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Abstract In recent years, the epigenetic alterations, especial-
ly the regulation of microRNA (miRNA), have received much
attention in the context of tumor development and progres-
sion. High level of oncogenic miRNAs and low expression of
tumor-suppressive miRNAs are commonly observed in cancer
cells. These aberrant expressions of miRNAs are intimately
associated with tumor development and progression. The
expression level of miRNAs could be controlled by epigenetic
regulations. The hypermethylation at the promoter region of a
tumor-suppressive miRNA could cause decreased expression
of miRNA via the blockade of transcriptional elements. The
histone modification could also indirectly cause reduced ex-
pression of tumor-suppressive miRNAs, resulting in the high
expression of oncogenes. Interestingly, emerging evidences
have demonstrated that several non-toxic natural agents
known as nutraceuticals including isoflavone, curcumin, res-
veratrol, and 3,3'-diindolylmethane could significantly de-
crease the level of DNA hypermethylation in the promoter
of miRNAs or modulate histone, leading to the alteration of
miRNA expression which is believed to be associated with
inhibition of tumor development and progression. Therefore,
administration of these nutraceuticals combined with conven-
tional chemotherapeutics could be a promising therapeutic
strategy for fighting the war against cancers.
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Introduction

It is well known that genetic and epigenetic alterations in cells
are responsible for causing human cancers [1, 2]. For several
decades, cancer research has been mainly focused on the role
of genetic alterations in carcinogenesis (tumor development
and progression). In recent years, the epigenetic alterations,
especially microRNA (miRNA) regulation, have received
much attention in the investigation of carcinogenesis and
cancer progression. Increasing evidences showed that the
epigenetic regulations of specific genes are critically involved
in the development and progression of cancers [3-5]. In
cancer cells, the epigenetic alterations such as DNA methyl-
ation, histone modification, and miRNA expression lead to the
aberrant expression of oncogenes and tumor suppressor genes
without any changes in the DNA sequences. Therefore, epi-
genetic alterations significantly contribute to the development
and progression of cancers.

The miRNA is a non-coding small RNA. Although
miRNA does not code for any protein or peptide, it plays
critical roles in the regulation of gene expression. It is known
that miRNA inhibits the expression of its target genes by
binding to the 3’-untranslated region (3'-UTR) of specific
target gene for most part, causing inhibition of translation or
degradation of target mRNA [6]. In cancer cells, some
miRNAs are tumor suppressors inhibiting the expression of
oncogenes whereas some miRNAs function as oncogenic
regulators via downregulation of tumor suppressors. High
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level of oncogenic miRNAs and low expression of tumor-
suppressive miRNAs are commonly observed in cancer cells
[7]. These aberrant expressions of miRNAs lead to the devel-
opment and progression of cancers. Hence, the level and
balance of tumor-suppressive and oncogenic miRNAs in can-
cer cells are critical for carcinogenesis and the maintenance of
cancer growth. The expression level of miRNA could be
controlled by epigenetic and transcriptional regulations.
DNA methylation and histone modification are the most com-
mon events in epigenetic regulation of miRNAs. The hyper-
methylation of the DNA sequences in the promoter region of
tumor-suppressive miRNA could cause decreased levels of
miRNA expression via the blockade of transcriptional ele-
ments [8]. The histone modification could also indirectly
cause reduced level of expression of tumor-suppressive
miRNAs and high expression of oncogenic miRNAs, leading
to higher expression of oncogenes [8]. In this way, these
epigenetically deregulated miRNAs trigger the onset of can-
cers through a complex process [9].

Because the epigenetically deregulated miRNAs mediated
by DNA methylation or histone modification contribute sig-
nificantly to the occurrence and progression of cancers, thus,
targeting the epigenetically deregulated miRNAs in cancers

could become a promising strategy for the prevention and
treatment of cancers. Several epigenetic agents such as histone
deacetylase (HDAC) inhibitors and DNA methyltransferase
inhibitors have been synthesized and investigated for the
epigenetic regulations toward cancer therapy [10, 11¢¢]; how-
ever, these agents showed adverse toxicity and other unac-
ceptable side effects [12]. To overcome these limitations,
natural agents, which by definition are non-toxic, have been
tested for their effects on epigenetic regulation [13—16]. These
natural agents such as isoflavone, curcumin, resveratrol, and
3,3'-diindolylmethane, among many, have been known as
nutraceuticals and shown their effects on the epigenetically
regulated miRNAs which, in turn, may contribute to the
inhibition of carcinogenesis and cancer progression.

Epigenetic Deregulation of miRNAs in Cancers

DNA methylation and histone modification are most frequent-
ly investigated epigenetic regulations of miRNA expression
(Fig. 1). DNA methylation takes place by the addition of a
methyl (CH3) group at the 5-carbon of the cytosine ring in
CpG dinucleotides. This addition of methyl is catalyzed by
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Fig. 1 DNA methylation and histone modification-regulated miRNA expressions in cancer development and progression
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DNA methyltransferases (DNMTs) including DNMT]I,
DNMT3A, DNMT3B, and DNMT3L. The methylation in
CpG islands, which have a high frequency of CpG dinucleo-
tide, within the promoter of a miRNA blocks transcriptional
factors, resulting in lower expression of the specific miRNA
[17-19]. In addition, histone modification through acetylation,
deacetylation, or methylation by histone acetyltransferases
(HATSs), histone deacetylases (HDACs), or histone methyl-
transferases (HMTs) could also alter the expression levels of
specific miRNAs [17, 18, 20]. Therefore, both DNA methyl-
ation and histone modification appear to work together in
epigenetically regulated expressions of miRNAs in different
cancer types. In the following sections, we will describe epi-
genetic regulation of miRNA in selected human cancers.

Prostate Cancer

In prostate cancer, several miRNAs have been found to be
epigenetically deregulated. The miR-34 is a tumor-
suppressive miRNA, and the downregulation of miR-34 ex-
pression has been commonly observed in various cancers
including prostate cancer. It has been found that the low
expression of miR-34 in prostate cancer was, in part, due to
DNA methylation in the promoter region of miR-34 gene
[21]. Further study showed that androgen receptor (AR) and
Notchl are the direct targets of miR-34. Therefore, both AR
and Notch1 are activated due to the epigenetically deregulated
miR-34 expression in prostate cancer cells, leading to the
development and progression of prostate cancer. Another
example is miR-29a which is also a tumor-suppressive
miRNA. Similar to miR-34, miR-29a is downregulated in
prostate cancer cells and tissues due, in part, to DNA methyl-
ation in the promoter of miR-29a gene [13]. It has also been
found that the epigenetically deregulated miR-29a causes high
expression of its target gene TRIM68, one of the oncogenic
proteins, resulting in the development and progression of
prostate cancer [13]. In addition, the downregulation of an-
other tumor-suppressive miRNA, miR-145, has been ob-
served in different types of cancers including prostate cancer.
It has also been found that the promoter region of miR-145
gene was highly methylated in both prostate cancer tissues
and cell lines [22]. Moreover, miR-145 could be silenced
through p53 mutation in addition to epigenetic regulation.
Since miR-145 could downregulate OCT, SOX2, and KLF4
which are markers of embryonic stem cells, the epigenetic
deregulation of miR-145 could contribute to the growth of
prostatic cancer stem cells. In another study, focusing on
identifying epigenetically deregulated miRNAs in prostate
cancer, it was revealed that the levels of miR-205 and miR-
196b were epigenetically downregulated whereas the expres-
sion of miR-615 was epigenetically upregulated, suggesting
the importance of epigenetically deregulated miRNAs in pros-
tate carcinogenesis and the maintenance of tumor growth [23].

Breast Cancer

In breast cancer, the epigenetic regulation could cause higher
expression of some miRNAs. The increased level of miR-375
has been found in ERx-positive breast cancers with rapid
proliferation. It has been found that the upregulated miR-375
was, in part, due to the loss of H3K9me2 and local DNA
hypomethylation, the dissociation of transcriptional repressor
from the miR-375 promoter, and the ERx binding to the
regulatory regions of miR-375 promoter [24]. The high level
of miR-375 inhibited the expression of its target gene RASD1
which negatively regulated ER « expression, leading to higher
expression of ERo and consequent rapid tumor cell prolifer-
ation [24]. In contrast, epigenetic regulation also causes low
expression of some miRNAs in breast cancers. The hyperme-
thylation of miR-124a-1, miR-124a-2, and miR-124a-3 pro-
moters has been found in most cases of breast cancers, leading
to the lower expression of miR-124 [25]. Further studies
showed that the methylation of miR-124a-3 was significantly
associated with tumor size and that simultaneous methylation
of miR-124a-1, miR-124a-2, and miR-124a-3 was significant-
ly associated with the presence of lymph node metastasis [25].
Furthermore, overexpression of DNMT3b was significantly
correlated with the hypermethylation of miR-124a-3, suggest-
ing that the hypermethylation of miR-124a-3 is caused by
DNMT3b. In addition, both DNA methylation and histone
modification could change the structure of chromatin, leading
to the alterations in the miRNA expressions in mammary
stem/progenitor cells [26]. Therefore, investigating the mech-
anism underlying DNA methylation and histone
modification-regulated miRNA expression in mammary
stem/progenitor cells is important for the inhibition of breast
cancer initiation and progression.

Hepatic Cancer

Hepatic cancer also exhibits aberrant epigenetic regulation of
gene expression, leading to the disorder of cellular signaling
transduction. In hepatic cancer cells, some miRNA promoter
sequences undergo methylation-mediated silencing, resulting
in the downregulation of tumor-suppressive miRNAs. Using
cell lines and tissue samples from hepatic cancer, a study
screened the methylation status of 43 loci containing CpG
islands around 39 miRNA genes. It was found that miR-124,
miR-203, and miR-375 were silenced by CpG island methyl-
ation in hepatic cell lines [27]. However, in hepatic cancer
tissues, only miR-124 and miR-203 underwent methylation,
leading to lower expressions of miR-124 and miR-203. Mech-
anistic study showed that the direct downstream targets of
miR-124 and miR-203 include proliferation-promoting factor
cyclin-dependent kinase 6 (CDK®6), vimentin, and IQ motif
containing GTPase-activating protein 1 (IQGAP1), suggest-
ing that both miR-124 and miR-203 are tumor-suppressive
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miRNAs which are epigenetically deregulated during
hepatocarcinogenesis [28]. In addition, miR-148a is also si-
lenced by hypermethylation, causing higher expression of its
target, DNA methyltransferase 1, in the process of hepatocel-
lular carcinogenesis [27].

Moreover, it is known that the important epigenetic regu-
lating enzyme EZH?2 (enhancer of zeste homolog 2) critically
contributes to the epigenetic silencing of gene expression
including miRNA expression. In hepatic cancers, it was found
that 69.5 % of tumors overexpressed EZH2 [29+¢]. The in-
creased EZH2 expression was significantly associated with
tumor progression, invasion, and metastasis of hepatic can-
cers. Importantly, several tumor-suppressive miRNAs includ-
ing miR-139-5p, miR-125b, miR-101, let-7¢, and miR-200b
have been found to be downregulated by the overexpressed
EZH2, suggesting the roles of EZH2 in the epigenetic regula-
tion of miRNAs [29e¢]. Furthermore, knockdown of EZH2 in
hepatic cancer cells increased the level of these tumor-
suppressive miRNAs, resulting in the decreased expression
of tri-methylated H3K27 and consequently suppressed pul-
monary metastasis of hepatic cancer. These findings suggest
that EZH2 could epigenetically silence tumor-suppressive
miRNAs that inhibit metastasis of hepatic cancer [29+¢].

Oral Squamous Cell Carcinomas

In oral squamous cell carcinoma (OSCC), the epigenetic
regulation of miRNA expression has also been investigated.
By comparing the miRNA expression levels between tumor
and adjacent non-tumor tissue from OSCC patients, decreased
expression of miR-375 and miR-137 in OSCC tumor has been
identified and confirmed as the results of miR-137 gene
hypermethylation [30]. Moreover, the expressions of miR-
127, miR-200s, and miR-205 have been found to be epige-
netically activated in OSCC tumor tissues. However, the
expression of miR-200s and miR-205 were downregulated
in CD44"2" oral cancer stem cells without DNA hypermethy-
lation in miR-200/mi-205 genes [30]. These results suggest
that epigenetic regulation has important impact on the expres-
sion of miRNAs in OSCC, which will influence the develop-
ment and progression of OSCC.

Similarly, another study has been conducted to identify
miRNA signature of OSCC. It was found that the expression
levels of 54 miRNAs (36.5 %) were significantly decreased in
OSCC cell lines [31]. Among these 54 miRNAs, the genes of
four miRNAs including miR-34b, miR-137, miR-193a, and
miR-203 have been found to locate around CpG islands,
suggesting that the downregulation of these miRNAs could,
in part, be due to the aberrant DNA methylation. Further study
showed the re-expression of these four miRNAs after treat-
ment with demethylating agent 5-aza-2'-deoxycytidine, dem-
onstrating the epigenetic regulation of these miRNAs in
OSCC cells. It was also found that the downregulation of

@ Springer

miR-137 and miR-193a through hypermethylation was more
frequent in OSCC tissues and that the transfection of miR-137
or miR-193a into OSCC lines significantly inhibited the ex-
pression of cyclin-dependent kinase 6 and E2F transcription
factor 6, leading to the suppression of OSCC cell growth [31].
These results suggest the importance of epigenetic regulation
of miRNAs in OSCC.

Lung Cancer

The DNA hypermethylation in the region of miR-9 promoter
has been found in lung cancers [32]. This hypermethylation
results in the inactivation of miR-9 gene, resulting in lower
expression of miR-9 in lung cancers. Moreover, the hyperme-
thylation in miR-9 promoter is associated with cancer devel-
opment, metastasis, recurrence, and shorter overall survival
[32], suggesting the prognostic value of miR-9 methylation in
lung cancer. In addition, a study showed that the expression of
miR-503 was significantly decreased in NSCLC tissues com-
pared to normal tissues [33]. Further investigation showed that
the low expression of miR-503 was, in part, due to the meth-
ylation of miR-503 promoter and that the expression of miR-
503 could be restored by the treatment with a demethylating
agent 5-aza-2'-deoxycytidine, suggesting the silencing of
miR-503 is indeed through epigenetic regulation in lung can-
cers [33]. In addition, miR-29 family has been found to
directly target both methyltransferases 3A and 3B. The down-
regulation of the miR-29 family caused overexpression of
DNA methyltransferases 3A and 3B in lung cancer [34].
These findings suggest a regulatory loop of miR-29/methyl-
transferases/methylation in the epigenetic regulation of cancer
signaling in lung cancers.

Renal Cancer

A study has been conducted to investigate the miRNA genes
which were epigenetically modified in renal cancers. It was
found that the gene encoding for miR-9 was significantly
hypermethylated in renal cancer tissues compared with adja-
cent normal tissues [35]. The hypermethylation caused de-
creased expression of miR-9. Importantly, it was found that
the methylation of miR-9 gene was more significant in the
DNA obtained from the primary tumor of patients who devel-
oped recurrence. Therefore, the methylation of miR-9 gene
was significantly associated with an increased risk of recur-
rence and a decrease in recurrence-free survival time [35].
Similarly, the hypermethylation in the promoter of miR-34a
has also been found in the ACHN, 786-O, and SN12PM6
renal carcinoma cell lines, leading to lower expression of miR-
34a[36, 37]. Ectopic overexpression of miR-34a inhibited the
expression of CD44, resulting in the suppression of renal
cancer cell growth, invasion, and metastasis [36], suggesting
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the roles of epigenetically deregulated miR-34a expression in
the progression of renal cancers.

Endometrial Cancer

The miR-129 is a tumor-suppressive miRNA which directly
targets the expression of SOX4. It has been found that the
level of miR-129 was significantly downregulated while the
expression of SOX4 was highly upregulated in endometrial
cancer cells [38]. Moreover, the DNA hypermethylation in the
miR-129 CpG islands was found in endometrial cancer cell
lines and 68 % of endometrial cancer tissues. Further study
showed that histone acetylation and DNA demethylation up-
regulated the expression of miR-129, downregulated the ex-
pression of SOX4, and inhibited proliferation of endometrial
cancer cells [38], suggesting the epigenetic regulation of miR-
129 in endometrial cancers. In addition, increased methylation
of miR-203, miR-219, miR-596, and miR-618 was detected in
endometrial cancer cells compared to normal cell line and
endometrium [39]. Overexpression of miR-203 also inhibited
the expression of SOX4, suggesting that SOX4 could be a
target of miR-203. Moreover, methylation of miR-203 promot-
er was significantly associated with microsatellite instability
and MLH1 methylation in endometrial tumors [39], suggesting
the tumor-suppressive role of miR-203. The miR-152 is also a
tumor-suppressive miRNA which could be deregulated by
DNA hypermethylation. The methylation of miR-152 promoter
and lower expression of miR-152 have been found in endome-
trial cancers [40]. The expression of miR-152 could be restored
by the treatment with demethylating agent 5-aza-2-
deoxycytidine. Further mechanistic study found that DNMT1,
E2F3, and MET are targets of miR-152. The methylation of
miR-152 promoter could increase the expression of DNMT]I,
E2F3, and MET [40], leading to higher methylation status and
endometrial cancer development.

Pancreatic Cancer

Pancreatic cancer is a highly aggressive cancer which has both
genetic and epigenetic alterations. The epigenetically
deregulated miRNAs could contribute to the de novo and
acquired resistance to conventional therapeutics, leading to
higher mortality of patients diagnosed with pancreatic cancer.
Therefore, targeting these epigenetically deregulated miRNAs
could be a promising strategy for better treatment of pancre-
atic cancer. It was found that the DNA sequence of miR-615
gene was hypermethylated in its putative promoter region
among many other miRNAs, leading to lower expression of
miR-615 in pancreatic cancers [41]. Mechanistic study found
that overexpression of miR-615 in pancreatic cancer cells
inhibited the expression of its target gene insulin-like growth
factor 2 (IGF2), resulting in the suppression of pancreatic
cancer growth, migration, and invasion [41]. These results

demonstrate the role of epigenetically deregulated miR-615
in the aggressiveness of pancreatic cancers.

Gastrointestinal Cancers

Because low expression of miR-148a is commonly observed
in gastrointestinal cancers, the methylation status of miR-148a
promoter was investigated. It was found that the hypermethy-
lation at CpG site in miR-148a promoter region occurred in
56.25 % of gastric cancer tissues and 19.61 % of colorectal
cancer tissues [42]. Moreover, the hypermethylation of miR-
148a promoter was associated with increased tumor size and
tumor invasiveness in gastric cancer [42], suggesting that the
epigenetic regulation of miR-148a plays critical roles in the
progression of gastric cancers. The miR-34 is a tumor-
suppressive miRNA family. The expression of miR-34 family
could be regulated by tumor suppressor p53 and DNA hyper-
methylation in gastric cancers [43]. In addition, miR-10b
could be another tumor suppressor. It was found that the
expression of miR-10b was significantly decreased in gastric
cancer lines and tissues and that hypermethylation has been
found in the CpG islands upstream of miR-10b gene [44].
Moreover, transfection of miR-10b into MGC-803 and HGC-
27 gastric cancer cells significantly inhibited cell proliferation,
migration, and invasion through targeting Tiam1 [44], dem-
onstrating the tumor-suppressive feature of miR-10b. All of
these findings suggest the critical role of epigenetically
deregulated miRNAs in the development and progression of
gastrointestinal cancers.

Other Tumors

In rhabdomyosarcoma and neuroblastoma, several miRNAs
have been found to play critical roles in the processes of tissue
differentiation. These miRNAs are frequently downregulated
through epigenetic regulation in rhabdomyosarcoma (such as
miR-1, miR-206, miR-133, and miR-29) and neuroblastoma
(such as miR-9, miR-34a, miR-200b, miR-29a, and let-7)
[45]. These miRNAs are considered as tumor-suppressive
miRNAs. Therefore, regulation of epigenetic chromatin mod-
ulators to increase the level of tumor-suppressive miRNAs
could prevent the occurrence of rhabdomyosarcoma and neu-
roblastoma [45].

Recent studies have shown that in acute lymphoblastic
leukemia (ALL), DNA methylation contributed to decreased
levels of miRNAs during carcinogenesis. It was found that the
level of miR-124a was decreased in ALL because of DNA
hypermethylation and histone modifications such as de-
creased expression of 3mk4H3/AcH3 and increased expres-
sion of 2mK9H3/3mK9H3/3mK27H3 [46, 47]. The de-
creased miR-124a caused increased expressions of CDK6
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and phosphorylated retinoblastoma protein, leading to in-
creased proliferation of ALL cells [46, 47]. In addition, it
was found that tumor-suppressive miR-29a was downregulat-
ed in lymphoma which was, in part, due to hypermethylation
at the promoter region of miR-29a gene [48], demonstrating
the epigenetically deregulated miR-29a in lymphoma.

The miR-200 family has been known to play important
roles in the control of epithelial-mesenchymal transition
(EMT) through the inhibition of ZEBI and ZEB2. The DNA
hypermethylation in the region of miR-200 promoter has been
found in bladder cancers [49] among many other human
tumors. The methylation of miR-200 promoter caused lower
expression of miR-200, leading to EMT and increased prolif-
eration of bladder cancer cells [49].

All the findings described above demonstrate that epige-
netically deregulated expression of tumor-suppressive
miRNAs could significantly contribute to the development
and progression of various human malignancies.

Epigenetic Regulations of miRNAs by Nutraceuticals

Since aberrant expression of miRNAs caused by epigenetic
alteration is associated with the development and progression
of cancers, the agents targeting epigenetic machinery could be
developed for cancer prevention and treatment. The reversal
of epigenetically deregulated miRNA expression could mod-
ulate cancer phenotypes. Accumulating evidences have dem-
onstrated that several nutraceuticals including isoflavone,
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regions of miR-29a and miR-1256 were hypermethylated in
prostate cancer cells, resulting in lower levels of miR-29a and
miR-1256 in prostate cancer cells [13]. More importantly,
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Fig. 2 The effects of nutraceuticals on miRNA expression through DNA demethylation and histone modification
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isoflavone could downregulate the methylation of miR-29a
and miR-1256 promoters and subsequently increase the levels
of both miRNAs [13]. Since oncogenic protein TRIM68 and
PGK-1 are targets of miR-29a and miR-1256, isoflavone
could decrease the levels of TRIM68 and PGK-1 by increas-
ing the levels of miR-29a and miR-1256. Further study dem-
onstrated that isoflavone is not a pan-demethylating agent.
The demethylating effects of isoflavone on the methylation
of promoter sequences of miR-29a and miR-1256 were spe-
cific [13].

The miR-1260b has been found to be upregulated in pros-
tate cancer tissues. It was found that isoflavone genistein
could significantly downregulate the expression of miR-
1260b in prostate cancer cells, leading to increased levels of
sFRP1 and Smad4 which are two important targets of miR-
1260b [57]. Isoflavone genistein also increased the expression
of sFRP1 and Smad4 through DNA demethylation and his-
tone modifications, resulting in the suppression of prolifera-
tion, invasion, and migration of prostate cancer cells [57]. In
addition, several studies also showed that isoflavone genistein
could alter the expression of miR-145, miR-221, and miR-222
through epigenetic modulation, leading to the suppression of
prostate cancer growth [58, 59].

Epigenetic Regulation of miRNAs by Curcumin

Curcumin is derived from turmeric [60, 61]. Many in vitro and
in vivo studies have shown that curcumin possesses anti-
inflammatory, antioxidant, and anticancer activity [61-63].
Recent studies have demonstrated that curcumin could alter
the expression level of several miRNAs through epigenetic
regulation. It was reported that in bladder cancer, the expres-
sion of miR-203, one of the tumor-suppressive miRNAs, was
significantly decreased and that the DNA hypermethylation in
the promoter of miR-203 gene contributed to the decreased
expression of miR-203 [64]. Importantly, curcumin could
increase the expression level of tumor-suppressive miR-203
in bladder cancer through demethylating the promoter of miR-
203. The upregulation of miR-203 inhibited the expression of
Akt2 and Src, two of the miR-203 target genes, leading to the
inhibition of cell proliferation and induction of apoptosis in
bladder cancer cells [64]. This result suggests the DNA de-
methylation effect of curcumin on miRNA expression.
Curcumin could also regulate the enzymes which are crit-
ically involved in the epigenetic regulation [65]. It has been
found that curcumin at low concentration could serve as an
epigenctic agent through the regulation of histone
deacetylases, histone acetyltransferases, DNA methyltransfer-
ase I, and miRNAs, resulting in the modulation of multiple
biological processes [66]. In addition, it has been known that
hypermethylation of the PTEN promoter causes the lower
expression of this tumor suppressor protein in cancer cells.
Curcumin could induce the expression of miR-29b and

subsequently inhibit the expression of DNA methyltransferase
3b (DNMT3b) [67] which is a direct target of miR-29b. The
downregulation of DNMT3b caused decreased DNA methyl-
ation in the promoter of PTEN, leading to its upregulation,
resulting in the inhibition of cell proliferation and also the
induction of apoptosis in hepatic stellate cells [67].

Similar to curcumin, curcumin analog CDF also showed its
effects on epigenetic regulation of miRNAs. It was found that
the level of miR-34a/miR-34c was downregulated in colon
cancer tissues and cell lines [68]. The decreased expression of
miR-34a/miR-34¢ was, in part, due to hypermethylation of
miR-34 promoter. Importantly, the treatment of colon cancer
cells with CDF or demethylating agent 5-aza-2-deoxycytidine
significantly upregulated the expression of miR-34a/34c and
decreased the level of Notch 1, a target of miR-34, resulting in
the inhibition of colon cancer cell growth [68].

In addition, CDF also showed its inhibitory effects on
histone methyltransferase enhancer of zeste homolog 2
(EZH2). EZH?2 is a critical epigenetic regulator which modu-
lates cell survival, proliferation, and cancer stem cell function.
It is known that cancer stem cells express higher levels of
EZH2 which could be suppressed by miR-101. It is interesting
to note that CDF was able to upregulate the expression of
miR-101 and subsequently suppressed the expression of
EZH2, suggesting that CDF could inhibit EZH2-mediated
epigenetic regulation. In addition, CDF also increased the
expression levels of tumor-suppressive miRNAs such as let-
7 family, miR-26a, miR-146a, and miR-200 family, causing
the suppression of pancreatic cancer cell proliferation,
clonogenicity, pancreatosphere formation, invasion, and can-
cer stem cell function [69]. These results suggest that
curcumin analog CDF could inhibit the aggressiveness of
pancreatic cancer via targeting miRNA-EZH2 regulatory loop
in epigenetically controlled cell signaling.

Epigenetic Regulation of miRNAs by Resveratrol

Resveratrol is a natural compound found largely in the skins
of red grapes [70, 71]. Resveratrol shows antioxidant and
anticarcinogenesis features [72—74]. It was found that resver-
atrol could epigenetically regulate the expression of several
tumor suppressor miRNAs, resulting in the inhibition of car-
cinogenesis. Resveratrol suppressed the expression of DNA
methyltransferase (DNMT) 1 and 3b [75]. Resveratrol treat-
ment also significantly induced the expression of miR-129,
miR-204, and miR-489. Further analysis showed that there
was an inverse association between DNMT3b expression and
the levels of miR129, miR-204, and mi-489, suggesting that
resveratrol could epigenetically regulate the expression of
these miRNAs [75]. In addition, resveratrol could also regu-
late the epigenetic signal transduction in miR-520h/PP2A/
Akt/NF-kB/FOXC2 signal cascade, leading to the inhibition
of proliferation of lung cancer cells [76]. These findings

@ Springer



Curr Pharmacol Rep (2015) 1:1-10

demonstrate the effects of resveratrol on the epigenetic regu-
lation of miRNAs.

Epigenetic Regulation of miRNAs by 3,3’-Diindolylmethane

3, 3'-Diindolylmethane (DIM) is a phytochemical mainly
derived from cruciferous vegetables [77, 78]. DIM could
inhibit carcinogenesis and the progression of different types
of cancers [79-81]. Experimental studies found that DIM
could inhibit the growth of prostate cancer though the epige-
netic regulation of miRNAs. It is well known that androgen
receptor (AR) signaling plays important roles in the develop-
ment and progression of prostate cancer and castrate-resistant
prostate cancer [82]. Importantly, it was found that the loss of
miR-34a, which targeted AR and Notch 1, in prostate cancer
cells was responsible for the activation of AR signaling in
prostate cancers [21]. Treatment of prostate cancer cells with
DIM or 5-aza-2-deoxycytidine demethylated the promoter of
miR-34a. This finding suggests that miR-34a is epigenetically
deregulated in prostate cancer and that DIM could upregulate
the expression of miR-34a through the epigenetic regulation.
This epigenetic regulation could inhibit the expression of AR
and PSA in prostate cancer cells. More importantly, a clinical
study showed that DIM intervention prior to radical prosta-
tectomy in patients with prostate cancer induced the expres-
sion of miR-34a and suppressed the expression of AR, PSA,
and Notch-1 in prostate cancer tissues [21]. These results
demonstrate that epigenetic silencing of miR-34a by DIM
treatment could effectively inactivate AR signaling which
could be important for the treatment of prostate cancer.

Conclusions and Perspectives

In conclusion, recent studies have shown that the epigenetic
regulations of miRNAs by DNA methylation and histone
modifications significantly contribute to carcinogenesis (tu-
mor development) and cancer progression, thus targeting the
epigenetically deregulated miRNAs in cancers could become
a novel and promising strategy for the treatment of cancers.
The epigenetic therapy designed for cancer treatment has been
investigated and tested in clinical trials using epigenetic mod-
ifier drugs to re-express abnormally silenced tumor-
suppressive genes. However, the side effects of the epigenetic
drugs are the major concerns, although the drugs show some
beneficial effects. Hence, non-toxic nutraceuticals including
isoflavone, curcumin, resveratrol, and DIM have received
much attention as the agents of choice to be considered for
the epigenetic cancer therapy. The in vitro experiments and
in vivo animal studies have demonstrated that these
nutraceuticals could upregulate tumor-suppressive miRNAs
through demethylation of DNA sequences or modulation of

@ Springer

histone, which may lead to the suppression of cancer devel-
opment and progression. These nutraceuticals showed their
potent inhibitory effects on cancer cell proliferation, migra-
tion, invasion, and metastasis via the epigenetic regulation.
Therefore, administration of these non-toxic nutraceuticals
combined with conventional chemotherapeutics could be-
come a promising therapeutic strategy in winning the battle
against cancers. With the development of new technologies
such as next generation of methylation sequencing and pro-
filing, the details of epigenetically deregulated miRNAs in
various cancers and the molecular effects of nutraceuticals on
epigenetically deregulated miRNAs will certainly advance the
field of epigenetic therapy for both cancer prevention and
therapy.
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