It has recently been shown that promoter methylation of CpG
inucleotides within the TYMP gene leads to transcriptional silenc-

ng of TP in one mesothelioma cell line (H290) as well as in mesothe-
ioma samples from patients (Kosuri et al., 2010). Pretreatment

ith 5-aza-2′-deoxycytidine of the H290 cell line led to increased
P mRNA and TP protein expression, and enhanced cytotoxic effects
o capecitabine (Kosuri et al., 2010). This epigenetic mechanism

ay  explain resistance to capecitabine in mesothelioma.

.1.2.3. Orotate phosphoribosyltransferase. In mammalian cells, the
ast step of pyrimidine nucleotide synthesis involves the conversion
f orotate to uridine monophosphate (UMP) that is catalyzed by
PRT (McClard et al., 1980). OPRT is also responsible for the conver-

ion of 5-FU to the active metabolite fluorouridine monophosphate
FUMP). A high OPRT expression could therefore be a predictive
actor for response to 5FU-based chemotherapy.

A decreased level of OPRT has been reported to cause resistance
o 5-FU in experimental tumor models (Mulkins and Heidelberger,
982). Controversial results have been reported so far in colorec-
al cancer from patients resistant to 5-FU (Tokunaga et al., 2007;
anagisawa et al., 2007; Koopman et al., 2009b).

Epigenetic mechanisms of OPRT regulation are at present
nknown. However, the presence of 31 CpG dinucleotides within
he island that includes the ATG regulatory region of exon 1 might
uggest possible epigenetic mechanisms of OPRT transcriptional
odulation.

.1.2.4. Uridine monophosphate/cytidine monophosphate kinase.
MP/cytidine monophosphate (CMP) kinase (UMPK) catalyzes the
hosphoryl transfer from ATP to UMP, CMP  and deoxy-CMP in the
resence of magnesium, resulting in the formation of ADP and
he corresponding nucleoside diphosphate (Hsu et al., 2005). This
nzyme is crucial for the de novo and salvage synthesis of pyrim-
dine nucleotides required for cellular nucleic acid synthesis (van
ompay et al., 2000). Besides its physiological function, UMPK plays

 very relevant role in the activation of 5-FU to 5-FUTP and its
ncorporation into RNA by converting FUMP into FUDP (Pasti et al.,
003).

Humeniuk et al. (2009a) showed both in the human 5-FU-
esistant colorectal cancer cell line HCT-8 and in colorectal cancer
atients treated with 5-FU, decreased expression of UMPK mRNA
ompared with the sensitive HCT-8 cell line and samples of patients
ot previously exposed to 5-FU, respectively.

Interestingly, exposure of 5-FU-resistant HCT-8 colon cancer
ells characterized by decreased levels of UMPK to low dose 5-
za-2′deoxycytidine restored sensitivity to 5-FU. Moreover, the
reatment of nude mice bearing a 5-FU-resistant HCT-8 cancer
enograft with 5-aza-2′deoxycytidine overcame resistance to bolus

-FU. 5-aza-2′deoxycytidine-mediated restoration of 5-FU sensi-
ivity was associated with increases in UMPK protein and mRNA
evels both in cultured 5-FU-resistant HCT-8 cells and in mice bear-
ng this tumor.
dates 14 (2011) 280– 296 285

Sequencing and expression of the UMPK promoter region
revealed no functional changes between the 5-FU-resistant and the
parental cell line. Evaluation of 42 CpG sites within the island sur-
rounding the putative transcription start site showed enrichment in
DNA methylation across this region in 5-FU-resistant HCT-8 cells
that reversed following 5-aza-2′deoxycytidine treatment. Due to
the low percentage of UMPK methylation observed, it was  not clear
whether DNA methylation was  the only factor responsible for lower
expression of UMPK. Alternative transcriptional silencing pathways
may  exist.

In keeping with these observations, we  have studied whether
treatment with the DNA hypermethylation inhibitor 5-aza-
2′deoxycytidine, might reverse acquired resistance to 5-FU in
other models of HCT-8 colon carcinoma cell lines. 5-FU-resistant
HCT-8 colon carcinoma cell lines developed in our laboratory
were selected by both long-term and short-term drug exposure
schedules (Tempestini et al., 2006). Both these in vitro treat-
ment modes were similar but not identical to those described by
Humeniuk et al. (2009a) or Aschele et al. (1992) and Pizzorno and
Handschumacher (1995).  Enhanced cell growth inhibitory effects
were observed following pretreatment with long-term, low dose
5-aza-2′deoxycytidine, especially in the HCT-8/FUB/2R cell line
selected by short-term (4 h) exposure to high dose 5-FU (2000 �M).
Basal mRNA expression levels of genes involved in 5-FU anabolism
was  lower in the 5-FU bolus-resistant HCT-8/FUB/2R cell line as
compared to sensitive parental cells. For some of these genes
(e.g., thymidine kinase 1 and ribonucleotide reductase M1  and M2
polypeptides), increased expression levels were induced by 5-aza-
2′deoxycytidine treatment and consequent partial restoration of
5-FU sensitivity was  observed (unpublished data). We  are currently
investigating methylation patterns of these anabolic enzymes.

3.1.3. Other determinants
SPARC (osteonectin) is a matricellular protein to which several

important biological functions have been attributed such as wound
repair, cell migration and differentiation. There is also growing evi-
dence for its role in malignancy as its expression level is variable
and linked to cancer progression in a number of tumors (Tai et al.,
2005).

Low levels of SPARC expression in colorectal cancers was corre-
lated with decreased sensitivity to chemotherapy. Upregulation of
SPARC expression or exogenous exposure to high levels of SPARC
restored sensitivity to chemotherapy, including 5-FU and irinote-
can either in vitro or in vivo (Tai et al., 2005; Tai and Tang, 2008).
Cheetham et al. (2008) examined whether aberrant hyperme-
thylation of the SPARC promoter was a potential mechanism for
repressing SPARC in colorectal cancer and whether restoration of
its expression with 5-aza-deoxycytidine could enhance chemosen-
sitivity. They showed global hypermethylation of the SPARC
promoter in colorectal cancers and identified specific CpG sites
that were consistently methylated in colorectal cancers but not in
the normal colon. Also SPARC repression in colorectal cancer cell
lines could be reversed following exposure to 5-aza-deoxycytidine
which resulted in increased SPARC expression leading to a sig-
nificant reduction in cell viability and greater apoptosis when
combined with 5-FU in vitro in comparison to 5-FU alone.

The tumor suppressor gene p53 plays a crucial role in carcino-
genesis and is also frequently mutated in the majority of malignant
diseases, including colorectal cancer (Hollstein et al., 1991; Levine
et al., 1994; Soussi et al., 2006). Its inactivation (Bunz et al., 1999;
Lowe et al., 2004; McDermott et al., 2005; Adamsen et al., 2007) as
well as that of several target genes (e.g., bax), (Zhang et al., 2000; Yu

et al., 2003) is related with resistance to chemotherapeutic agents
including 5-FU in colorectal cancer.

One of p53-target gene is apoptosis-associated speckle-like
protein (ASC). It regulates p53-Bax mitochondrial apoptotic
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athway and it is also known to be a target of methylation-induced
ene silencing. Inactivation of ASC may  thus cause resistance to
hemotherapy, and if this is the case, then the expression of
SC would restore chemosensitivity status. Ohtsuka et al. (2006)
howed that ASC was methylated in 25% of specimens from col-
rectal cancer patients. They also investigated the role of ASC
n p53 dependent-sensitivity to 5-FU. When expressed following
xposure to 5-aza-2′deoxycytidine in colon cancer cells, in which
SC is absent due to methylation, ASC was found to enhance the
ensitivity to 5-FU in a p53-dependent manner. In p53 null cells,
SC increased p53-mediated cell death induced by p53 expressing
denovirus infection. Methylation-induced silencing of ASC might
ause resistance to p53-mediated sensitivity to 5-FU in colorec-
al cancer. The role of p53 status and of that of p53 target genes
s a marker of therapeutic activity in colorectal cancer requires
dditional investigation.

In the Colo-205 cell line, exposure to 5-aza-2′deoxycytidine
ombined with 5-FU increased mRNA levels of a series of apop-
otic genes such as p53, CCNE1,  ATM, and CASP3 compared to 5-FU
lone. In addition, change in the levels of genes specific for cell cycle
rogression such as increased levels of cyclin A1 and decreased lev-
ls of cyclin D1 and p21 were observed after exposure to combined
-aza-2′deoxycytidine and 5-FU as compared with 5-FU alone (Flis
t al., 2009a).  The observed synergistic cell growth inhibitory effects
f this combination were thus attributed to augmentation of apop-
otic signaling when compared with 5-FU alone.

Loss of DNA mismatch repair (MMR)  gene MLH1 due to promoter
ethylation occurs in approximately 10–15% of colorectal can-

er cases, provoking a characteristic molecular phenotype called
SI  (Boland and Goel, 2010). It has been associated with resis-

ance to chemotherapeutic agents, including 5-FU (Plumb et al.,
000; Arnold et al., 2003; Fujita et al., 2007). Arnold et al. (2003)
howed that reactivation of hMLH1 gene expression using 5-aza-
′deoxycytidine, reverses 5-FU resistance in colorectal cancer cell

ines. Similar data have been obtained in human ovarian and colon
umor xenografts resistant to a number of clinically important anti-
ancer drugs (Plumb et al., 2000).

Also it is now believed that as many as one-third to one-half of
ll colorectal cancers may  be classified as having the CIMP pheno-
ype (Jover et al., 2011). CIMP tumors with methylation-induced
ilencing of MLH1 constitute the majority of sporadic MSI  colorec-
al cancers (Kane et al., 1997). However, most CIMP positive tumors
re associated with microsatellite stability (Weisenberger et al.,
006). These CIMP microsatellite stabile tumors share certain clin-

cal and pathological features with MSI-colorectal cancers (Jass,
007). Because a significant majority of CIMP tumors and sporadic
SI  cancers share common characteristics, it would be suspected

hat they would have similar therapeutic responses. Recent results
n a large population of colorectal cancer patients undergoing adju-
ant 5-FU chemotherapy, suggest that CIMP-positive colorectal
ancers (Jover et al., 2011), similarly to MSI  tumors (Sargent et al.,
010), do not obtain a significant benefit from 5-FU-based adjuvant
hemotherapy. A similar association between the CIMP phenotype
nd very poor prognosis has been reported in advanced colorectal
ancer patients treated with 5-FU chemotherapy (Shen et al., 2007).
hese findings may  have relevant implications for future selection
f therapy in such patients.

Microarray analysis has identified a number of genes that are
ifferentially expressed between CIMP-positive and CIMP-negative
umors (Ferracin et al., 2008). The metabolic activity responsible
or converting 5-FU into its active metabolites may  be differ-
nt between these groups of tumors, resulting in differences in

hemosensitivity. The apparent lack of response to 5-FU seems
o be related to hypermethylation and not to the MMR  status of
he tumors, an important topic that should be addressed in future
esearch.
dates 14 (2011) 280– 296

3.2. Irinotecan

Irinotecan is a topoisomerase I-targeting camptothecin. Human
carboxylesterases convert irinotecan into the active metabolite
(SN38), which irreversibly binds topoisomerase I enzyme to DNA,
thereby triggering genomic damage and apoptosis (Crea et al.,
2009; Ramesh et al., 2010). Irinotecan is currently employed in
combination with fluorouracil-leucovorin for the treatment of
stage III and IV colorectal cancer. The FOLFIRI regimen plus the
EGFR inhibitor cetuximab is an attractive therapeutic option for
KRAS wild-type metastatic colorectal cancer patients (Van Cutsem
et al., 2011). However, the FOLFOX regimen is generally the first
choice, since it is associated with slightly longer survival (Nelson
et al., 2011).

Irinotecan pharmacogenomics are mainly based on the UGT1A1
genetic profile (see paragraph 1.2). Both cancer cells and nor-
mal  liver cells are able to inactivate SN38 through UGT1A1 (Iyer
et al., 1998). In normal cells, SN38 induces severe side-effects such
as diarrhea and neutropenia (Marsh and Hoskins, 2010). Thus,
irinotecan could be particularly effective for patients expressing
low levels of UGT1A1 in cancer cells, and high levels of the same
enzyme in normal cells. Along with genetic variations, UGT1A1
mRNA is silenced in approximately 82% of primary colorectal can-
cer specimens (Gagnon et al., 2006). In vitro data indicate that
UGT1A1 silencing occurs by DNA methylation, and that treat-
ment with DNMTIs restores protein expression and enhances SN38
inactivation. Based on this evidence, we  think that a combined
genetic-epigenetic approach may  improve therapy tailoring for
patients to be treated with irinotecan. Especially patients bear-
ing an active UGT1A1 gene in normal cells and patients with a
silenced UGT1A1 gene in the primary tumor may  derive particular
benefit from the FOLFIRI regimen. Thus, germinal polymorphisms
and cancer-specific DNA methylation should be tested to predict
UGT1A1 status and irinotecan activity in colorectal cancer patients.

In addition to UGT1A1, emerging evidence indicates that other
epigenetic factors may  affect irinotecan sensitivity. For example,
ABCB1, ABCC1 and ABCC2 polymorphic variants affect SN38 and
irinotecan pharmacokinetic profile (Innocenti et al., 2009). Despite
the evidence showing that histone deacetylation is a major player
of ABC transporter gene silencing (Hauswald et al., 2009), we were
unable to find studies on epigenetic profiling of ABC loci in colorec-
tal cancer patients. We think that such studies would provide signif-
icant insight into the clinical mechanisms of irinotecan resistance.
Another promising area of research is the relationship between MSI
phenotype and irinotecan sensitivity. Approximately 15% of col-
orectal cancer display MSI, due to mismatch repair gene mutation
or epigenetic silencing (Vilar and Gruber, 2010). As already shown,
MSI  predicts poor response to 5-FU in colorectal cancer patients
(Vilar and Gruber, 2010). A clinical study tested the effects of 5-FU-
leucovorin (FU/LV) or FU/LV plus irinotecan (IFL) regimens in stage
III colorectal cancer patients, based on MSI  phenotype (Bertagnolli
et al., 2009). The authors found that MSI  patients treated with the
IFL regimen had a significantly longer disease-free survival, com-
pared to microsatellite stable patients. The MSI  phenotype did not
predict response to the FU/LV regimen. Thus, it is conceivable that
MSI  status may  specifically predict irinotecan sensitivity in col-
orectal cancer patients. Although these data are promising and
in agreement with previous in vitro observations, they must be
confirmed by independent studies. It has been shown that MSI  col-
orectal cancer cells are more sensitive to SN38-induced apoptosis
due to defective DNA repair processes (Vilar et al., 2008).
3.3. Oxaliplatin

Oxaliplatin is a diaminocyclohexane derivative of cisplatin
(Kidani et al., 1978), characterized by higher water solubility, fewer
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oxic side-effects, and lack of cross-resistance with cisplatin (Mathe
t al., 1989; Di Francesco et al., 2002). Differently from cisplatin and
arboplatin, this third-generation platinum compound showed in
itro and in vivo antitumor activity in colorectal cancer (Raymond
t al., 2002). The combination of oxaliplatin with 5-FU and/or
rinotecan has proven clinical efficacy with a good safety profile
Misset et al., 2000; Falcone et al., 2007).

Oxaliplatin forms DNA adducts by which it exerts its anti-
umor effects (Kweekel et al., 2005; Raymond et al., 2002).
rimary DNA-Pt lesions induce apoptosis and this event is possi-
ly enhanced by a contribution of targets other than DNA (Faivre
t al., 2003).

The intracellular concentration of oxaliplatin is determined
y its cellular uptake and efflux. Inside the cell oxaliplatin
ndergoes complex biotransformations. The oxaliplatin prodrug

s activated by the conversion to monochloro-, dichloro- and
iaquo-compounds by non-enzymatic hydrolysis and displace-
ent of the oxalate group, which leads to the formation of
NA adducts. Cellular defence mechanisms prevent adduct forma-

ion (e.g., glutathione-S-transferase) or remove DNA adducts (e.g.,
ucleotide excision repair—NER, base excision repair, and replica-
ive bypass repair (Kweekel et al., 2005)). Several different ways for

 cell to become resistant to platinum compounds have been pro-
osed: a decrease in cellular uptake, an increase in cellular efflux,
uenching of the DNA monoadducts through reaction with glu-
athione or other metallothioneins (e.g., l-methionine, l-cysteine),
ncrease in the NER pathway (Di Francesco et al., 2002; Viguier et
l., 2005). Influx transporters like organic cation transporters (OCT)
, 2 and 3 (SLC22A1, SLC22A2 and SLC22A3) (Zhang et al., 2006;
onezawa et al., 2006; Yokoo et al., 2008; Burger et al., 2010, 2011)
nd efflux transporters such as copper efflux transporters, P-type
TPases, ATP7A and ATP7B (Safaei and Howell, 2005; Holzer et al.,
006; Martinez-Balibrea et al., 2009; Howell et al., 2010) may  also
lay an important role in determining tumor sensitivity.

There is little information on potential epigenetic mechanisms
nvolved in resistance to platinum compounds. An in vitro study
dentified a series of hyper-methylated genes whose inactivation
ontributed to cisplatin resistance (e.g., SAT, C8orf4, LAMB3, TUBB,
0S2, MCAM)  and that were reactivated by the use of 5-aza-2′-
eoxycytidine (Chang et al., 2010).

A few in vitro studies report on the pharmacodynamic effects
f combining epigenetic drugs with oxaliplatin in colorectal cancer
Flis et al., 2009a,b; Na et al., 2010). These studies concern the pos-
ible synergism between HDACIs (Flis et al., 2009b; Na et al., 2010)
r DNMTIs (Flis et al., 2009a)  and oxaliplatin but do not provide
ata on reversal of oxaliplatin resistance by these drugs.

Flis et al. (2009b) showed that MS275, a synthetic benzamid,
nd to a lesser extent, suberic bishydroxamic acid, a hydroxamic
cid derivative inhibited in a dose-dependent manner the growth of
W48, HT-29, and Colo-205 human colorectal cancer cell lines and
isplayed potent synergism when combined with oxaliplatin. Both
DACIs combined with oxaliplatin intensified perturbations in the
ell cycle progression and induced caspase-dependent apoptosis.
he two HDACIs, either alone or in combination with oxaliplatin
lso induced the disruption of mitochondrial membrane depo-
arization. In addition to their multiple points of action resulting
rom histone and non-histone protein acetylation, HDACIs gener-
te genotoxic reactive oxygen species (Eot-Houllier et al., 2009)
imilarly to oxaliplatin (Laurent et al., 2005). These effects may
ontribute, at least in part, to the observed drug synergism by aug-
entation of apoptotic signals as also reported by others (Ruefli et

l., 2001; Carew et al., 2008).

The combination of CG2, a new HDACI, with oxaliplatin was also

ore effective than the agents alone in inhibiting the growth of
CT116 colon cancer cells. This synergism may  rely on CG2 effects
n proapoptotic protein expression (Na et al., 2010).
dates 14 (2011) 280– 296 287

Flis et al. (2009a) investigated the effects of combining 5-aza-2′-
deoxycytidine or another cytidine analog DNMTI, the 2-pyrimidone
ribonucleoside zebularine, to oxaliplatin on Colo-205 colon can-
cer cells. While 5-aza-2′-deoxycytidine was  highly effective in
potentiating the cell growth inhibitory effects of oxaliplatin, zebu-
larine did not show substantial synergism. Similarly to HDACIs
inhibitors, the concomitant use of 5-aza-2′-deoxycytidine with
oxaliplatin affected cell cycle and apoptotic proteins (e.g., increased
mRNA level of ATM, increased protein level of cyclin A1, decreased
protein level of cyclin D1, increased protein levels of specific cas-
pases). Observed changes in mitochondrial membrane potential
induced by this drug combination suggest a possible involve-
ment of the mitochondrial pathway in apoptosis induction also for
DNMTIs.

None of the above reported studies evaluated specific epige-
netic changes such as DNA methylation or histone acetylation, so
we do not know whether these changes occurred and whether the
observed oxaliplatin potentiating cell growth inhibition activity
may  be, at least in part, due to them. One example is the dif-
ferent cytotoxic activity exerted by 5-aza-2′-deoxycytidine and
zebularine and their different potentiating effects on oxaliplatin
cell growth inhibitory effects which may  rely on cytotoxic proprties
rather than epigenetic properties (Flis et al., 2009a).

4. Therapeutic opportunities

Epigenetic alterations contribute significantly to the develop-
ment and progression of cancer through inactivation of many
growth-regulatory genes (Humeniuk et al., 2009b). A substantial
number of genes with promoter hypermethylation has been iden-
tified in colorectal cancer (Deng et al., 2001, 2004; Aguilera et al.,
2006; Liang et al., 1999; Jacinto et al., 2007). Increasing evidence
supports the hypothesis that epigenetic changes may be a driving
force behind the acquisition of drug resistance (Glasspool et al.,
2006; Humeniuk et al., 2009b; Baylin, 2011). Such observations
have been reported in many solid tumors, including colorectal can-
cer (Arnold et al., 2003).

Two classes of chemical compounds, inhibitors of epigenetic
enzymes, DNMTIs and HDACIs, have undergone major preclini-
cal investigation and clinical development to tackle mechanisms
of tumor progression and resistance (Tables 2 and 3 ).

Nucleoside DNMTIs comprise 5-aza-cytidine, 5-aza-2′-
deoxycytidine, 5-fluoro-2′-deoxycytidine and zebularine.
Non-nucleoside DNMTIs comprise small molecule inhibitors
such as RG108. A third class of DNMTIs are oligonucleotides such
as MG98.

Nucleoside DNMTIs are incorporated into DNA  and act by pre-
venting the resolution of a covalent reaction intermediate which
leads to DNMT being trapped and inactivated in the form of a cova-
lent protein-DNA adduct. Thus, cellular DNMT is rapidly depleted
and concomitantly genomic DNA is demethylated as a result of con-
tinued DNA replication (Lyko and Brown, 2005). Non-nucleoside
DNMTIs directly block DNMT activity by binding to the catalytic
region of DNMTs. MG98 is a specific oligonucleotide compound able
to suppress DNMT expression by antisense mechanisms currently
being investigated in clinical trials.

Seven classes of HDACIs have been so far developed. Four of
them are currently investigated in the clinic: short-chain fatty acids,
cyclic peptides, hydroxamic acids and benzamides. Despite their
structural diversity, they all act by inhibiting HDACs identified in
humans. The inhibition of these enzymes leads to the accumula-
tion of acetylation in histones. This event will be then followed by

changes in cellular processes that are defective in cancer.

Epigenetic therapies have shown relevant activity in the treat-
ment of hematological malignancies leading to the approval of
four drugs (i.e. 5-aza-cytidine, 5-aza-2′deoxycytidine, vorinostat,
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Table 2
Status of development of DNMTIs in colorectal cancer (CRC).

Class Drug Development phase Combined drugs Outcome Authors

Nucleoside DNMTIs 5-Aza-cytidine
(azacitidine)

Clinical, phase I and II in solid
tumors including CRC

None Little clinical activity in solid tumors (occasional
responses were observed including CRC and were
associated with significant toxicity). In these early
trials methylation status and gene expression were not
reported.

Lomen et al. (1975),
Shnider et al. (1976),
Moertel et al. (1972),  Weiss
et al. (1977), Quagliana
et al. (1977)

Clinical, phase I in solid tumors
including CRC

Valproic acid 5-aza-cytidine was administered s.c. daily for 10 days
q  28. Significant decrease in global DNA methylation
and induction of histone acetylation were observed in
peripheral blood mononuclear cells. Disease
stabilization were observed in 25% of patients.
Treatment was safe at doses up to 75 mg/m2 for
5-aza-cytidine.

Braiteh et al. (2008)

Clinical, phase I in solid tumors
including CRC

Sodium phenylbutyrate No conclusive statement can be made on targeted DNA
methyltransferase activity and histone acetylation
changes in tumors and peripheral blood mononuclear
cells. The combination was well tolerated and safe, yet
lacked any real evidence for clinical benefit.

Lin et al. (2009)

5-Aza-2′-deoxycytidine
(decitabine)

Clinical, phase I in solid tumors
including one CRC

None Changes in methylation but no objective responses Aparicio et al. (2003)

Clinical, phase I in solid tumors
including CRC

Carboplatin Induction of dose-dependent, reversible
demethylation in peripheral-blood cells; one objective
response and disease stabilizations observed but not in
CRC

Appleton et al. (2007)

Clinical, phase I in solid tumors
including CRC

Cisplatin One partial response and disease stabilizations
observed in tumors other than CRC

Schwartsmann et al. (2000)

Clinical, phase II in solid tumors
including CRC

None One single partial response observed in malignant
melanoma

Abele et al. (1987)

5-Fluoro-2′- deoxycytidine Clinical, phase I in solid tumors
including CRC

Tetrahydrouridine Disease stabilization was observed in 35% of patients Newman et al. (2002)

Zebularine (1-(beta-d-
ribofuranosyl)1,2-
dihydropyrimidin-2-one)

Preclinical, in vitro study in CRC
cell lines

Oxaliplatin Lack of synergistic interactions Flis et al. (2009a)

Non-Nucleoside
DNMTIs

RG108
(2-(1,3-dioxo-1,3-dihydro-
2H-isoindol-2-yl)-3-(1H-
indol-3-yl)propanoic
acid

Preclinical, in vitro study including
one CRC cell line

None Demethylation and reactivation of tumor suppressor
genes at low micromolar concentrations without
detectable toxicity

Brueckner et al. (2005)

Antisense
oligonucleotides

MG98 Clinical, phase I in solid tumors
including CRC

None Suppression of DNMT1 expression was observed in
most patients. Treatment (7-day continuous i.v.
infusion every 14 days) was well tolerated with
evidence of clinical activity (one single partial response
and one disease stabilization in tumors other than CRC)

Plummer et al. (2009)

Clinical, phase I in solid tumors
including CRC

None No evidence of antitumor activity. Treatment (21-day
continuous i.v. infusion every 4 weeks) was  poorly
tolerated in the highest doses

Davis et al. (2003)

Clinical, phase I in solid tumors
including CRC

None No consistent changes in DNMT1 expression were
observed in peripheral blood mononuclear cells. No
objective response but disease stabilization was
observed (2 h infusion twice a week for 3 weeks out of
every 4). Reversible transaminase elevation and
fatigue were the dose-limiting toxicities.

Stewart et al. (2003)



F.
 Crea

 et
 al.

 /
 D

rug
 R

esistance
 U

pdates
 14 (2011) 280– 296

289

Table 3
Status of development of HDACIs in colorectal cancer (CRC).

Class Drug Development phase Combined drugs Outcome References

Aliphatic acids Valproic acid Clinical, phase I in solid
tumors including CRC

None Histone hyperacetylation and downmodulation of
HDAC2 were observed in peripheral blood
lymphocytes. No objective response was  observed.
Two patients, including one with CRC, had stable
disease.

Atmaca et al. (2007)

Clinical, phase I in solid
tumors including CRC

Epirubicin Total and free valproic acid plasma concentrations
increased linearly with dose and correlated with
histone deacetylation in peripheral blood mononuclear
cells. Partial responses were seen in 22% of patients
and stable disease/minor responses in 39% of patients
across different tumor types. Antitumor activity was
observed in anthracycline-resistant tumors

Münster et al. (2007)

Sodium  phenylbutyrate Clinical, phase I in solid
tumors including CRC

None No objective responses were observed, but 25% of
patients had disease stabilization. Phenylbutyrate was
well tolerated and achieved the concentration in vivo
that has been shown to have biological activity in vitro.

Gilbert et al. (2001)

Clinical, phase I in solid
tumors including CRC

None The therapy was well tolerated. Some disease
stabilizations were observed in tumors other than CRC.

Camacho et al. (2007)

Clinical,  phase I in CRC 5-FU Weekly infusions of 5-FU followed by phenyl butyrate
were fairly well tolerated with disease stabilization in
75% of patients

Sung and Waxman (2007)

Pivaloyloxymethyl butyrate (AN-9) Clinical, phase I in solid
tumors including CRC

None No consistent increase in fetal hemoglobin
(differentiating effect) with AN-9 treatment was
observed. Mild to moderate toxicities were observed.
One single partial response was observed but disease
stabilizations seen in 21% of patients

Patnaik et al. (2002)

Vorinostat (suberylanilide hydroxamic
acid, SAHA)

Clinical, phase I in solid
tumors including CRC

Doxorubicin Histone hyperacetylation changes in peripheral blood
mononuclear and tumor cells were comparable.
Histone hyperacetylation seemed to correlate with
pre-treatment HDAC2 expression. Partial response and
disease stabilizations were observed in tumors other
than CRC.

Munster et al. (2009)

Clinical, phase I in solid
tumors including CRC

5-FU Evidence of TS downregulation in tumor biopsies was
lacking. One partial response and disease stabilizations
in  55% of CRC patients were seen.

Fakih et al. (2010)

Clinical, phase I in CRC 5-FU and oxaliplatin Vorinostat-induced TS dowenregulation was not
consistent. 52% of patients had stable disease, but no
patients developed objective response.

Fakih et al. (2009)

Clinical, phase I-II in CRC 5-FU Acetylation of histone 3 was  observed in peripheral
blood mononuclear cells following vorinostat
treatment. Consistent reduction in intratumoral TS
expression was  not observed. Two out 10 patients
showed disease stabilizations.

Wilson et al. (2010)

Clinical, early phase II in
solid tumors including CRC

None Vorinostat in a daily oral schedule for 14 days q 3
weeks was tolerable at 200 mg bid only, and no
responses were observed. Disease stabilizations were
observed in 50% of patients, including one with CRC

Vansteenkiste et al. (2008)

Cyclic  peptides Romidepsin (Depsipeptide FK-228) Clinical, phase II in CRC None No objective responses were observed. Four patients
(25%) had stable disease.

Whitehead et al. (2009)
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Table 3 (Continued )

Class Drug Development phase Combined drugs Outcome References

Hydroxamic Acids Belinostat ((E)-N-hydroxy-3-[3-
(phenylsulfamoyl)phenyl]
prop-2-enamide, PXD101)

Clinical, phase I in solid
tumors including CRC

None The safety profile was  favorable. 41% of patients had
stable disease, including one with rectal cancer

Kelly et al. (2009)

Clinical, phase I in solid
tumors including CRC

None I.v. belinostat exhibited dose-dependent
pharmacodynamic effects (e.g., histone acetylation) in
peripheral blood mononuclear cells, was well tolerated
and obtained stable disease in 50% of patients other
than CRC patients at maximum tolerated dose.

Steele et al. (2008)

Clinical, phase I in solid
tumors including CRC

5-FU Tissue expression in tumor tissue was  downregulated
in  4 of 4 evaluable patients. Disease stabilizations were
observed in 26% of patients.

Northfelt et al. (2009)

Panobinostat ((E)-N-hydroxy-3-[4-[[2-
(2-methyl-1H-indol-3-yl)
ethylamino]methyl]phenyl]
prop-2-enamide, LBH589)

Clinical, phase I in solid
tumors including CRC

Epirubicin Disease stabilizations were observed in tumors other
than CRC

Munster et al. (2010)

Dacinostat (((E)-N-hydroxy-3-[4-[[2-
hydroxyethyl-[2-(1H-indol-3-
yl)ethyl]amino]methyl]phenyl]prop-2-
enamide,
LAQ-824)

Clinical, phase I in solid
tumors including CRC

None Consistent accumulation of acetylated histones
post-therapy was observed in peripheral blood
mononuclear cell; high doses resulted in increased and
longer duration of pharmacodynamic effect. Changes
in  HSP90 client protein and HSP72 levels consistent
with HSP90 inhibition were observed at high doses. No
objective response was documented; disease
stabilization was observed in 16% of patients.

De Bono et al. (2008)

Benzamides Entinostat (3-pyridylmethyl
N-{4-[(2-aminophenyl)
carbamoyl]benzyl}carbamate, MS 275,
SNDX 275)

Clinical, phase I in solid
tumors including CRC

None Levels of histone H3  and H4 acetylation in peripheral
blood mononuclear cells increased qualitatively but
with a high degree of interpatient variation. Two
partial response were observed in tumors other than
CRC. Disease stabilizations observed in 22% of patients,
including one rectal and one colon cancer

Gore et al. (2008)

Mocetinostat
(N-(2-Amino-phenyl)-4-[(4-pyridin-3-
yl-pyrimidin-2-ylamino)-methyl]
benzamide dihydrobromide,
MGCD0103)

Clinical, phase I in solid
tumors including CRC

None Inhibition of HDAC activity and induction of
acetylation of H3 histones in peripheral white blood
cells were observed. Disease stabilization was obtained
in  16% of patients

Siu et al. (2008)
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omidepsin). Minor efficacy has been reported in solid tumors,
espite the high number of clinical trials performed in the last 25
ears.

It is today believed that the reason for the poor success in solid
umors was mainly due to the use of high doses and short term
dministration of epigenetic drugs. In fact, DNMTIs exert their
pigenetic clinical activity in myelodysplastic syndromes when
dministered at low doses, for several successive days and for mul-
iple cycles (Issa, 2005; Oki et al., 2007). These conditions allow the
urvival of the cells but determine changes in their gene expression
rofile, thus favoring cell differentiation, decrease in cell prolifer-
tion and increased apoptosis (Jones and Taylor, 1980). Instead,
t high doses DNMTIs induce cytotoxic effects. Under these cir-
umstances, the inhibition of cell growth is due to the arrest of
NA synthesis by antimetabolic activity rather than to epigenetic
ffects.

Most of the trials performed with epigenetic drugs as single-
gents in solid tumors were aimed at investigating the maximum
olerated dose (MTD) in previously treated patients with advanced
isease rather than investigating their epigenetic effects. Results
f such trials usually showed high grade toxicity associated with
ow grade or lack of anticancer activity both for DNMTIs (van
roeningen et al., 1986; Abele et al., 1987; Newman et al., 2002)
nd HDACIs (Vansteenkiste et al., 2008).

On the other hand, it has been shown that, the administration
f low doses of DNMTIs may  lead to the reactivation of methy-
ated tumor suppressor genes also in solid tumors (Schrump et al.,
006). This effect is however transient and may  be reversed when
he administration of the drug(s) is suspended. This may  hamper
he use of these drugs as single agents in solid tumors. Similar
bservations have been reported for HDACIs (Wu et al., 2001; Kelly
t al., 2005; Prince et al., 2009). Although activity of vorinostat
as been demonstrated at 200 mg  twice daily for 14 days fol-

owed by a 7-day rest in hematologic malignancies, no responses
ere observed in relapsed or refractory colorectal cancer using the

ame treatment schedule (Vansteenkiste et al., 2008). The num-
er of patients treated in this study was small and thus no general
onclusions are possible regarding efficacy for this tumor type.
reatment duration in this study was, however, shorter than that
f the standard treatment schedule in cutaneous T cell lymphoma
400 mg  daily, continuously). It should be noted that romidepsin
t a dose of 13 mg/m2 as a 4-h i.v. infusion on days 1, 8 and 15
f a 28-day cycle, i.e. similar to that administered as treatment
f T cell lymphomas, was ineffective in the treatment of previ-
usly treated colorectal cancer patients with advanced disease
Whitehead et al., 2009). Since romidepsin has shown antipro-
iferative activity against several human solid tumor xenograft

odels, lack of single agent romidepsin clinical activity in col-
rectal cancer patients with advanced previously-treated disease
ay  have occurred due to cellular factors (comprising intrinsic

esistance to romidepsin) independently of the type of treatment
chedule.

Epigenetic drugs may  also play a role as potential reversal agents
f tumor drug resistance due to epigenetic mechanisms in combi-
ation with cytotoxic drugs.

It has been shown that 5-aza-2′deoxycytidine resensitized
n vivo drug-resistant colon SW-48 tumor xenografts that are
MLH1 negative because of gene promoter hypermethylation. Pre-
reatment of tumor-bearing mice with 5-aza-2′deoxycytidine at a
on toxic dose, induced reexpression of hMLH1 associated with a
ecrease in hMLH1 gene promoter methylation (Plumb et al., 2000).
-aza-2′deoxycytidine alone had no effect on the growth rate of the

umors but greatly sensitized the xenografts to cytotoxic drugs (cis-
latin, carboplatin, temozolomide) administered 6 days thereafter
Plumb et al., 2000). In keeping with these observations, Appleton
t al. (2007) designed a phase I clinical and pharmacodynamic
dates 14 (2011) 280– 296 291

trial of 5-aza-2′-deoxycytidine in combination with carboplatin to
determine the feasibility of administering 5-aza-2′-deoxycytidine
at an equivalent dose and schedule in advanced solid tumors
including colorectal cancer. This dose-finding trial used a series of
doses/cycle of 5-aza-2′-deoxycytidine falling in the low dose range
able to induce hypomethylation in preclinical studies. Two  sepa-
rate dose escalation of 5-aza-2′-deoxycytidine were conducted, the
first with carboplatin fixed at area under the concentration-time
curve (AUC) 5 and the second at AUC 6. The recommended phase
II dose/schedule for this combination was 5-aza-2′-deoxycytidine
90 mg/m2 on day 1 followed by carboplatin AUC 6 on day 8
every 28 days. Of the thirty patients evaluable for response, one
with melanoma had a partial response and three other patients
had stable disease. The majority of responses clustered at the
recommended combination dose. 5-aza-2′-deoxycytidine induced
dose-dependent reversible DNA demethylation in peripheral blood
mononuclear cells (PBMCs), maximally at day 10. Furthermore the
5-aza-2′-deoxycytidine induced demethylation of the MAGE1A CpG
island in PBMCs, buccal cells, and tumor biopsies, as well as eleva-
tion of HbF expression.

Exploiting gene reactivation by DNMTIs in combination with
cytotoxic therapies may  thus be a strategy that holds much
clinical promise. A phase I-II trial using a demethylating dose
of 5-aza-cytidine combined with capecitabine and oxaliplatin
in advanced metastatic colorectal cancer is currently recruiting
patients (www.clinicaltrials.gov, NCT01193517).

A phase I trial is evaluating the safety and feasibility of sequential
5-aza-2′-deoxycytidine with the anti-EGFR monoclonal antibody
panitumumab in KRAS wild type metastatic colorectal cancer
patients who  underwent at least two  lines of chemotherapy
(www.clinicaltrials.gov, NCT00879385). A pharmacodynamic anal-
ysis investigating the re-expression or the reduction in promoter
methylation of genes involved in tumor suppressor pathways
known to be important in colorectal cancer or involved in EGFR
signaling pathway is also planned.

Since in vitro and in vivo data demonstrated that vorinostat
can downregulate TS expression at the transcription level (Glaser
et al., 2003; Fazzone et al., 2009) and this resulted in synergistic
antitumor activity when combined with 5-FU (see also previous
paragraphs) (Ocker et al., 2005; Fazzone et al., 2009; Kim et al.,
2009), clinical studies in refractory colorectal cancer to deter-
mine the MTD  of vorinostat when combined with fixed doses of
5-FU and leucovorin (Fakih et al., 2010; Wilson et al., 2010) or 5-
FU/leucovorin and oxaliplatin (Fakih et al., 2009) have been recently
conducted.

In the study of Fakih et al. (2010),  in refractory solid tumors,
most of which were colorectal cancer, the MTD  of vorinostat
in combination with the sLV5FU2 regimen was  1700 mg orally
daily × 3 or 600 mg  orally twice daily × 3 days every 2 weeks.
Twenty-one of 38 patients with 5-FU refractory colorectal can-
cer had stable disease and one had a partial response. Although
vorinostat maximum serum concentrations at the MTD  exceeded
concentrations associated with TS downregulation in vitro, evi-
dence of TS downregulation in tumor biopsies was lacking. It
was  thus hypothesized that the clinical benefit seen from the
combination of vorinostat and 5-FU included induction of events
other than TS modulation (e.g., cell cycle arrest, gene expres-
sion modulation, apoptosis, angiogenesis). An ongoing randomized
phase II trial is currently evaluating the activity of low (800 mg)
and high dose (1400 mg)  vorinostat daily × 3 in combination
with 5-FU/leucovorin in metastatic colorectal cancer patients
refractory to 5-FU/leucovorin and to other standard therapies

(www.clinicaltrials.gov, NCT00942266).

Wilson et al. (2010) studied an alternative dose schedule of
vorinostat consisting of a 400 mg  daily dose for 6 consecutive
days prior to administration of a similar 5-FU and leucovorin

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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egimen in a limited number of refractory colorectal cancer
atients. Dose-limiting toxicities were observed at the starting dose

evel which resulted in dose reduction. Two of ten patients achieved
isease stabilization. Intratumoral TS downregulation was
bserved in one patient only. Although the presence of PBMC his-
one acetylation indicated biological activity of vorinostat, the tox-
city and lack of reduction in intratumoral TS mRNA levels suggest
hat an alternate vorinostat dose schedule might be more effective.

Fakih et al. (2009) also conducted a phase I study to determine
he MTD  of vorinostat in combination with a fixed dose of 5-
U/leucovorin and oxaliplatin in patients with metastatic colorectal
ancer who had failed at least two previou lines of treatment,
ncluding oxaliplatin, a fluoropyrimidine and irinotecan. The MTD
f vorinostat in combination with the FOLFOX regimen was 300 mg
wice daily for 1 week every 2 weeks. Vorinostat induced TS down-
egulation was not consistent. Eleven of 21 patients had stable
isease but no patients developed an objective response. Alterna-
ive vorinostat dosing schedules may  be needed.

Because of the close collaboration between DNA methylation
nd histone modification in gene silencing, another strategy is to
ombine a DNMTI with a HDACI (Bolden et al., 2006).

Two studies investigated escalating doses of 5-aza-cytidine in
ombination with valproic acid (Braiteh et al., 2008) and sodium
henylbutyrate (Lin et al., 2009), respectively, in patients with
efractory solid tumors, including colorectal cancer. In the study
f Braiteh et al. (2008) a significant decrease in global DNA methy-
ation and induction of histone deacetylation were observed alomg

ith stable disease lasting 4–12 months in 14 patients (25%).
The study of Lin et al. (2009) showed individual cases of DNA

ethyltransferase activity and histone H3/H4 acetylation changes
rom paired biopsies or PBMCs within the limited number of
amples available for analysis. The clinical response rate was dis-
ppointing: only one patient showed stable disease whereas 26
atients showed progressive disease.

A multicenter phase II trial with 5-aza-cytidine combined
ith entinostat, an HDACI benzamide, in pretreated metastatic

olorectal cancer is currently ongoing and recruiting patients
www.clinicaltrials.gov, NCT01105377). A pharmacodynamic
tudy focussing on changes in gene methylation and histone is
eing performed.

Exploitation of further epigenetic drugs is also needed. A rele-
ant number of newer epigenetic drugs is available for this purpose
e.g., non-nucleoside DNMTIs such as the oligonucleotide MG98
nd the HDACI hydroxamic acids such as belinostat (PXD-101),
anobinostat (LBH589), dacinostat (LAQ824), trichostatin A).

. Conclusions

Epigenetics may  provide new strategies for treatment tailoring
nd chemoresistance reversal in metastatic colorectal cancer. The
tudy of epigenetic variants in drug target- and drug metabolizing-
enes could be added to estabilished genetic analyses. As shown
n Section 3, evidence of 5-FU-related epigenetic variants is com-
rehensive, while more research is needed on irinotecan and
xaliplatin. However, it is already clear that for some genes (e.g.,
GT or DYPD), adding epigenetic analyses to classic genetic discrim-

nations would increase the sensitivity and specificity of the test.
Since epigenetic variants are reversible, they can be targeted

y specific drugs. Despite some discouraging results, DNMT and
DACI are still being tested in metastatic colorectal cancer patients.
s discussed in Section 4, we think that appropriate dosage and

iming is crucial to explore the effectiveness of epigenetic drugs in

his setting. In addition, trials should be designed to test the best
ombination with chemotherapy regimens. With these caveats in
ind, we think that epigenetics may  improve the quality of life and

urvival of patients in the near future.
dates 14 (2011) 280– 296
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Flis, S., Gnyszka, A., Spławiński, J., 2009b. HDAC inhibitors, MS275 and SBHA,
enhances cytotoxicity induced by oxaliplatin in the colorectal cancer cell lines.
Biochem. Biophys. Res. Commun. 387, 336–341.

Fornaro, L., Masi, G., Loupakis, F., Vasile, E., Falcone, A., 2010. Palliative treat-
ment of unresectable metastatic colorectal cancer. Exp. Opin. Pharmacother. 11,
63–77.

Friedkin, M.,  Roberts, D., 1954. The enzymatic synthesis of nucleosides. I. Thymidine
phosphorylase in mammalian tissue. J. Biol. Chem. 207, 245–256.

Fujita, H., Kato, J., Horii, J., et al., 2007. Decreased expression of hMLH1 correlates
with reduced 5-fluorouracil-mediated apoptosis in colon cancer cells. Oncol.
Rep. 18, 1129–1137.

Gagnon, J.F., Bernard, O., Villeneuve, L., Tetu, B., Guillemette, C., 2006. Irinotecan
inactivation is modulated by epigenetic silencing of UGT1A1 in colon cancer.
Clin.  Cancer Res. 12, 1850–1858.

Gilbert, J., Baker, S.D., Bowling, M.K., et al., 2001. A phase I dose escalation and
bioavailability study of oral sodium phenylbutyrate in patients with refractory
solid tumor malignancies. Clin. Cancer Res. 7, 2292–2300.

Glaser, K.B., Staver, M.J., Waring, J.F., Stender, J., Ulrich, R.G., Davidsen, S.K., 2003.
Gene expression profiling of multiple histone deacetylase (HDAC) inhibitors:
defining a common gene set produced by HDAC inhibition in T24 and MDA
carcinoma cell lines. Mol. Cancer Ther. 2, 151–163.

Glasspool, R.M., Teodoridis, J.M., Brown, R., 2006. Epigenetics as a mechanism driving
polygenic clinical drug resistance. Br. J. Cancer 94, 1087–1092.

Gore, L., Rothenberg, M.L., O’Bryant, C.L., et al., 2008. A phase I and pharmacoki-
netic study of the oral histone deacetylase inhibitor, MS-275, in patients with
refractory solid tumors and lymphomas. Clin. Cancer Res. 14, 4517–4525.

Gosens, M.J., Moerland, E., Lemmens, V.P., et al., 2008. Thymidylate synthase geno-
typing is more predictive for therapy response than immunohistochemistry in
patients with colon cancer. Int. J. Cancer 123, 1941–1949.

Hauswald, S., Duque-Afonso, J., Wagner, M.M.,  et al., 2009. Histone deacetylase
inhibitors induce a very broad, pleiotropic anticancer drug resistance pheno-
type  in acute myeloid leukemia cells by modulation of multiple ABC transporter
genes. Clin. Cancer Res. 15, 3705–3715.

Heidelberger, C., Chaudhuri, N.K., Danneberg, P., et al., 1957. Fluorinated pyrim-
idines, a new class of tumour-inhibitory compounds. Nature 179, 663–666.

Hollande, F., Pannequin, J., Joubert, D., 2010. The long road to colorectal cancer
therapy: searching for the right signals. Drug Resist. Update 13, 44–56.

Holliday, R., 2006. Epigenetics: a historical overview. Epigenetics 1, 76–80.
Hollstein, M.,  Sidransky, D., Vogelstein, B., Harris, C.C., 1991. p53 mutations in human

cancers. Science 253, 49–53.
Holzer, A.K., Manorek, G.H., Howell, S.B., 2006. Contribution of the major copper

influx transporter CTR1 to the cellular accumulation of cisplatin, carboplatin,
and oxaliplatin. Mol. Pharmacol. 70, 1390–1394.

Horie, N., Aiba, H., Oguro, K., Hojo, H., Takeishi, K., 1995. Functional analysis and DNA
polymorphism of the tandemly repeated sequences in the 5’-terminal regula-
tory region of the human gene for thymidylate synthase. Cell Struct. Funct. 20,
191–197.

Houghton, J.A., Maroda, S.J., Phillips, J.O., Houghton, P.J., 1981. Biochemical deter-

minants of responsiveness to 5-fluorouracil and its derivatives in xenograft of
human colorectal adenocarcinomas in mice. Cancer Res. 41, 144–149.

Houghton, J.A., Torrance, P.M., Radparvar, S., Williams, L.G., Houghton, P.J., 1986.
Binding of 5-fluorodeoxyuridylate to thymidylate synthase in human colon ade-
nocarcinoma xenografts. Eur. J. Cancer Clin. Oncol. 22, 505–510.



2 nce Up

H

H

H

H

H

I

I

I

I

J

J

J

J

J

J

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

94 F. Crea et al. / Drug Resista

owell, S.B., Safaei, R., Larson, C.A., Sailor, M.J., 2010. Copper transporters and the
cellular pharmacology of the platinum-containing cancer drugs. Mol. Pharmacol.
77, 887–894.

su, C.H., Liou, J.Y., Dutschman, G.E., Cheng, Y.C., 2005. Phosphorylation of cytidine,
deoxycytidine, and their analog monophosphates by human UMP/CMP kinase
is  differentially regulated by ATP and magnesium. Mol. Pharmacol. 67, 806–814.

umeniuk, R., Menon, L.G., Mishra, P.J., et al., 2009a. Decreased levels of UMP  kinase
as  a mechanism of fluoropyrimidine resistance. Mol. Cancer Ther. 8, 1037–1044.

umeniuk, R., Mishra, P.J., Bertino, J.R., Banerjee, D., 2009b. Epigenetic reversal of
acquired resistance to 5-fluorouracil treatment. Mol. Cancer Ther. 8, 1045–1054.

uo, H., Magro, P.G., Pietsch, E.C., Patel, B.B., Scotto, K.W., 2010. Histone methyl-
transferase MLL1 regulates MDR1 transcription and chemoresistance. Cancer
Res. 70, 8726–8735.

nnocenti, F., Kroetz, D.L., Schuetz, E., et al., 2009. Comprehensive pharmacoge-
netic analysis of irinotecan neutropenia and pharmacokinetics. J. Clin. Oncol.
27, 2604–2614.

ltzsch, M.H., el Kouni, M.H., Cha, S., 1985. Kinetic studies of thymidine phosphory-
lase from mouse liver. Biochemistry 24, 6799–6807.

ssa, J.P., 2005. Optimizing therapy with methylation inhibitors in myelodysplas-
tic syndromes: dose, duration, and patient selection. Nat. Clin. Pract. Oncol. 2
(Suppl. 1), S24–S29.

yer, L., King, C.D., Whitington, P.F., et al., 1998. Genetic predisposition to the
metabolism of irinotecan (CPT-11). Role of uridine diphosphate glucuronosyl-
transferase isoform 1A1 in the glucuronidation of its active metabolite (SN-38)
in  human liver microsomes. J. Clin. Invest. 101, 847–854.

acinto, F.V., Ballestar, E., Ropero, S., Esteller, M.,  2007. Discovery of epigenetically
silenced genes by methylated DNA immunoprecipitation in colon cancer cells.
Cancer Res. 67, 11481–11486.

ass, J.R., 2007. Classification of colorectal cancer based on correlation of clinical,
morphological and molecular features. Histopathology 50, 113–130.

emal, A., Bray, F., Center, M.M.,  Ferlay, J., Ward, E.M.E., Forman, D., 2011. Global
cancer statistics. CA Cancer J. Clin. 61, 69–90.

ohnston, P.G., Fisher, E.R., Rockette, H.E., et al., 1994. The role of thymidylate
synthase expression in prognosis and outcome of adjuvant chemotherapy in
patients with rectal cancer. J. Clin. Oncol. 12, 2640–2647.

ones, P.A., Taylor, S.M., 1980. Cellular differentiation, cytidine analogs and DNA
methylation. Cell 20, 85–93.

over, R., Nguyen, T.P., Pérez-Carbonell, L., et al., 2011. 5-Fluorouracil adjuvant
chemotherapy does not increase survival in patients with CpG island methylator
phenotype colorectal cancer. Gastroenterology 140, 1174–1181.

aina, B., Ochs, K., Grosch, S., et al., 2001. BER, MGMT,  and MMR  in defense against
alkylation-induced genotoxicity and apoptosis. Prog. Nucleic Acid Res. Mol. Biol.
68,  41–54.

ane, M.F., Loda, M.,  Gaida, G.M., et al., 1997. Methylation of the hMLH1 promoter
correlates with lack of expression of hMLH1 in sporadic colon tumors and mis-
match repair-defective human tumor cell lines. Cancer Res. 57, 808–811.

aneda, S., Takeishi, K., Ayusawa, D., Shimizu, K., Seno, T., Altman, S., 1987. Role in
translation of a triple tandemly repeated sequence in the 5’-untranslated region
of  human thymidylate synthase mRNA. Nucleic Acids Res. 15, 1259–1270.

awakami, K., Salonga, D., Park, J.M., et al., 2001. Different lengths of a polymorphic
repeat sequence in the thymidylate synthase gene affect translational efficiency
but  not its gene expression. Clin. Cancer Res. 7, 4096–4101.

elly, W.K., DeBono, J., Blumenschein, G., et al., 2009. Final results of a phase I study
of  oral belinostat (PXD101) in patients with solid tumors. Proc. Am.  Soc. Clin.
Oncol. 28, 3531 (abstract).

elly, W.K., O’Connor, O.A., Krug, L.M., et al., 2005. Phase I study of an oral his-
tone deacetylase inhibitor, suberoylanilide hydroxamic acid, in patients with
advanced cancer. J. Clin. Oncol. 23, 3031–3923.

elly, T.K., De Carvalho, D.D., Jones, P.A., 2010. Epigenetic modifications as thera-
peutic targets. Nat. Biotechnol. 28, 1069–1078.

idani, Y., Inagaki, K., Iigo, M.,  Hoshi, A., Kuretani, K., 1978. Antitumor activity of 1,2-
diaminocyclohexane-platinum complexes against sarcoma-180 ascites form. J.
Med. Chem. 21, 1315–1318.

idd, E.A., Yu, J., Li, X., Shannon, W.D., Watson, M.A., McLeod, H.L., 2005. Variance in
the  expression of 5-Fluorouracil pathway genes in colorectal cancer. Clin. Cancer
Res. 11, 2612–2619.

im, J.C., Shin, E.S., Kim, C.W., et al., 2009. In vitro evaluation of histone deacety-
lase  inhibitors as combination agents for colorectal cancer. Anticancer Res. 29,
3027–3034.

ohne, C.H., Lenz, H.J., 2009. Chemotherapy with targeted agents for the treatment
of  metastatic colorectal cancer. Oncologist 14, 478–488.

oopman, M.,  Venderbosch, S., Nagtegaal, I.D., van Krieken, J.H., Punt, C.J., 2009a.
A  review on the use of molecular markers of cytotoxic therapy for colorectal
cancer, what have we  learned? Eur. J. Cancer 45, 1935–1949.

oopman, M., Venderbosch, S., van Tinteren, H., et al., 2009b. Predictive and prog-
nostic markers for the outcome of chemotherapy in advanced colorectal cancer,
a  retrospective analysis of the phase III randomized CAIRO study. Eur. J. Cancer
45, 1999–2006.

osuri, K.V., Wu,  X., Wang, L., Villalona-Calero, M.A., Otterson, G.A., 2010. An
epigenetic mechanism for capecitabine resistance in mesothelioma. Biochem.
Biophys. Res. Commun. 391, 1465–1470.
uhn, J.G., 1998. Pharmacology of irinotecan. Oncology (Williston Park) 12, 39–
42.

weekel, D.M., Gelderblom, H., Guchelaar, H.J., 2005. Pharmacology of oxaliplatin
and the use of pharmacogenomics to individualize therapy. Cancer Treatm. Rev.
31,  90–105.
dates 14 (2011) 280– 296

Landis, D.M., Loeb, L.A., 1998. Random sequence mutagenesis and resistance to 5-
fluorouridine in human thymidylate synthases. J. Biol. Chem. 273, 25809–25817.

Laurent, A., Nicco, C., Chéreau, C., et al., 2005. Controlling tumor growth by modulat-
ing  endogenous production of reactive oxygen species. Cancer Res. 65, 948–956.

Lee, J.H., Park, J.H., Jung, Y., et al., 2006. Histone deacetylase inhibitor enhances 5-
fluorouracil cytotoxicity by down-regulating thymidylate synthase in human
cancer cells. Mol. Cancer Ther. 5, 3085–3095.

Levine, A.J., Perry, M.E., Chang, A., et al., 1994. The 1993 Walter Hubert Lecture:
the  role of the p53 tumour-suppressor gene in tumorigenesis. Br. J. Cancer 69,
409–416.

Liang, J.T., Chang, K.J., Chen, J.C., et al., 1999. Hypermethylation of the p16 gene
in  sporadic T3N0M0 stage colorectal cancers: association with DNA replication
error and shorter survival. Oncology 57, 149–156.

Lin, J., Gilbert, J., Rudek, M.A., et al., 2009. A phase I dose-finding study of
5-azacytidine in combination with sodium phenylbutyrate in patients with
refractory solid tumors. Clin. Cancer Res. 15, 6241–6249.

Lincz, L.F., Scorgie, F.E., Garg, M.B., Ackland, S.P., 2007. Identification of a novel single
nucleotide polymorphism in the first tandem repeat sequence of the thymidy-
late  synthase 2R allele. Int. J. Cancer 120, 1930–1934.

Lockshin, A., Danenberg, P.V., 1981. Biochemical factors affecting the tightness of
5-fluorodeoxyuridylate binding to human thymidylate synthetase. Biochem.
Pharmacol. 30, 247–257.

Lomen, P.L., Baker, L.H., Neil, G.L., Samson, M.K., 1975. Phase I study of 5-azacytidine
(NSC-102816) using 24-hour continuous infusion for 5 days. Cancer Chemother.
Rep. 59, 1123–1126.

Longley, D.B., Allen, W.L., Johnston, P.G., 2006. Drug resistance, predictive mark-
ers  and pharmacogenomics in colorectal cancer. Biochim. Biophys. Acta 1766,
184–196.

Longley, D.B., Harkin, D.P., Johnston, P.G., 2003. 5-Fluorouracil: mechanisms of action
and clinical strategies. Nat. Rev. Cancer 3, 330–338.

Lowe, S.W., Cepero, E., Evan, G., 2004. Intrinsic tumour suppression. Nature 432,
307–315.

Lyko, F., Brown, R., 2005. DNA methyltransferase inhibitors and the development of
epigenetic cancer therapies. J. Natl. Cancer Inst. 97, 1498–1506.

Mandola, M.V., Stoehlmacher, J., Muller-Weeks, S., et al., 2003. A novel single
nucleotide polymorphism within the 5’ tandem repeat polymorphism of the
thymidylate synthase gene abolishes USF-1 binding and alters transcriptional
activity. Cancer Res. 63, 2898–2904.

Martinez-Balibrea, E., Martínez-Cardús, A., Musulén, E., et al., 2009. Increased levels
of copper efflux transporter ATP7B are associated with poor outcome in colorec-
tal cancer patients receiving oxaliplatin-based chemotherapy. Int. J. Cancer 124,
2905–2910.

Malet-Martino, M., Jolimaitre, P., Martino, R., 2002. The prodrugs of 5-fluorouracil.
Curr. Med. Chem. Anticancer Agents 2, 267–310.

Marsh, S., Hoskins, J.M., 2010. Irinotecan pharmacogenomics. Pharmacogenomics
11, 1003–1010.

Mathe, G., Kidani, Y., Segiguchi, M., et al., 1989. Oxalato-platinum or 1-OHP, a
third-generation platinum complex: an experimental and clinical appraisal and
preliminary comparison with cisplatinum and carboplatinum. Biomed. Pharma-
cother. 43, 237–250.

Mathews, L.A., Crea, F., Farrar, W.L., 2009. Epigenetic gene regulation in stem cells
and correlation to cancer. Differentiation 78, 1–17.

Mellai, M.,  Caldera, V., Annovazzi, L., et al., 2009. MGMT promoter hypermethylation
in  a series of 104 glioblastomas. Cancer Genom. Proteom. 6, 219–227.

McClard, R.W., Black, M.J., Livingstone, L.R., Jones, M.E., 1980. Isolation and
initial characterization of the single polypeptide that synthesizes uridine 5’-
monophosphate from orotate in Ehrlich ascites carcinoma. Purification by
tandem affinity chromatography of uridine-5’-monophosphate synthase. Bio-
chemistry 19, 4699–4706.

McDermott, U., Longley, D.B., Galligan, L., et al., 2005. Effect of p53 status and STAT1
on  chemotherapy induced, Fas-mediated apoptosis in colorectal cancer. Cancer
Res.  65, 8951–8960.

Metzger, R., Danenberg, K., Leichman, C.G., et al., 1998. High basal level gene expres-
sion of thymidine phosphorylase (platelet-derived endothelial cell growth
factor) in colorectal tumors is associated with nonresponse to 5-fluorouracil.
Clin. Cancer Res. 4, 2371–2376.

Mini, E., Trave, F., Rustum, Y.M., Bertino, J.R., 1990. Enhancement of the antitumor
effects of 5-fluorouracil by folinic acid. Pharmacol. Ther. 47, 1–19.

Misset, J.L., Bleiberg, H., Sutherland, W.,  Bekradda, M.,  Cvitkovic, E., 2000. Oxaliplatin
clinical activity: a review. Crit. Rev. Oncol. Hematol. 35, 75–93.

Moertel, C.G., Schutt, A.J., Reitemeier, R.J., Hahn, R.G., 1972. Phase II study of 5-
azacytidine (NSC-102816) in the treatment of advanced gastrointestinal cancer.
Cancer Chemother. Rep. 56, 649–652.

Mulkins, M.A., Heidelberger, C., 1982. Biochemical characterization of
fluoropyrimidine-resistant murine leukemic cell lines. Cancer Res. 42,
965–973.

Münster, P., Marchion, D., Bicaku, E., et al., 2007. Phase I trial of histone deacetylase
inhibition by valproic acid followed by the topoisomerase II inhibitor epirubicin
in  advanced solid tumors: a clinical and translational study. J. Clin. Oncol. 25,
1979–1985.

Munster, P.N., Marchion, D., Thomas, S., et al., 2009. Phase I trial of vorinostat and

doxorubicin in solid tumours: histone deacetylase 2 expression as a predictive
marker. Br. J. Cancer 101, 1044–1050.

Munster, P.N., Petrou, P., Ryan, C.J., et al., 2010. A phase I trial of the histone deacety-
lase inhibitor panobinostat (LBH589) and epirubicin in patients with solid tumor
malignancies. Proc. Am.  Soc. Clin. Oncol. 29, e13140 (abstract).



nce Up

N

N

N

N

N

N

N

N

O

O

O

O

P

P

P

P

P

P

P

P

P

P

P

Q

Q

R

R

R

R

R

F. Crea et al. / Drug Resista

a,  Y.S., Kim, S.M., Jung, K.A., et al., 2010. Effects of the HDAC inhibitor CG2 in com-
bination with irinotecan, 5-fluorouracil, or oxaliplatin on HCT116 colon cancer
cells and xenografts. Oncol. Rep. 24, 1509–1514.

CCN Clinical Practice Guidelines in Oncology (NCCN GuidlinesTM) - Colon
cancer. Version 3.2011. http://www.nccn.org/professionals/physician gls/pdf/
colon.pdf.

elson,  M.A., Shetty, S., Kulakodlu, M.,  Harley, C., Seal, B., 2011. A comparison of
mortality and costs associated with FOLFOX versus FOLFIRI in stage IV colorectal
cancer. J. Med. Econ. 14, 179–186.

ewman, E.M., Longmate, J.A., Lenz, H.J., et al., 2002. Phase I and pharmacokinetic
evaluation of the DNA methyltransferase inhibitor 5-fluoro-2’-deoxycytidine: a
California Cancer Consortium study. Proc. Am.  Soc. Clin. Oncol. 21, 431 (abstract).

ief,  N., Le Morvan, V., Robert, J., 2007. Involvement of gene polymorphisms of
thymidylate synthase in gene expression, protein activity and anticancer drug
cytotoxicity using the NCI-60 panel. Eur. J. Cancer 43, 955–962.

obili, S., Napoli, C., Landini, I., et al., 2011. Identification of potential pharmacoge-
nomic markers of clinical efficacy of 5-fluorouracil in colorectal cancer. Int. J.
Cancer 128, 1935–1945.

oguchi, T., Tanimoto, K., Shimokuni, T., et al., 2004. Aberrant methylation of DPYD
promoter, DPYD expression, and cellular sensitivity to 5-fluorouracil in cancer
cells. Clin. Cancer Res. 10, 7100–7107.

orthfelt, D.W., Bonnem, E., Fagerberg, J., Von Hoff, D., Grem, J., 2009. Belinostat (Bel)
down-regulates thymidylate synthase (TS) in tumor tissue: A dose-escalation
study of belinostat alone and in combination with 5-fluorouracil (FU). Gastroin-
test. Cancer Symp. Am.  Soc. Clin. Oncol. 333 (abstract).

cker, M., Alajati, A., Ganslmayer, M.,  et al., 2005. The histone-deacetylase inhibitor
SAHA potentiates proapoptotic effects of 5-fluorouracil and irinotecan in hep-
atoma cells. J. Cancer Res. Clin. Oncol. 131, 385–394.

gino, S., Goel, A., 2008. Molecular classification and correlates in colorectal cancer.
J.  Mol. Diagn. 10, 13–27.

htsuka, T., Liu, X.F., Koga, Y., et al., 2006. Methylation-induced silencing of ASC
and the effect of expressed ASC on p53-mediated chemosensitivity in colorectal
cancer. Oncogene 25, 1807–1811.

ki, Y., Aoki, E., Issa, J.P., 2007. Decitabine—bedside to bench. Crit. Rev. Oncol. Hema-
tol. 61, 140–152.

asti, C., Gallois-Montbrun, S., Munier-Lehmann, H., et al., 2003. Reaction of human
UMP-CMP kinase with natural and analog substrates. Eur. J. Biochem. 270,
1784–1790.

atnaik, A., Rowinsky, E.K., Villalona, M.A., et al., 2002. A phase I study of pival-
oyloxymethyl butyrate, a prodrug of the differentiating agent butyric acid, in
patients with advanced solid malignancies. Clin. Cancer Res. 8, 2142–2148.

atterson, A.V., Zhang, H., Moghaddam, A., et al., 1995. Increased sensitivity to the
prodrug 5’-deoxy-5-fluorouridine and modulation of 5-fluoro-2’-deoxyuridine
sensitivity in MCF-7 cells transfected with thymidine phosphorylase. Br. J. Can-
cer 72, 669–675.

eters, G.J., Backus, H.H., Freemantle, S., et al., 2002. Induction of thymidylate syn-
thase as a 5-fluorouracil resistance mechanism. Biochim. Biophys. Acta 1587,
194–205.

iunti, A., Pasini, D., 2011. Epigenetic factors in cancer development: polycomb
group proteins. Future Oncol. 7, 57–75.

izzorno, G., Handschumacher, R.E., 1995. Effect of clinically modeled regimens on
the growth response and development of resistance in human colon carcinoma
cell  lines. Biochem. Pharmacol. 49, 559–565.

lumb, J.A., Strathdee, G., Sludden, J., Kaye, S.B., Brown, R., 2000. Reversal of
drug  resistance in human tumor xenografts by 2’-deoxy-5-azacytidine-induced
demethylation of the hMLH1 gene promoter. Cancer Res. 60, 6039–6044.

lummer, R., Vidal, L., Griffin, M.,  et al., 2009. Phase I study of MG98, an oligonu-
cleotide antisense inhibitor of human DNA methyltransferase 1, given as a 7-day
infusion in patients with advanced solid tumors. Clin. Cancer Res. 15, 3177–3183.

opat, S., Matakidou, A., Houlston, R.S., 2004. Thymidylate synthase expression and
prognosis in colorectal cancer: a systematic review and meta-analysis. J. Clin.
Oncol. 22, 529–536.

rince, H.M., Bishton, M.J., Harrison, S.J., 2009. Clinical studies of histone deacetylase
inhibitors. Clin. Cancer Res. 15, 3958–3969.

ullarkat, S.T., Stoehlmacher, J., Ghaderi, V., et al., 2001. Thymidylate synthase gene
polymorphism determines response and toxicity of 5-FU chemotherapy. Phar-
macogenomics J. 1, 65–70.

iao, L., Wong, B.C.Y., 2009. Targeting apoptosis as an approach for gastrointestinal
cancer therapy. Drug Resist. Update 12, 55–64.

uagliana, J.M., O’Bryan, R.M., Baker, L., et al., 1977. Phase II study of 5-azacytidine
in solid tumors. Cancer Treatm. Rep. 61, 51–54.

adparvar, S., Houghton, P.J., Houghton, J.A., 1989. Effect of 5,10-
methylentetrahydrofolate on the binding of 5-fluoro-2’-deoxyuridylate to
thymidilate synthase purified from a human colon adenocarcinoma xenografts.
Biochem. Pharmacol. 38, 335–342.

ahman, L., Voeller, D., Rahman, M.,  et al., 2004. Thymidylate synthase as an
oncogene: a novel role for an essential DNA synthesis enzyme. Cancer Cell 5,
341–351.

amesh, M.,  Ahlawat, P., Srinivas, N.R., 2010. Irinotecan and its active metabolite
SN-38: review of bioanalytical methods and recent update from clinical phar-
macology perspectives. Biomed. Chromatogr. 24, 104–123.
amirez, J., Ratain, M.J., Innocenti, F., 2010. Uridine 5’-diphospho-
glucuronosyltransferase genetic polymorphisms and response to cancer
chemotherapy. Future Oncol. 6, 563–585.

aymond, E., Faivre, S., Chaney, S., Woynarowski, J., Cvitkovic, E., 2002. Cellular and
molecular pharmacology of oxaliplatin. Mol. Cancer Ther. 1, 227–235.
dates 14 (2011) 280– 296 295

Redmond, K.M., Wilson, T.R., Johnston, P.G., Longley, D.B., 2008. Resistance mecha-
nisms to cancer chemotherapy. Front Biosci. 13, 5138–5154.

Ruefli, A.A., Ausserlechner, M.J., Bernhard, D., et al., 2001. The histone deacetylase
inhibitor and chemotherapeutic agent suberoylanilide hydroxamic acid (SAHA)
induces a cell-death pathway characterized by cleavage of Bid and production
of reactive oxygen species. Proc. Natl. Acad. Sci. U.S.A. 98, 10833–10838.

Safaei, R., Howell, S.B., 2005. Copper transporters regulate the cellular pharmacology
and sensitivity to Pt drugs. Crit. Rev. Oncol. Hematol. 53, 13–23.

Salonga, D., Danenberg, K.D., Johnson, M.,  et al., 2000. Colorectal tumors responding
to  5-fluorouracil have low gene expression levels of dihydropyrimidine dehy-
drogenase, thymidylate synthase, and thymidine phosphorylase. Clin. Cancer
Res. 6, 1322–1327.

Sanguedolce, R., Alessandro, R., De Leo, G., et al., 2000. Failure of detection of
the  tyrosine to histidine substitution at the residue 33 of thymidylate syn-
thase in human colorectal cancer. A preliminary study. Anticancer Res. 20,
4347–4350.

Santelli, G., Valeriote, F., 1980. In vivo potentiation of 5-fluorouracil cytotoxic-
ity against AKR leukemia by purines, pyrimidines, and their nucleosides and
deoxynucleosides. J. Natl. Cancer Inst. 64, 69–72.

Santi, D.V., McHenry, C.S., Sommer, H., 1974. Mechanism of interaction of thymidy-
late  synthetase with 5-fluorodeoxyuridylate. Biochemistry 13, 471–481.

Sargent, D.J., Marsoni, S., Monges, G., et al., 2010. Defective mismatch repair as a
predictive marker.for lack of efficacy of fluorouracil-based adjuvant therapy in
colon cancer. J. Clin. Oncol. 28, 3219–3226.

Sato, K., Kitajima, Y., Miyoshi, A., Koga, Y., Miyazaki, K., 2006. Deficient expression of
the  DPD gene is caused by epigenetic modification in biliary tract cancer cells,
and induces high sensitivity to 5-FU treatment. Int. J. Oncol. 29, 429–435.

Sawan, C., Herceg, Z., 2010. Histone modifications and cancer. Adv. Genet. 70, 57–85.
Saxonov, S., Berg, P., Brutlag, D.L., 2006. A genome-wide analysis of CpG dinu-

cleotides in the human genome distinguishes two distinct classes of promoters.
Proc. Natl. Acad. Sci. U.S.A. 103, 1412–1417.

Schrump, D.S., Fischette, M.R., Nguyen, D.M., et al., 2006. Phase I study of
decitabine-mediated gene expression in patients with cancers involving the
lungs, esophagus, or pleura. Clin. Cancer Res. 12, 5777–5785.

Schwartsmann, G., Schunemann, H., Gorini, C.N., et al., 2000. A phase I trial of cis-
platin plus decitabine, a new DNA-hypomethylating agent, in patients with
advanced solid tumors and a follow-up early phase II evaluation in patients
with inoperable non-small cell lung cancer. Invest. New Drugs 18, 83–91.

Schwartz, E.L., Baptiste, N., Wadler, S., Makower, D., 1995. Thymidine phosphorylase
mediates the sensitivity of human colon carcinoma cells to 5-fluorouracil. J. Biol.
Chem. 270, 19073–19077.

Shen, L., Catalano, P.J., Benson 3rd, A.B., O’Dwyer, P., Hamilton, S.R., Issa, J.P., 2007.
Association between DNA methylation and shortened survival in patients with
advanced colorectal cancer treated with 5-fluorouracil based chemotherapy.
Clin. Cancer Res. 13, 6093–6098.

Shnider, B.I., Baig, M.,  Colsky, J., 1976. A phase I study of 5-azacytidine (NSC-102816).
J.  Clin. Pharmacol. 16, 205–212.

Siu, L.L., Pili, R., Duran, I., et al., 2008. Phase I study of MGCD0103 given as a three-
times-per-week oral dose in patients with advanced solid tumors. J. Clin. Oncol.
26,  1940–1947.

Soong, R., Shah, N., Salto-Tellez, M.,  et al., 2008. Prognostic significance of thymidy-
late synthase, dihydropyrimidine dehydrogenase and thymidine phosphorylase
protein expression in colorectal cancer patients treated with or without 5-
fluorouracil-based chemotherapy. Ann. Oncol. 19, 915–919.

Soussi, T., Ishioka, C., Claustres, M.,  Bèroud, C., 2006. Locus-specific mutation
databases: pitfalls and good practice based on the p53 experience. Nat. Rev.
Cancer 6, 83–90.

Sparreboom, A., Danesi, R., Ando, Y., Chan, J., Figg, W.D., 2003. Pharmacogenomics
of  ABC transporters and its role in cancer chemotherapy. Drug Resist. Update 6,
71–84.

Steele, N.L., Plumb, J.A., Vidal, L., et al., 2008. A phase 1 pharmacokinetic and phar-
macodynamic study of the histone deacetylase inhibitor belinostat in patients
with advanced solid tumors. Clin. Cancer Res. 14, 804–810.

Stewart, D.J., Donehower, R.C., Eisenhauer, E.A., et al., 2003. A phase I pharmacoki-
netic and pharmacodynamic study of the DNA methyltransferase 1 inhibitor
MG98 administered twice weekly. Ann. Oncol. 14, 766–774.

Sugita, H., Iida, S., Inokuchi, M.,  et al., 2011. Methylation of BNIP3 and DAPK indicates
lower response to chemotherapy and poor prognosis in gastric cancer. Oncol.
Rep. 25, 513–518.

Sung, M.W., Waxman, S., 2007. Combination of cytotoxic-differentiation therapy
with 5-fluorouracil and phenylbutyrate in patients with advanced colorectal
cancer. Anticancer Res. 27, 995–1001.

Tai, I.T., Dai, M., Owen, D.A., Chen, L.B., 2005. Genome-wide expression analysis of
therapy-resistant tumors reveals SPARC as a novel target for cancer therapy. J.
Clin. Invest. 115, 1492–1502.

Tai, I.T., Tang, M.J., 2008. SPARC in cancer biology: its role in cancer progression and
potential for therapy. Drug Resist. Update 11, 231–246.

Tempestini, A., Caciagli, B., Morganti, M.,  et al., 2006. Molecular characterization
of established human colon carcinoma cell lines (HCT-8) made resistant to 5-
fluorouracil by different selection schedules. Oncol. Res. 16, 143–156.

Toffoli, G., Cecchin, E., Gasparini, G., et al., 2010. Genotype-driven phase I study of

irinotecan administered in combination with fluorouracil/leucovorin in patients
with metastatic colorectal cancer. J. Clin. Oncol. 28, 866–871.

Tokunaga, Y., Sasaki, H., Saito, T., 2007. Clinical role of orotate phosphoribosyl trans-
ferase and dihydropyrimidine dehydrogenase in colorectal cancer treated with
postoperative fluoropyrimidine. Surgery 141, 346–353.

http://www.nccn.org/professionals/physician_gls/pdf/colon.pdf


2 nce Up

T

T

U

V

V

V

V

V

V

V

V

V

W

W

W

96 F. Crea et al. / Drug Resista

ong, Y., Liu-Chen, X., Ercikan-Abali, E.A., et al., 1998. Isolation and characteri-
zation of thymitaq (AG337) and 5-fluoro-2-deoxyuridylate-resistant mutants
of  human thymidylate synthase from ethyl methanesulfonate-exposed human
sarcoma HT1080 cells. J. Biol. Chem. 273, 11611–11618.

umber, A., Collins, L.S., Petersen, K.D., et al., 2007. The histone deacetylase inhibitor
PXD101 synergises with 5-fluorouracil to inhibit colon cancer cell growth
in  vitro and in vivo. Cancer Chemother. Pharmacol. 60, 275–283.

lrich, C.M., Bigler, J., Velicer, C.M., et al., 2000. Searching expressed sequence
tag  databases: discovery and confirmation of a common polymorphism in the
thymidylate synthase gene. Cancer Epidemiol. Biomarkers Prev. 9, 1381–1385.

an  Cutsem, E., Kohne, C.H., Lang, I., et al., 2011. Cetuximab plus irinotecan, fluo-
rouracil, and leucovorin as first-line treatment for metastatic colorectal cancer:
updated analysis of overall survival according to tumor KRAS and BRAF mutation
status. J. Clin. Oncol. 29, 2011–2019.

an Engeland, M.,  Derks, S., Smits, K.M., Meijer, G.A., Herman, J.G., 2011. Colorectal
cancer epigenetics: complex simplicity. J. Clin. Oncol. 29, 1382–1391.

an Groeningen, C.J., Leyva, A., O’Brien, A.M., Gall, H.E., Pinedo, H.M., 1986. Phase I
and pharmacokinetic study of 5-aza-2’-deoxycytidine (NSC 127716) in cancer
patients. Cancer Res. 46, 4831–4836.

an Rompay, A.R., Johansson, M.,  Karlsson, A., 2000. Phosphorylation of nucleosides
and nucleoside analogs by mammalian nucleoside monophosphate kinases.
Pharmacol. Ther. 87, 189–198.

ansteenkiste, J., Van Cutsem, E., Dumez, H., et al., 2008. Early phase II trial of oral
vorinostat in relapsed or refractory breast, colorectal, or non-small cell lung
cancer. Invest. New Drugs 26, 483–488.

ignoli, M., Nobili, S., Napoli, C., et al., 2011. Thymidylate synthase expression and
genotype have no major impact on theclinical outcome of colorectal cancer
patients treated with 5-fluorouracil. Pharmacol. Res. 64, 242–248.

iguier, J., Boige, V., Miquel, C., et al., 2005. ERCC1 codon 118 polymorphism is a pre-
dictive factor for the tumor response to oxaliplatin/5-fluorouracil combination
chemotherapy in patients with advanced colorectal cancer. Clin. Cancer Res. 11,
6212–6217.

ilar, E., Gruber, S.B., 2010. Microsatellite instability in colorectal cancer-the stable
evidence. Nat. Rev. Clin. Oncol. 7, 153–162.

ilar, E., Scaltriti, M.,  Balmana, J., et al., 2008. Microsatellite instability due to hMLH1
deficiency is associated with increased cytotoxicity to irinotecan in human col-
orectal cancer cell lines. Br. J. Cancer 99, 1607–1612.

ang, C.G., Ye, Y.J., Yuan, J., et al., 2010. EZH2 and STAT6 expression profiles are
correlated with colorectal cancer stage and prognosis. World J. Gastroenterol.
16, 2421–2427.

ang, T.L., Diaz Jr., L.A., Romans, K., et al., 2004. Digital karyotyping iden-
tifies thymidylate synthase amplification as a mechanism of resistance to

5-fluorouracil in metastatic colorectal cancer patients. Proc. Natl. Acad. Sci. U.S.A.
101, 3089–3094.

atson, R.G., Muhale, F., Thorne, L.B., et al., 2010. Amplification of thymidy-
late  synthetase in metastatic colorectal cancer patients pretreated with
5-fluorouracil-based chemotherapy. Eur. J. Cancer 46, 3358–3364.
dates 14 (2011) 280– 296

Weber, W.,  2010. Cancer epigenetics. Prog. Mol. Biol. Transl. Sci. 95, 299–349.
Weisenberger, D.J., Siegmund, K.D., Campan, M.,  et al., 2006. CpG island methylator

phenotype underlies sporadic microsatellite instability and is tightly associated
with BRAF mutation in colorectal cancer. Nat. Genet. 38, 787–793.

Weiss, A.J., Metter, G.E., Nealon, T.F., et al., 1977. Phase II study of 5-azacytidine in
solid tumors. Cancer Treat. Rep. 61, 55–58.

Westra, J.L., Hollema, H., Schaapveld, M.,  et al., 2005. Predictive value of thymidylate
synthase and dihydropyrimidine dehydrogenase protein expression on survival
in  adjuvantly treated stage III colon cancer patients. Ann. Oncol. 16, 1646–1653.

Whitehead, R.P., Rankin, C., Hoff, P.M., et al., 2009. Phase II trial of romidepsin (NSC-
630176) in previously treated colorectal cancer patients with advanced disease:
a  Southwest Oncology Group study (S0336). Invest. New Drugs 27, 469–475.

Wilson, P.M., El-Khoueiry, A., Iqbal, S., et al., 2010. A phase I/II trial of vorinostat in
combination with 5-fluorouracil in patients with metastatic colorectal cancer
who previously failed 5-FU-based chemotherapy. Cancer Chemother. Pharma-
col. 65, 979–988.

Wilson, T.R., Johnston, P.G., Longley, D.B., 2009. Anti-apoptotic mechanisms of drug
resistance in cancer. Curr. Cancer Drug Targets 9, 307–319.

Wu,  J.T., Archer, S.Y., Hinnebusch, B., Meng, S., Hodin, R.A., 2001. Transient vs.
prolonged histone hyperacetylation: effects on colon cancer cell growth, dif-
ferentiation, and apoptosis. Am. J. Physiol. Gastrointest. Liver Physiol. 280,
G482–G490.

Yanagisawa, Y., Maruta, F., Iinuma, N., et al., 2007. Modified Irinote-
can/5FU/Leucovorin therapy in advanced colorectal cancer and predicting
therapeutic efficacy by expression of tumor-related enzymes. Scand. J.
Gastroenterol. 42, 477–484.

Yin, M.B., Zakrzewski, S.F., Hakala, M.T., 1983. Relationship of cellular folate cofactor
pools to the activity of 5-fluorouracil. Mol. Pharmacol. 23, 190–197.

Yokoo, S., Masuda, S., Yonezawa, A., Terada, T., Katsura, T., Inui, K., 2008. Significance
of organic cation transporter 3 (SLC22A3) expression for the cytotoxic effect of
oxaliplatin in colorectal cancer. Drug Metab. Dispos. 36, 2299–2306.

Yonezawa, A., Masuda, S., Yokoo, S., Katsura, T., Inui, K., 2006. Cisplatin and oxali-
platin, but not carboplatin and nedaplatin, are substrates for human organic
cation transporters (SLC22A1-3 and multidrug and toxin extrusion family). J.
Pharmacol. Exp. Ther. 319, 879–886.

Yoo, B.K., Gredler, R., Vozhilla, N., et al., 2009. Identification of genes conferring
resistance to 5-fluorouracil. Proc. Natl. Acad. Sci. U.S.A. 106, 12938–12943.

Yu, J., Miller, R., Zhang, W.,  et al., 2008. Copy-number analysis of topoisomerase
and thymidylate synthase genes in frozen and FFPE DNAs of colorectal cancers.
Pharmacogenomics 9, 1459–1466.

Yu, J., Wang, Z., Kinzler, K.W., Vogelstein, B., Zhang, L., 2003. PUMA mediates the
apoptotic response to p53 in colorectal cancer cells. Proc. Natl. Acad. Sci. U.S.A.

100, 1931–1936.

Zhang, L., Yu, J., Park, B.H., Kinzler, K.W., Vogelstein, B., 2000. Role of BAX in the
apoptotic response to anticancer agents. Science 290, 989–992.

Zhang, S., Lovejoy, K.S., Shima, J.E., et al., 2006. Organic cation transporters are deter-
minants of oxaliplatin cytotoxicity. Cancer Res. 66, 8847–8857.


	Epigenetics and chemoresistance in colorectal cancer: An opportunity for treatment tailoring and novel therapeutic strategies
	1 Introduction
	2 Epigenetics and chemoresistance
	2.1 Epigenetic mechanisms of gene silencing in cancer cells
	2.2 Epigenetic regulation of chemoresistance

	3 Colorectal cancer pharmaco-epigenetics
	3.1 5-Fluorouracil
	3.1.1 Thymidylate synthase expression as a mechanism of 5-FU resistance
	3.1.2 Pyrimidine metabolism enzyme expression
	3.1.2.1 Dihydropyrimidine dehydrogenase
	3.1.2.2 Thymidine phosphorylase
	3.1.2.3 Orotate phosphoribosyltransferase
	3.1.2.4 Uridine monophosphate/cytidine monophosphate kinase

	3.1.3 Other determinants

	3.2 Irinotecan
	3.3 Oxaliplatin

	4 Therapeutic opportunities
	5 Conclusions
	Acknowledgements
	References


