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Abstract:
Epigenetics is the study of heritable changes in genes and gene expression that do not involve DNA nucleotide sequences. Epigenetic
modifications include DNA methylation, several forms of histone modifications, and microRNA expression. Because of its dynamic
nature, epigenetics provides a link between the genome and the environment and fills the gap between DNA and proteins. Advances
in epigenetics and epigenomics (the study of epigenetics on a genome-wide basis) have influenced pharmacology, leading to the development of a new specialty, pharmacoepigenetics, the study of the epigenetic basis for variations in drug response. Many genes encoding enzymes, drug transporters, nuclear receptors, and drug targets are under epigenetic control. This review describes the known
epigenetic regulation of drug-metabolizing enzymes and other proteins that might affect drug response and compounds that modify
the epigenetic status.
Key words:
epigenetics, DNA methylation, histone modification, microRNA, pharmacoepigenetics, epigenetic drugs and chemopreventive
agents

Abbreviations: ABC – ATP-binding cassette, CYPs – cytochromes P450, DNMTs – DNA methyl transferases, DRE – dioxin responsive element, EGCG – epigallocatechin-3-gallate,
ER – estrogen receptor, HDAC – histone deacetylases, MDR –
multidrug resistance, miRNA – microRNA, MRP – multidrug
resistance protein, NR – nuclear receptor, siRNA – small interfering RNA, SLC – soluble carrier

Introduction
According to the “central dogma of molecular biology” [13], DNA is the only source of genetic information, with information flow running smoothly from

DNA to RNA and finally to proteins. Currently, however, many phenomena, including individual responses to drugs, cannot be explained by this dogma.
It is remarkable that a single mammalian genome, encoding approximately 30,000 genes, results in different gene patterns in about 200 different cell types at
different stages of development [76]. It is obvious that
there has to be an additional layer of information encoded in or around the genome that exceeds the information content of the genetic sequence. This additional level of information is achieved by epigenetic
modifications. Epigenetics is the study of heritable
changes in gene expression that occur without
changes in the DNA sequence, while epigenomics rePharmacological Reports, 2011, 63, 293304
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fers to the study of epigenetics on a genome-wide basis. Epigenetics involves three interacting molecular
mechanisms: DNA methylation, modification of histones in chromatin and RNA-mediated regulation of
gene expression [71]. Epigenetic patterns are known
to be reversible and to vary with age as well as from
tissue to tissue, since an individual has multiple epigenomes [77]. The dynamic aspect of epigenetics provides a link between the genome and the environment
and fills the gap between DNA and proteins. Advances in epigenetics and epigenomics have had an
impact on pharmacology, leading to the development
of several new specialties, pharmacoepigenetics [32],
which is the study of the epigenetic basis for variations in drug response, and pharmacoepigenomics
[77]. These approaches are particularly useful when
variations in gene sequence (pharmacogenetics) cannot explain variability in drug responses. Pharmacoepigenomics involves the study of the roles of epigenomics in intrapersonal and interpersonal variations
in response of individuals to drugs, in the effects of
drugs on gene-expression profiles, in the mechanism
of action of drugs and adverse drug reactions and in
the discovery of new drug targets [71]. It is remarkable that most papers on pharmacoepigenetics have
been published in the “Future Medicine” sections of
various biomedical journals, indicating that this is
a very promising area of research. In this review we
describe 1) known epigenetic regulation of drugmetabolizing enzymes and other proteins that might
affect drug responses and 2) compounds that modify
the epigenetic status.

Epigenetic modifications and their effect
on drug response

Environmental factors generate a spectrum of phenotypes in the population through their participation in
epigenetic mechanisms such as covalent modification
of DNA and histones and expression of regulatory
non-coding RNA molecules such as microRNAs
(miRNAs). The dynamic quality of epigenetic modification, which stands in contrast to static nucleotide
sequence information, provides the basis for an individual’s response to a constantly changing environment (Fig. 1).
The most important epigenetic modification of
DNA is the methylation of cytosine. DNA cytosine
methylation occurs in the context of 5’-CpG-3’ dinucleotides. Almost all CpG dinucleotides that are randomly localized across the genome are methylated,
unlike those that are densely grouped in CpG islands
(regions of DNA where the proportion of CpG dinucleotides is much higher than elsewhere in the genome). CpG islands are found in the promoter regions
of many genes, and their aberrant methylation in cancer cells leads to the functional silencing of those
genes due to chromatin compaction [65]. Methylation
of DNA provides an impediment to transcription factors and the transcription machinery by attracting proteins that affect chromatin configuration. Silenced
chromatin is rich in deacetylated and methylated histones. Besides acetylation, histones are currently
known to be subjected to eight different types of posttranslational modifications including methylation,

Fig. 1. The effect of epigenetic alterations on drug response

294

Pharmacological Reports, 2011, 63, 293304

Pharmacoepigenetics
Wanda Baer-Dubowska et al.

phosphorylation, ubiquitination, sumoylation, ADPribosylation, deimination, proline isomerization, and
the newly identified propionylation [44, 54]. Covalent
modifications of histones occur on histone “tail” residues, and distinct modifications may promote or
block modifications on other residues, thus forming
a specific histone code. Posttranslational modifications of the N-terminal of the histone proteins affect
the compaction of the chromatin; methylation of lysine at position 9 of histone 3 (H3K9me) is a signature
of heterochromatin or compact DNA, whereas acetylation of lysine at position 14 of histone 3 (H3K14ac),
sometimes in combination with phosphorylation of
proline at position 10 of histone 3 (H3P10p), creates
a more open chromatin configuration (euchromatin)
that allows transcription [36].
miRNAs, another part of the epigenetic machinery,
are single-stranded RNA molecules of 21–24 nucleotides in length that arise from miRNA genes, which,
when transcribed, can promote posttranscriptional regulation by binding to 3’-untranslated regions (3’UTRs) of
target mRNAs and promoting their degradation or
cleavage or interfering with their translation [35, 85,
88]. Besides their direct influence on mRNA transcription, some miRNAs, defined here as epi-miRNAs,
have an indirect impact on gene transcription by affecting the epigenetic machinery, including DNA
methyltransferases, histone deacetylases, and polycomb repressive complex genes [16].
Epigenetic factors affect the expression of drugmetabolizing enzymes, drug transporters, and nuclear
receptors that regulate the expression of various genes
and ultimately affect the response to drugs [23].
Epigenetic regulation of drug metabolizing
enzymes
Cytochromes P450

The cytochromes P450 (CYPs) form a superfamily of
hemoproteins that catalyze a huge diversity of enzymatic reactions and use both exogenous and endogenous compounds as substrates [72]. Individual differences in CYP expression have, to a large extent, been
attributed to genetic polymorphisms [http://cypalleles.ki.se]. However, for some CYP genes no important functional genetic polymorphisms have been described. Thus, it is evident that epigenetic changes,
particularly DNA methylation, can also influence
their expression levels. Epigenetic regulation seems

to be particularly important for CYP1A1, CYP1A2
and CYP3A, for which interindividual variations have
not yet been elucidated, but other CYP isoforms are
also affected [33, 72]. Examples of CYPs whose expression might be regulated by epigenetic mechanisms are presented below.
CYP1 family

CYP1A1 is mainly involved in the metabolic activation of the polycyclic aromatic hydrocarbons, which
are common environmental pollutants. No important
functional polymorphisms in this gene have been described. In contrast, several epigenetic mechanisms for
the regulation of CYP1A1 expression have been documented [72]. DNA methylation contributes to the regulation of CYP1A1 in prostate cancer cells. The lack of
CYP1A1 expression in the prostate cancer cell line
LNCaP has been associated with methylation of the
promoter region of the CYP1A1 gene, which prevents
the binding of the AhR complex to the dioxin response
element (DRE). On the other hand, hypomethylation of
this region in non-cancer cell lines such as PWR-1E
and RWPE-1 provides easier access for nuclear receptors to the DRE, allowing CYP1A1 expression in cells
exposed to dioxin [62]. Another article arguing for the
significance of DNA methylation in CYP1A1 expression provided analysis of the methylation status of
CYP1A1 in heavy smokers, light smokers and nonsmokers and showed the amounts of methylation to be
33%, 71% and 98%, respectively; methylation was
also increased in smokers up to 7 days after quitting
smoking [4]. Histone modifications and chromatin
configuration have also been suggested to be important
for the regulation of CYP1A1 [72]. An analysis of
a possible association of miRNA levels with mRNA
expression in lymphoblastoid cell lines by Wang et al.
[22, 83] showed that the expression of CYP1A1, along
with that of other phase I enzymes, such as members of
the aldehyde dehydrogenase 2 family and flavincontaining monooxygenase 4, was correlated with the
levels of miRNA-18b and miRNA-20b.
CYP1A2, which, like CYP1A1, is induced by
smoking and affected by diet, is involved in the metabolism of several drugs, including estrogens, glucocorticoids and interferon. The known genetic polymorphisms do not explain its constitutive variation
among individuals. However, methylation of a CCGG
site (bp 2.759) located adjacent to an activator
protein-1 site in the 5’-flanking region of CYP1A2
Pharmacological Reports, 2011, 63, 293304
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gene is apparently correlated with CYP1A2 expression [28]. Ingelman-Sundberg‘s group noticed a CpG
island close to the translation start site in the second
exon and found an inverse correlation of the methylation status of this CpG island with hepatic CYP1A2
mRNA levels, thereby suggesting that individual CpG
sites may have important roles in CYP1A2 regulation
by, for example, affecting binding to transcriptional
regulation elements [21].
CYP1B1 catalyzes the metabolic activation of numerous procarcinogens. Overexpression of CYP1B1
in various tumor tissues leads to increased conversion
of estradiol to 4-hydroxyestradiol, which may be responsible for the initiation of breast and endometrial
carcinogenesis. CYP1B1 is polymorphic, with many
rare null alleles that cause glaucoma and other common alleles leading to amino acid substitutions that
slightly affect enzyme function [72]. CYP1B1 is also
regulated epigenetically. Aberrant methylation of the
promoter and enhancer regions of the CYP1B1 gene
affects the binding of transcription factors and enhancers such as AhR/ARNT and Sp1, which contain CpG
dinucleotides in their binding sites. Hypomethylation
of these sites is suggested to be associated with prostate cancer [79]. Methylation of the CYP1B1 gene is
also associated with the development of colorectal
cancer [27]. CYP1B1 expression in breast cancer is
influenced by miRNA-mediated translational repression or by mRNA cleavage. miRNA-27b, which is expressed at lower levels in breast cancer, allows the
translation of CYP1B1 mRNA [80].
CYP2 family

Among the members of the CYP2 family, the
CYP2A6, CYP2C19, CYP2D6, CYP2E1, CYP2J2,
CYP2R1, CP2S1 and CYP2W1 genes contain putative
important CpG islands, suggesting a potential role for
DNA methylation in their regulation [33]. Besides the
role of CpG island methylation, the expression of
some CYP2 genes is affected by histone modifications. However, only a few studies have previously
considered this. In the case of CYP2A6, histone acetylation analysis of human hepatocytes showed that histone H4 acetylation of the proximal promoter was increased by dexamethasone, leading to a more relaxed
chromatin state. This might allow increased binding
of hepatic nuclear factor 4a to the nuclear factor a response element and upregulate CYP2A6 expression
[64]. It was shown that methylation of specific 5’ resi296
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dues in the CYP2E1 gene may be responsible for the
lack of transcription of this gene in fetal liver [39].
Other epigenetic mechanisms may also be involved, as
suggested by the variable levels of CYP2E1 mRNA in
full-term placenta [39]. CYP2E1, in addition to acting
on many drugs and carcinogens, metabolizes ethanol,
which also induces expression of the enzyme at the
transcriptional and post-translational level. This induction could be caused by the ability of ethanol to change
the DNA methylation pattern. The increased expression of CYP2E1 and the stabilization of the protein observed even at low ethanol levels have been implicated
in various cancers [63]. CYP2W1 is expressed in fetal
stages of colon and in colon cancers but not in normal
adult tissues [24]. It was also found to be expressed in
adrenal tumors [40] and the tumor cell line HepG2
[41]. The first exon/intron junction in this gene is CpG
dinucleotide-rich, and DNA methylation has been
shown to be involved in the regulation of CYP2W1 expression [24, 40]. The expression of CYP2W1 during
development suggests that it could be involved in the
metabolism of endogenous substrates necessary for cell
growth or development. Because CYP2W1 is reexpressed during carcinogenesis, it would be interesting to explore its role in this process [72].
CYP2A13, which acts to activate tobacco-specific
nitrosamines, is selectively expressed in the respiratory tract, in which it is believed to play an important
role in the initiation of carcinogenesis. Human lung
cancer cells treated with 5-aza-’2-deoxycytidine
(a DNA demethylating agent) and trichostatin A (an
inhibitor of HDAC), showed a ~10-fold increase in
the level of CYP2A13 expression, suggesting a role
for epigenetic modulation in the tissue-specific expression of this CYP [53].
CYP3 family

CYP3A plays a role in the metabolism of most therapeutic drugs. Treatment of HepG2 cells with 5-aza2’-deoxycytidine and/or trichostatin A (inhibitors of
DNA methyltransferase and histone deacetylase, respectively) and the analysis of changes in gene expression at genome level showed an effect on the expression of CYP3A4, CYP3A5 and CYP3A7 [14]. Histone methylation has also been shown to play a role in
the control of murine Cyp3a expression; alterations in
histone H3 methylation and acetylation are involved
in the switch from Cyp3a16 expression in the fetus to
Cyp3a11 expression in the adult mouse [51].
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CYP24 family

The CYP24A1 gene encodes 25-hydroxyvitamin D 24hydroxylase, which mediates 24-hydroxylation of
1a25(OH) D to much less active vitamin D metabolites. CYP24A1 is deregulated in a wide range of tumors,
and increases in expression are associated with a poor
diagnosis in some human cancers. Upregulation of
CYP24A1 expression may counteract the antiproliferative activity of calcitriol, presumably by decreasing the
calcitriol level. Recently, it was shown that the
CYP24A1 promoter is methylated in a tissue-specific
manner in normal human tissues. The CYP24A1 gene is
methylated in human placenta, while no methylation
was detected in somatic tissues [61]. Moreover, in human prostate cancer cells, the CYP24A1 gene was found
to be hypermethylated in malignant lesions compared
with matched benign lesions, indicating that CYP24A1
repression is mediated in part by promoter DNA methylation and repressive histone modifications [55].
As is true for the cytochrome P450 genes, phase II
enzyme expression is also subject to epigenetic regulation. It was found that the extent of methylation of
glutathione-S-transferase genes depends on the haplotype of the glutathione S-transferase P1 (GSTP1) in
cancer patients [73]. The mRNA expression of GSTP1
was also associated with miRNA-192 and miRNA194 levels [22, 83].
Drug transporters and nuclear receptors:
epigenetic modulation
Drug transporters

Human genome sequence analysis suggests the presence of ~1,000 genes that encode transporters, comprising approximately 4% of all genes [12]. Two major superfamilies of membrane transporter proteins
that influence drug pharmacokinetics are the ATPbinding cassette (ABC) and soluble carrier (SLC)
transporter groups. ABC transporters are frequently
associated with decreased cellular accumulation of
anticancer drugs and multidrug resistance of tumors
[1, 30]. SLC transporters such as the folate, nucleoside, and amino acid transporters commonly increase
chemosensitivity by mediating the cellular uptake of
hydrophilic drugs such as gemcitabine and other nucleoside analogues [9].
Expression of drug transporter proteins is influenced by DNA methylation. The human multidrug re-

sistance gene 1 (MDR1), a member of the ABC transporter family, was shown to be overexpressed upon
treatment of the breast cancer cell line MCF-7 with
the demethylating drug 5-azacytidine, with accompanying changes in chromatin structure [15, 47]. Hypomethylation of the MDR1 gene accounts for glycoprotein P overexpression and results in aggressive behavior in invasive ductal carcinomas of the breast
[75]; it may also explain the P-glycoprotein-mediated
multidrug-resistance in some cell lines [47]. It was
also shown that the epigenetic status of the MDR1 locus dictates its expression following treatment with
chemotherapeutic drugs like daunorubicin and etoposide, such that the chemotherapeutic drugs activate
MDR1 transcription only when the promoter is significantly hypomethylated. Upregulation of MDR1
was also associated with histone modification. Increases in histone 3 (H3) acetylation and H3 methylation at lysine 4 (K4) correlate with MDR1 upregulation [5]. Multidrug resistance mediated by MRP-1
protein is, as reported by Liang et al. [52], influenced
by miRNA-326, which has an impact on the chemotherapeutic response of breast cancer cells. It was
found that miRNA-326 is downregulated in a panel of
advanced breast cancer tissues, and its expression is
inversely correlated with that of MRP-1, suggesting
that this miRNA may be an efficient agent for the prevention and treatment of MDR in tumor cells. Moreover, in the studies of Wang et al. [22, 83], miRNA-363
levels were associated with mRNA expression of
ABCB4, which encodes MDR-3.
The gene for solute carrier family 5 (iodide transporter) member 8 (SPC5A5), which has been characterized as a tumor suppressor, was also reported to be
downregulated by promoter methylation in pancreatic
and prostatic carcinomas; its expression was rescued
by treatment with DNA methylation inhibitors [69].
Other transporters have also been demonstrated to be
epigenetically downregulated. Aberrant hypermethylation of the reduced folate carrier (RFC) gene has
been associated with resistance to methotrexate in
cancer cell lines, primary osteosarcomas, lymphoproliferative disorders [42] and breast cancer [84]. Preliminary data provided by Canadelaria et al. [9]
showed that cervical cancer cell lines with acquired
resistance to gemcitabine downregulate expression of
the nucleoside transporter hENT1 methylating its promoter; this effect is reversed by treatment with a demethylating agent, leading to re-sensitization to gemcitabine. It was also shown that miRNA-221 influences
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the expression of another nucleoside transporter,
SLC29A1, whereas miRNA-181a, miRNA-181b, and
miRNA-213 have an impact on SLC47A1 [22, 83].
These examples indicate that intervention in drug
transporter expression at the epigenetic level may represent one way to overcome drug resistance.
Nuclear receptors

Nuclear receptors (NRs) form one of the largest superfamilies of transcription factors and play essential roles
in the regulation of a wide array of developmental and
physiological pathways, including the transcription
control of genes encoding drug transporters and enzymes. Nuclear receptors themselves are dynamically
modulated by several types of posttranslational modification including phosphorylation, methylation, acetylation, ubiquitination, and sumoylation. DNA methylation regulates the expression of members of the retinoic
acid receptor family. Loss of retinoic acid receptor-b2
expression in head and neck squamous cell carcinomas
was correlated with its hypermethylation, which occurs
early in head and neck carcinogenesis [87]. The genes
for this receptor and the steroid hormone receptor estrogen receptor a (ERa) were found to be regulated by
DNA methylation and histone modification in breast
cancer cells [7]. In mammals, DNA methylation is considered to be a very stable marker for ERa and androgen receptor silencing in cancer cells and in normal
brain development [31]. Treatment of ERa-negative
human breast cancer cells with the DNMT1 inhibitor
5-aza-2’-deoxycytidine rescues ERa mRNA and protein expression [19]. ERa transcripts may also be induced by the HDAC inhibitor trichostatin A [86].
miRNAs contribute to the regulation of the final
output of several NR signaling pathways at three different levels [68]. They can directly target the 3’UTR
of the NR mRNA itself and/or the 3’UTRs of the
mRNAs of the NR co-regulators or even NR target
genes, thereby regulating NR signaling in an indirect
manner. ER a was one of the first NRs whose 3’UTR
was shown to be targeted by miRNAs. Studies focusing on miRNAs that are differentially expressed in ER
a-positive and ER a-negative breast tumors found
that the levels of one of the miRNAs, miRNA-206,
are negatively correlated with ER a expression [34].
Furthermore, it was shown that miRNA-206 inhibits
ER a expression by directly targeting one of the
miRNA sites present in the 3’UTR of the ER a
mRNA [2].
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Picard and colleagues [68] performed a study on
the role of 14 miRNAs which might be involved in
ER a expression and found that miRNA-22 exerted
the strongest inhibition estrogen signaling, by directly
targeting ER a mRNA. Several other studies have
shown that 3’UTR of ER a is targeted by yet other
miRNAs, including miR-221. The latter was found to
be overexpressed in a tamoxifen-resistant variant of
the human breast cancer cell line MCF7 compared to
its tamoxifen-sensitive parent line, suggesting a role
for miRNAs in the acquisition of drug resistance during adjuvant therapy of breast cancer. The protein
level of the cell cycle inhibitor p27(Kip1), a known
target of miR-221/222, was reduced by 50% in tamoxifen-resistant and by 28–50% in miR-221/222overexpressing MCF-7 cells [58].
The transcription factor pregnane X receptor, which
regulates the expression of a number of CYP members, has been shown to be regulated by miR-148a
[78].
Thus, different mechanisms may be involved in the
epigenetic regulation of individual drug response.
Epigenetic targets and their inhibitors:
perspectives for the development of new
drugs and chemopreventive agents

In contrast to loci that undergo genetic alterations, the
genes that are silenced due to epigenetic modification
are still intact and can be reactivated by small molecules that act as modifiers of epigenetic mechanisms.
Therefore, targeting of epigenetic modifications is
a very promising strategy, particularly in cancer therapy or chemoprevention [29].
In cancer cells, a general decrease in the methylated cytosine level (genome hypomethylation) is accompanied by local CpG island hypermethylation
[48, 65]. Both hypo- and hypermethylation may promote cancer development. Genomic hypomethylation
may lead to genome instability and hypomethylation
of proto-oncogenes, which results in upregulation of
their expression. On the other hand, local promoter
CpG island hypermethylation induces the functional
silencing of tumor suppressor genes, mimicking genetic mutation. Epigenetics is thought to play a major
role not only in cancer but also in the pathogenesis of
some other multifactorial diseases such as schizophrenia and bipolar disorder, both of which are due to epigenetic defects rather than genetic effects [70]. Recently it was shown in animal models that epigenetic
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changes including histone modification and aberrant
DNA methylation affects diverse pathways leading to
depression-like behaviors. For instance, early life
stress can change the gene expression profiles of the
glucocorticoid receptor and brain-derived neurotrophic factor, and these altered expression profiles
can be reversed by treatment with epigenetic drugs.
Postmortem studies of depressed suicide victims also
revealed epigenetic changes in frontal cortex [74].
There are, however, reports indicating that in major
depressive disorders, the differential expression of the
glucocorticoid receptor is not epigenetically programmed [3]. Recent data indicate also that epigenetic changes play an important role in the development of cardiac hypertrophy and heart failure, which
may affect response to therapy [57]. Movassagh and
colleagues [59] reported that differential DNA methylation occurs in human end-stage cardiomyopathy.
Differential methylation of three angiogenesis-related
loci (PECAM1, ARHGAP24, and AMOTL2) correlated with altered gene expression in the various cardiac samples investigated. Hypermethylation within
the PECAM1 and AMOTL2 genes correlated with
their reduced expression, whereas hypermethylation
within the body of the ARHGAP24 gene correlated
with an increase in its expression. Unraveling additional epigenetic changes in gene expression leading
to cardiovascular diseases could help improve therapeutic options and alter patient management. There
are several neurological diseases that are associated
with deficiencies in enzymes or proteins required for
epigenetic modification of histones. Neurological disorders in which an epigenetic gene is mutated include
Rett syndrome, a thalassemia/mental retardation Xlinked syndrome (ATRX), Rubinstein-Taybi, and
Coffin-Lowry syndromes. Rubinstein-Taybi syndrome
is associated with the dysfunction of a histone acetyltransferase, while Coffin-Lowry syndrome is a neurological disease caused by deficiencies in a histone
phosphorylase. ATRX and Rett syndromes are both
X-linked disorders caused by mutations in a chromatin remodeling protein and in methyl-CpG binding
domain protein 2 (MeCP2), respectively [81].
All these pathological conditions require the development of epigenetic therapy.
To date the drugs that have been studied in the
greatest detail are inhibitors of DNA methyltransferase and histone deacetylase, which have potential for
use in the management of cancer [20]. Drugs from
both of these classes have started receiving approval

from the US FDA for treatment of patients [71]. Many
genes that are hypermethylated in cancer can be reactivated upon treatment with inhibitors of DNA methyltransferase. Multiple DNMTs with varying degrees of
specificity towards unmethylated and hemi-methylated DNA substrates appear to be present in humans.
DNMT1 shows higher specificity towards hemimethylated DNA substrates and is responsible for the
maintenance of DNA methylation profiles during cell
division. Interestingly, DNMT1 seems to be more frequently required for aberrant DNA methylation in
cancer cells than other DNMTs, making it the major
target for anticancer drugs [67]. Analogues of cytidine, such as 5-azacytidine or 5-aza-2’-deoxycytidine
(decitabine) and zebularine (a cytidine analogue containing a 2-(1H)-pyrimidinone ring), have long been
known for their ability to inhibit DNA methyltransferases [10, 38]. Apart from these nucleoside analogues,
other DNMT inhibitors, such as procainamide and
procaine, are undergoing preclinical trials [70]. However, the side effects and toxicity of these compounds
are serious concerns. A particularly important problem with all epigenetic drugs, not only DNMT inhibitors, is lack of specificity, which can result in effects
on non-target genes. Thus, there is a great need for the
development of effective and non-toxic inhibitors of
DNMTs for not only therapy but also chemoprevention. It has been shown that several potential chemopreventive/chemotherapeutic phytochemicals are able
to inhibit DNMTs.
(–)-Epigallocatechin-3-gallate (EGCG) inhibits
DNMT and reactivates the suppressor genes RARb,
p16 (CDKN2A), O6-methylguanine methyltransferase
(MGMT) and human mutL homologue 1 (hMLH1) in
tumor cells [17]. The other polyphenols in coffee, caffeic acid and chlorogenic acid, have also been reported to be strong DNMT1 inhibitors, especially in
the presence of COMT [50]. Further studies provided
evidence that other dietary components, e.g., genistein, nordihydoguaiaretic acid, lycopene, parthenolite
and Annurca apple polyphenols, may also affect DNA
methylation [67]. This activity, however, was often
gene-specific and cell line-dependent. For example,
EGCG was not effective in reducing DNA methylation in T24 (urinary bladder transitional cell carcinoma), PC3 (prostate adenocarcinoma) and HT29
(colorectal adenocarcinoma) cancer cells and did not
allow the reactivation of p16 in T24 cells [11].
Our study showed that a wide range of dietary phytochemicals were able to inhibit DNA methyltransfe-
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rase activity in a cell-free system, with betanin being
the weakest and rosmarinic and ellagic acids the
strongest modulators of the enzyme’s activity. However, while decitabine led to partial demethylation and
reactivation of genes, none of the phytochemicals
tested affected the methylation pattern or the expression of RASSF1A, GSTP1 or HIN1 in human breast
cancer MCF7 cells [67]. Thus, the results of our study
suggest that non-nucleoside agents are not likely to be
effective epigenetic modulators. However, long-term
exposure to these chemicals in the diet might be sufficient for chemoprevention. In this regard, it was
shown that even a nucleoside analogue like decitabine
is able to restore the expression of hypermethylated
genes after prolonged exposure (for many generations) of the cells to this compound [49]. Evidence
also exists of the role for inflammation in the induction of aberrant DNA methylation, e.g., through chlorination of cytosine residues [82]. Thus, dietary phytochemicals, which often have anti-inflammatory
properties, could indirectly affect the epigenome by
the modulation of inflammatory reactions.
The steady state levels of protein acetylation are
maintained by a dynamic equilibrium between histone
acetyltransferases (HATs) and histone deacetylases
(HDACs). While acetylation is associated with activation of gene transcription, deacetylation of histones is
associated with silencing of gene transcription [70]. It
is now well established that methylation of DNA and
histone modifications are intimately interconnected.
DNMTs can bind to HDACs, thereby repressing gene
transcription through histone deacetylation [8]. There
are three classes of HDACs (I, II and IV) with at least
11 isozymes identified, which were shown to be
zinc-dependent amidohydrolases [26]. The members
of the fourth class of HDACs (class III) are dependent
on NAD+ for their activity, which results in the formation of nicotinamide and O-acetyl-ADP ribose. Based
on the homology to the yeast histone deacetylase
Sir2p, the NAD+-dependent deacetylases have been
termed sirtuins; seven members (SIRT1–7), which are
localized either in the nucleus, cytoplasm, or mitochondria, have been described in humans. While class
I and II HDACs have been identified as valid anticancer targets and clinical studies of their inhibitors as
new anticancer agents are under way, much less is
known about the consequences of class III histone
deacetylase inhibition, which seems to be more complex and not univocal. While their activation may be
beneficial for metabolic diseases, sirtuin overexpres-
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sion is also related to Parkinson’s disease and cancer
[60]. Recently, SIRT1 (and the sirtuins in general)
have been intensely investigated, since it was shown
that sirtuin inhibitors induce apoptosis and could be
useful for the treatment of cancers [46].
The first inhibitors of class I and II HDACs were
isolated from natural sources; based upon these compounds, a variety of synthetic inhibitors have been developed. The general structure contains a binding region responsible for enzyme specificity, which is
separated by a spacer from a group that inactivates the
enzyme [29]. This inactivating group should be able
to bind a zinc ion in the active site. The HDACs inhibitors include small-chain fatty acids, hydroxamic
acids, cyclic tetrapeptides, benzamides and other
compounds that do not fit in these classifications,
such as electrophilic ketones [37, 56]. The largest
group of HDAC inhibitors are represented by those
that carry a hydroxamic acid as the zinc binding
group, with the natural product trichostatin A as
a leading structure [29]. There is some evidence that
histone deacetylase inhibitors could act as novel, effective antidepressants by counteracting previously
acquired adverse epigenetic modifications [74]. In
general, HDACs deacetylate both histone and nonhistone targets. This lack of specificity underlies the
pleiotropic effects of HDAC inhibitors, which are not
limited to alteration of gene expression but extend
into a wide array of cellular (nuclear and/or cytoplasmic) processes [6].
Although most research on epigenetic drugs and
chemopreventive agents to date has been concentrated
on developing inhibitors of DNMT or HDAC, other
potential therapeutic targets, such as histone acetyltransferase and histone methyltransferase, deserve attention [29, 45].
Some authors hold that instead of using epigenetic
drugs for the treatment of disease, one should target
biochemical pathways that have been disturbed epigenetically using more conventional drugs [18].
In addition to the extensive ongoing work on DNA
methyltransferase and histone deacetylase inhibitors,
there are also extensive efforts aimed at developing
drugs associated with the other major aspect of epigenetic regulation, RNA-mediated regulation of gene
expression. This description refers to the regulation of
gene expression by small non-coding RNAs, which
include the previously mentioned miRNAs as well as
small interfering RNAs (siRNA). The precursors of
these non-coding RNAs are longer double-stranded

Pharmacoepigenetics
Wanda Baer-Dubowska et al.

RNAs that are processed to small RNAs by specific
sets of enzymes and other proteins. Although in some
conditions small RNAs can activate gene expression,
they are mainly involved in silencing of gene expression [25]. Small RNAs are known to regulate the expression of more than 30% of protein-coding genes by
blocking mRNA translation [43, 89]. Aberrant miRNA
expression is known to contribute to the pathogenesis
of diseases such as cancer and cardiovascular disease,
and therefore, miRNAs may serve as novel targets for
therapy [89].
A better understanding of the interplay between
DNA methylation, histone modification and RNAmediated regulation of gene expression, which is expected to result from the ongoing Human Epigenome
Project [http://www.epigenome.org/index.php], will
lead to a better understanding of human diseases and
a new range of molecular targets for epigenetic drugs.

Conclusions and perspectives
Pharmacogenetics has been instrumental in describing
interindividual variation in drug metabolism. Epigenetic factors offer another layer of information that
could help develop more personalized therapy. The
dynamic aspects of epigenetics may not only provide
more precise clues to the roles of changing environmental factors in the drug response, thus linking the
environment to the genome, but also offer a way to reactivate silenced genes.
Histone modification, miRNA regulation of gene
expression, and methylation of genes involved in
DNA repair, cell cycle and the maintenance of genomic integrity, are all reported to influence sensitivity to chemotherapeutic drugs, suggesting that epigenetic factors could serve as molecular markers predicting the responsiveness of tumors and other
diseases to therapy. However, a comprehensive study
of pharmacoepigenomics awaits the advent of genome-wide analysis of DNA methylation using microarrays and next-generation sequencers. Natural
and chemical substances acting as novel small molecule inhibitors of enzymes involved in epigenetic
modification will further improve our understanding
of epigenetic mechanisms and possibly provide new
candidates for the prevention and treatment of many
diseases, particularly cancer.

Ultimately, to optimize chemotherapy and/or chemoprevention, both pharmacogenetics and pharmacoepigenetics must be taken into account.

References:
1. Abdulla P, Coe IR: Characterization and functional
analysis of the promoter for the human equilibrative nucleoside transport gene, hENT1. Nucleosides Nucleotides Nucleic Acids, 2007, 26, 99–110.
2. Adams BD, Furneaux H, White BA: The micro-ribonucleic
acid (miRNA) miR-206 targets the human estrogen receptor-a (ERa) and represses ERa messenger RNA and
protein expression in breast cancer cell lines. Mol Endocrinol, 2007, 21, 1132–1147.
3. Alt SR, Turner JD, Klok MD, Meijer OC, Lakke EA,
Derijk RH, Muller CP: Differential expression of glucocorticoid receptor transcripts in major depressive disorder is not epigenetically programmed. Psychoneuroendocrinology, 2010, 35, 544–556.
4. Anttila S, Hakkola J, Tuominen P, Elovaara E, HusgafvelPursiainen K, Karjalainen A, Hirvonen A, Nurminen T:
Methylation of cytochrome P4501A1 promoter in the
lung is associated with tobacco smoking. Cancer Res,
2003, 63, 8623–8628.
5. Baker EK, Johnstone RW, Zaicberg JR, El-Osta A: Epigenetic changes to the MDR1 locus in response to chemotherapeutic drugs. Oncogene, 2005, 24, 8061–8075.
6. Beumer JH, Tawbi H: Role of histone deacetylases and
their inhibitors in cancer biology and treatment. Curr
Clin Pharmacol, 2010, 5, 196–208.
7. Bovenzi V, Momparler RL: Antineoplastic action of 5aza-2’ deoxycytidine and histone deacetylase inhibitor
and their effect on the expression of retinoic acid receptor beta and estrogen receptor alpha genes in breast carcinoma cells. Cancer Chemother Pharmacol, 2001, 48,
71–76.
8. Burgers WA, Fuks F, Kouzarides T: DNA methyltransferases get connected to chromatin. Trends Genet, 2002,
18, 275–277.
9. Candelaria M, de la Cruz-Hernández E, Pérez-Cárdenas
E, Trejo-Becerril C, Gutiérrez- Hernández, DueñasGonzález: Pharmacogenetics and pharmacoepigenetics
of gemcitabine. Med Oncol, 2010, 27, 1133–1143.
10. Christman JK: 5-Azacytidine and 5-aza-2’-deoxycytidine
as inhibitors of DNA methylation: mechanistic studies
and their implications for cancer therapy. Oncogene,
2002, 21, 5483–5495.
11. Chuang JC, Yoo CB, Kwan JM, Li TWH, Liang G, Yang
AS, Jones PA: Comparison of biological effects of nonnucleoside DNA methylation inhibitors versus 5-aza-2’deoxycytidine. Mol Cancer Ther, 2005, 4, 1515–1520.
12. Clarke ML, Mackey JR, Baldwin SA, Young JD, Cass
CE: The role of membrane transporters in cellular resistance to anticancer nucleoside drugs. Cancer Treat Res,
2002, 112, 27–47.

Pharmacological Reports, 2011, 63, 293304

301

13. Crick F: Central dogma of molecular biology. Nature,
1970, 227, 561–563.
14. Dannenberg LO, Edenberg HJ: Epigenetics of gene expression in human hepatoma cells: expression profiling
the response to inhibition of DNA methylation and histone deacetylation. BMC Genomics, 2006, 7, 181.
15. David GL, Yegnasubramanian S, Kumar A, Marchi VL,
De Marzo AM, Lin X, Nelson WG: MDR1 promoter hypermethylation in MCF-7 human breast cancer cells:
changes in chromatin structure induced by treatment
with 5-aza-cytidine. Cancer Biol Ther, 2004, 3, 540–548.
16. Fabbri M, Calin GA: Epigenetics and miRNAs in human
cancer. Adv Genet, 2010, 70, 87–99.
17. Fang MZ, Wang Y, Ai N, Hou Z, Sun Y, Lu H, Welsh W,
Yang CS: Tea polyphenol (–)-epigallocatechin-3-gallate
inhibits DNA methyltransferase and reactivates
methylation-silenced genes in cancer cell lines. Cancer
Res, 2003, 63, 7563–7570.
18. Feinberg AP: Epigenetics at the epicenter of modern
medicine. JAMA, 2008, 299, 1345–1350.
19. Ferguson AT, Lapidus RG, Baylin SB, Davidson NE:
Demethylation of the estrogen receptor gene in estrogen
receptor-negative breast cancer cells can reactivate estrogen receptor gene expression. Cancer Res, 1995, 55,
2279–2283.
20. Gal-Yam EN, Saito Y, Egger G, Jones PA: Cancer epigenetics: modifications, screening, and therapy. Ann Rev
Med, 2008, 59, 267–280.
21. Ghotbi R, Gomez A, Milani L, Tybring G, Syvänen AC,
Bertilsson L, Ingelman-Sundberg M, Aklillu E: Allelespecific expression and gene methylation in the control
of CYP1A2 mRNA level in human livers. Pharmacoepigenomics, 2009, 9, 208–217.
22. Glubb DM, Innocenti F: Mechanisms of genetic regulation in gene expression: examples from drug metabolising enzymes and transporters. Wiley Interdiscip Rev Syst
Biol Med, 2011, 3, 299–313.
23. Gomez A, Ingelman-Sundberg M: Pharmacoepigenetics:
Its role in interindividual differences in drug response.
Clin Pharmacol Ther, 2009, 85, 426–430.
24. Gomez A, Karlgren M, Edler D, Bernal ML, Mkrtchian
S, Ingelman-Sunberg M: Expression of CYP2W1 in colon tumors: regulation by gene methylation. Pharmacogenomics, 2007, 8, 1315–1325.
25. Grosshans H, Filipowicz W: Molecular biology: the expanding world of small RNAs. Nature, 2008, 451,
414–416.
26. Gui CY, Ngo L, Xu WS, Richon VM, Marks PA: Histone
deacetylase (HDAC) inhibitor activation of p219). involves changes in promoter-associated proteins, including HDAC1. Proc Natl Acad Sci USA, 2004, 101,
1241–1246.
27. Habano W, Gamo T, Sugai T, Otsuka K, Wakabayashi G,
Ozawa S: CYP1B1, but not CYP1A1, is downregulated
by promoter methylation in colorectal cancers. Int J Oncol, 2009, 34, 1085–1091.
28. Hammons GJ, Yan-Sanders Y, Jin B, Blann E, Kadlubar
FF, Lyn-Cook BD: Specific site methylation in the 5’flanking region of CYP1A2 interindividual differences in
human livers. Life Sci, 2001, 69, 839–845.

302

Pharmacological Reports, 2011, 63, 293304

29. Hauser AT, Jung M: Targeting epigenetic mechanisms:
potential of natural products in cancer chemoprevention.
Planta Med, 2008, 74, 1593–1601.
30. Huang Y: Pharmacogenetics/genomics of membrane
transporters in cancer chemotherapy. Cancer Metastasis
Rev, 2007, 26, 183–201.
31. Imamura T: Epigenetic setting for long-term expression
of estrogen receptor alpha and androgen receptor in cells.
Horm Behav, 2011, 59, 345–352.
32. Ingelman-Sundberg M, Gomez A: The past, present and
future and pharmacoepigenomics. Pharmacogenomics,
2010, 11, 625–627.
33. Ingelman-Sundberg M, Sim SC, Gomez A, RodriguezAntona C: Influence of cytochrome P450 polymorphism
on drug therapies: pharmacogenetic, pharmacoepigenetic
and clinical aspects. Pharmacol Ther, 2007, 116, 496–526.
34. Iorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R,
Sabbioni S, Magri E et al.: MicroRNA gene expression
deregulation in human breast cancer. Cancer Res, 2005,
65, 7065–7070.
35. Jackson RJ, Standart N: How do-microRNAs regulate
gene expression? Sci STKE, 2007, re1.
36. Jenuwein T, Alllis CD: Translating the histone code. Science, 2001, 293, 1074–1079.
37. Johnstone RW: Histone-deacetylase inhibitors: novel
drugs for the treatment of cancer. Nat Rev Drug Discov,
2002, 1, 287–299.
38. Jones PA, Taylor SM: Cellular differentiation, cytidine
analogs and DNA methylation. Cell, 1980, 20, 85–93.
39. Jones SM, Boobis AR, Moore GE, Stanier PM: Expression of CYP2E1 during human fetal development: methylation of the CYP2E1 gene in human fetal and adult liver
samples. Biochem Pharmacol, 1992, 43, 1876–1879.
40. Karlgren M, Gomez A, Stark K, Svard J, RodriguezAntona C, Oliw E, Bernal ML et al.: Tumor-specific expression of the novel cytochrome P450 enzyme,
CYP2W1. Biochem Biophys Res Commun, 2006, 341,
451–458.
41. Karlgren M, Miura S, Ingelman-Sundberg M: Novel extrahepatic cytochrome P450s. Toxicol Appl Pharmacol,
2005, 207, 57–61.
42. Kastrup IB, Worm J, Ralfkiaer E, Hokland P, Guldberg P,
Grønbaek K: Genetic and epigenetic alterations of the reduced folate carrier in untreated diffuse large B-cell lymphoma. Eur J Haematol, 2008, 80, 81–66.
43. Kim DH, Rossi JJ: RNAi mechanisms and applications.
Biotechniques, 2008, 44, 613–616.
44. Kouzarides T: Chromatin modofications and their function. Cell, 2007, 128, 693–705
45. Kristeleir R, Stimson L, Workman P, Aherene W:
Histone modification enzymes: novel targets for cancer
drugs. Expert Opin Emerg Drugs, 2004, 9, 135–154.
46. Kuciñska M, Piotrowska H, Murias M: Sirtuins – modulation of their activity as a novel therapeutic target
(Polish). Pol Merkur Lekarski, 2010, 28, 231–235]
47. Kusaba H, Nakayama M, Harada T, Nomoto M, Kohno
K, Kuwano M, Wada M: Association of 5’-CpG demethylation and altered chromatin structure in the promoter
region with transcriptional activation of the multidrug resistance 1 gene in human cancer cells. Eur J Biochem,
1999, 262, 924–932.

Pharmacoepigenetics
Wanda Baer-Dubowska et al.

48. Laird PW: Cancer epigenetics. Hum Mol Genet, 2005,
14, 65–76.
49. Laird P, Jackson-Grusby L, Fazeli A, Dickinson SL,
Jung WE, Li E, Weiberg RA, Jaenisch R: Suppression
of intestinal neoplasia by DNA hypomethylation. Cell,
1995, 81, 197–205.
50. Lee WJ, Zhu RT: Inhibition of DNA methylation by caffeic acid and chlorogenic acid, two common catecholcontaining coffee polyphenols. Carcinogenesis, 2006, 27,
269–277.
51. Li Y, Cui Y, Hart SN, Klassen CD, Zhong XB: Dynamic
patterns of histone methylation are associated with oncogenic expression of the CYP3A4 genes during mouse
liver maturation. Mol Pharmacol, 2009, 75, 1171–1179.
52. Liang Z, Wu H, Xia J, Li Y, Zhang Y, Huang K, Wagar
N: Involvement of miR-326 in chemotherapy resistance
of breast cancer through modulating expression of multidrug resistance-associated protein 1. Biochem Pharmacol, 2010, 79, 817–24.
53. Ling G, Wei Y, Ding X: Transcriptional regulation of human CYP2A13 expression in the respiratory tract by
CCAAT/enhancer binding protein and epigenetic modulation. Mol Pharmacol, 2007, 71, 807–816.
54. Liu B, Lin Y, Darwanto A, Song X, Xu G, Zhang K:
Identification and characterisation of propionylation at
histone H3 lysine 23 in mammalian cells. J Biol Chem,
2009, 284, 32288–32295.
55. Luo W, Karf AR, Deeb KK, Muindi JR, Morrison CD,
Johnson CS, Trump DL: Epigenetic regulation of vitamin D 24-hydroxylase/CYP24A1 in human prostate cancer. Cancer Res, 2010, 70, 5953–5962.
56. Marks PA, Richan VM, Rifkind RA: Histone deacetylase
inhibitors: inducers of differentiation or apoptosis of transformed cells. J Natl Cancer Inst, 2000, 92, 1210–1216.
57. Mateo Leach I, van der Harst P, de Boer RA: Pharmacoepigenetics in heart failure. Curr Heart Fail Rep, 2010,
7, 83–90.
58. Miller TE, Ghoshal K, Ramaswamy B, Roy S, Datta J,
Shapiro CL, Jacob S, Majumder S.: MicroRNA-221/222
confers tamoxifen resistance in breast cancer by targeting p27Kip1. J Biol Chem, 2008, 283, 29897–29903.
59. Movassagh M, Choy MK, Goddard M, Bennett MR,
Down TA, Foo RS: Differential DNA methylation correlates with differential expression of angiogenic factors in
human heart failure. PLoS One 2010, 5, e8564.
60. Neugebauer RC, Sippl W, Jung M: Inhibitors of NAD+
dependent histone deacetylases (sirtuins). Curr Pharm
Des, 2008, 14, 562–573.
61. Novakovic B, Sibson M, Ng HK, Manuelpillai U, Rakyan V, Down T, Beck S et al.: Placenta-specific methylation of the vitamin D 24-hydroxylase gene: implications
for feedback autoregulation of active vitamin D levels at
the fetomaternal interface. J Biol Chem, 2009, 284,
14838–14848.
62. Okino ST, Pookot D, Li LC, Zhao H, Urakami S, Shiina
H, Igawa M, Dahiya R: Epigenetic inactivation of the
dioxin-responsive cytochrome P4501A1 gene in human
prostate cancer. Cancer Res, 2006, 66, 7420–7428.
63. Oneta CM, Lieber CS, Li J, Rüttimann S, Schmid B,
Lattmann J, Rosman AS, Seitz HK: Dynamics of cytochrome P4502E1 activity in man: induction by ethanol,

64.

65.
66.
67.

68.
69.

70.
71.
72.

73.

74.
75.

76.
77.
78.

79.

80.

and disappearance during withdrawal phase. J Hepatol,
2002, 36, 47–52.
Onica T, Nichols K, Larin M, Ng L, Maslen A, Dvorak
Z, Pascussi JM et al.: Dexamethasone-mediated upregulation of human CYP2A6 involves the glucocorticoid
receptor and increased binding of hepatic nuclear factor
4 a to the proximal promoter. Mol Pharmacol, 2008, 73,
451–460.
Paluszczak J, Baer-Dubowska W: Epigenetic diagnostics
of cancer- the application of DNA methylation markers.
J Appl Genet, 2006, 47, 365–375.
Paluszczak J, Baer-Dubowska W: Epigenome and cancer: new possibilities of cancer prevention and therapy?
(Polish). Postêpy Biochem, 2005, 51, 244–250.
Paluszczak J, Krajka-KuŸniak V, Baer-Dubowska W:
The effect of dietary polyphenols on the epigenetic regulation of gene expression in MCF7 breast cancer cells.
Toxicol Lett, 2010, 192, 119–125.
Pandey DP, Picard D: miR-22 inhibits estrogen signalling induces proliferation and migration of breast cancer
cells through CTGF. Mol Cell Biol, 2009, 29, 3783–3790.
Park JY, Helm JF, Zheng W, Ly QP, Hodul PJ, Centeno
BA, Malafa MP: Silencing of the candidate tumor suppressor gene solute carrier family 5 member 8 (SLC5A8)
in human pancreatic cancer. Pancreas, 2008, 36, 32–39.
Peedicayil J: Epigenetic therapy – a new development in
pharmacology. Indian J Med Res, 2006, 123, 17–24.
Peedicayil J: Pharmacoepigenetics and pharmacoepigenomics. Pharmacogenomics, 2008, 9, 1785–1786.
Rodriguez-Antona C, Gomez A, Karlgren M, Sim SC,
Ingelman-Sundberg M: Molecular genetics and epigenetics of cytochrome P450 gene family and its relevance for
cancer risk and treatment. Hum Genet, 2010, 127, 1–17.
Rønneberg JA, Tost J, Solvang HK, Alnaes GI, Johansen
FE, Brendeford EM, Yakhini Z et al.: GSTP1 promoter
haplotypes affect DNA methylation levels and promoter
activity in breast carcinomas. Cancer Res, 2008, 68,
5562–5571.
Schroeder M, Krebs MO, Bleich S, Frieling H: Epigenetics and depression: current challenges and new therapeutic options. Curr Opin Psychiatry, 2010, 23, 588–592.
Sharma G, Mirza S, Parshad R, Srivastava A, Datta
Gupta S, Pandya P, Ralhan R: CpG hypomethylation of
MDR1 gene in tumor and serum of invasive ductal breast
carcinoma patients. Clin Biochem, 2010, 43, 373–379.
Smith LT, Otterson GA, Plass C: Unraveling the epigenetic code of cancer for therapy. Trends Genet, 2007, 23,
449–456.
Szyf M: Toward a discipline of pharmacoepigenomics.
Curr Pharmacogenomics, 2004, 2, 357–377.
Takagi S, Nakajima M, Takagi S, Taniya T, Yokoi T:
Post-transcriptional regulation of human pregnane X receptor by micro-RNA affects the expression of cytochrome P450 3A4. J Biol Chem, 2008, 283, 9674–9680.
Tokizane T, Shiina H, Igawa M, Enokida H, Urakami S,
Kawakami T, Ogishima T et al.: Cytochrome P450 1B1
is overexpressed and regulated by hypomethylation in
prostate cancer. Clin Cancer Res, 2005, 11, 5793–5801.
Tsuchiya Y, Nakajima M, Takagi S, Taniya T, Yokoi T:
MicroRNA regulates the expression of human cytochrome P450 1B1. Cancer Res, 2006, 66, 9090–9098.
Pharmacological Reports, 2011, 63, 293304

303

81. Urdinguio RG, Sanchez-Mut JV, Esteller M: Epigenetic
mechanisms in neurological diseases: genes, syndromes,
and therapies. Lancet Neurol, 2009, 8, 1056–1072.
82. Valinluck V, Sowers LC: Inflammation-mediated cytosine damage: a mechanistic link between inflammation
and the epigenetic alterations in human cancers. Cancer
Res, 2007, 67, 5583–5586.
83. Wang L, Oberg AL, Asmann YW, Sicotte H, McDonnell
SK, Riska SM, Liu W: Genome-wide transcriptional profiling reveals microRNA-correlated genes and biological
processes in human lymphoblastoid cell lines. PLoS
One, 2009, 4, e5878.
84. Worm J, Kirkin AF, Dzhandzhugayan KN, Guldberg P:
Methylation-dependent silencing of the reduced folate in
inherently methotrexate-resistant human breast cancer
cells. J Biol Chem, 2001, 276, 39990–40000.
85. Yang M, Li Y, Padgett RW: MicroRNAs: Small regulators with a big impact. Cytokine Growth Factor Rev,
2005, 16, 387–393.

304

Pharmacological Reports, 2011, 63, 293304

86. Yang X, Ferguson AT, Nass SJ, Phillips DL, Butash KA,
Wang SM, Herman JG, Davidson NE: Transcriptional
activation of estrogen receptor a in human breast cancer
cells by histone deacetylase inhibition, Cancer Res,
2000, 60, 6890–6894.
87. Youssef EM, Lotan D, Issa JP, Wakasa K, Fan YH, Mao
L, Hassan K et al.: Hypermethylation of the retinoic acid
receptor-b gene in head and neck carcinogenesis. Clin
Cancer Res, 2004, 10, 1733–1742.
88. Zeng Y: Principles of micro-RNA production and maturation. Oncogene, 2006, 25, 6156–6162.
89. Zhang B, Farwell MA: MicroRNAs: a new emerging
class of players for disease diagnostics and gene therapy.
J Cell Mol Med, 2008, 12, 3–21.

Received: August 24, 2010; in the revised form: October 19,
2010; accepted: October 21, 2010.

