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ABSTRACT

Until about a decade ago, the central dogma of genetics
was that RNA is the messenger between genes and the ﬁnal
proteins that they encode. However, recent advances in
high-throughput technology for gene expression led to the
discovery that most human transcriptional units are ncRNA2
(1). These RNA molecules do not encode proteins but have
important structural, catalytic, or regulatory functions, including regulation of gene expression (1–3). One such
ncRNA, miRNA, are small RNA molecules (on average 22 nucleotides in length) that are involved in post-transcriptional
gene silencing (4). miRNA arise from intergenic or intragenic
(both exonic and intronic) genomic regions that are initially
transcribed as immature primary transcripts (pri-miRNA),
which are subsequently transcribed to 60–100 nucleotide
hairpin pre-miRNA by the RNAse enzyme, Drosha (Fig. 1)
(5,6). This pre-miRNA is exported to the cytoplasm by the
nuclear factor Exportin-5. Once in the cytoplasm, the pre1
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miRNA is either further processed by the RNA polymerase
Dicer and unwound to yield mature miRNA or exported to
other cells through the bloodstream. Mature miRNA become
part of the RISC that coordinates miRNA-mediated regulation of gene expression through base-pairing between a
miRNA and sequence(s) within the 39 untranslated region
of a target mRNA [i.e. between the protein-coding region
of the mRNA and its poly(A) tail] (7,8). Binding of the
miRNA to the mRNA results in a reduced translation rate
and/or increased degradation of the mRNA.
miRNA are largely conserved between species, implying
that their gene regulatory function may have ancient origins.
Currently >1000 human miRNA sequences are known (9)
and it has been speculated that miRNA could regulate
w60% of the human genome (6). miRNA are abundantly
present in all human cells and it is thought that each miRNA
has hundreds of evolutionarily conserved targets and several
times that number of nonconserved targets, suggesting the
possibility of regulating an incredible number of targets
each (10). Furthermore, more than one miRNA can converge
on a single protein-coding gene target. Through regulation of
gene expression, miRNA participate in the regulation of
almost every cellular process that has been investigated, including cholesterol metabolism (11), postimplantation development (12), insulin synthesis in pancreatic b-cells (13), and
hematopoiesis (14), to name a few. Furthermore, miRNA
have been shown to be modulated by exercise (15) and
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MicroRNA (miRNA) are small noncoding RNA molecules that are involved in post-transcriptional gene silencing. Alterations in miRNA expression
are observed in and may underlie many different human diseases, including cancer. In fact, miRNA have been shown to affect the hallmarks of
cancer, including sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, and activating invasion and metastasis. Genetic and epigenetic alterations may explain aberrant miRNA expression in cancer cells
and may also contribute to cancer risk. It is now thought that by circulating through the bloodstream, miRNA can exert their effects at distant
sites as well as within the cells of origin. Recent evidence suggests that nutrients and other bioactive food components protect against cancer
through modulation of miRNA expression. Moreover, dietary factors have been shown to modify miRNA expression and their mRNA targets
in various cancer processes, including apoptosis, cell cycle regulation, differentiation, inﬂammation, angiogenesis, and metastasis as well as
pathways in stress response. Herein, we provide a brief overview of dietary modulation of miRNA expression and its potential role in cancer
prevention. Understanding the affect of dietary factors on miRNA expression and function may provide insight on prevention strategies to
reduce the burden of cancer. Adv. Nutr. 2: 472–485, 2011.

FIGURE 1 Cellular
biogenesis, export, and
circulation of miRNA. miRNA
are processed from precursor
molecules via a 2-step
mechanism. In the nucleus,
the enzyme Drosha
processes the pri-miRNA to
pre-miRNA hairpins, which
are exported to the
cytoplasm. Once in the
cytoplasm, the pre-miRNA is
either further processed by
the RNA polymerase Dicer
and unwound to yield
mature miRNA or exported to
other cells through the
bloodstream. Mature miRNA
are assembled into the RISC.
The miRNA-RISC complex
regulates post-transcriptional
expression by targeting
specific mRNA for
degradation or translational
inhibition. For cell export,
pre-miRNA are thought to be
packaged into exosomes
and/or multivesicular bodies
and transported into the
bloodstream. These
circulating miRNA are
thought to be taken up by
recipient cells by either
endocytosis or receptor
binding and processed into
mature miRNA to inhibit the
expression of target proteincoding genes in the recipient
cell. Ago2, Argonaute 2; miRNA, microRNA; pre-miRNA, precursor microRNA; pri-miRNA, precursor primary microRNA; RISC, RNAinduced silencing complex; TRSP, (or TARBP2) trans-activation-responsive RNA-binding protein.

environmental chemicals (16) as well as by dietary factors
(5,17–21). However, the specific function and mRNA targets
of many mammalian miRNA remain unknown (6,22). Characterization of global miRNA expression patterns by microarray technology has recently aided the identification and
cataloging of miRNA in normal and diseased tissue, including
verifying early observations of tissue and developmental
stage-specific expression of miRNA. A detailed understanding
of the critical functions of miRNA in health and disease is still
emerging.
A relevant, though at present puzzling, feature of miRNA
is their remarkable stability, which suggests their utility as
biomarkers. For example, miRNA have been efﬁciently extracted and evaluated from preserved tissue samples, including formalin-ﬁxed and parafﬁn-embedded material (23).
Another emerging aspect of miRNA biology is that miRNA
are stable in serum, plasma, and other body ﬂuids (24). It is
now thought that miRNA act not only within cells of origin
but may also act at other sites within the body by circulating

through the bloodstream and targeting other cells (Fig. 1).
To accomplish this, pre-miRNA can be packaged into exosomes and/or multivesicular bodies and transported into
the bloodstream and thereby taken up by recipient cells
and processed into mature miRNA to inhibit the expression
of target protein-coding genes in the recipient cell. The presence of circulating miRNA opens up the exciting possibility
of analyzing serum miRNA as new noninvasive biomarkers
for disease as well as for monitoring the response to
interventions.
Alterations in miRNA expression are observed in and
may underlie many different human diseases, including cancer (25). miRNA are thought to be involved in cancer initiation and progression and their expression proﬁles serve as
phenotypic signatures of different cancers. Recent evidence
suggests that nutrients and other BFC, including folate, selenium, and (n-3) fatty acids, exert cancer protective effects
through modulation of miRNA expression. Following a
brief summary of the involvement of miRNA in cancer, we
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update the most recent knowledge about nutritional modulation of miRNA using examples from the cancer prevention
literature where the strongest evidence for this activity can
be found.

Current Status of Knowledge
miRNA and cancer
miRNA are thought to inﬂuence the pathophysiology of
all types of human cancers. Aberrant expression of mature and/or precursor miRNA transcripts have been characterized in several different tumor tissues compared to
corresponding normal tissues (26). Studies also demonstrate that there are distinct miRNA expression patterns
associated with speciﬁc tumor types, as evidenced by a recent study that utilized miRNA proﬁling to determine the
identiﬁcation of cancers with unknown primary tissue of
origin (27). Moreover, miRNA have been associated with
tumorigenesis by functioning as tumor suppressors or oncogenes, the archetypical examples being lethal-7 (let-7)
and mir-21, respectively (28). Acting in these capacities,
miRNA have been shown to affect the hallmarks of cancer,
including sustaining proliferative signaling, evading
growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, and activating
invasion and metastasis (Fig. 2) (29–32). Therefore, disturbances of miRNA expression and function appear to
contribute to the initiation, maintenance, and progression of tumors as well as to invasiveness, metastasis, and
even acquisition of drug resistance in cancer (33,34).
CLL was the ﬁrst human cancer for which miRNA involvement was described (35). In 2002, the chromosomal
deletion (13q14.3) associated with CLL was found to encompass 2 miRNA, miR-15a and miR16–1 (35). Through
detailed deletion and expression analysis, these investigators
demonstrated that miR-15a and miR-16 were deleted or
downregulated in ~68% of CLL cases. Additional studies

FIGURE 2 Aberrant miRNA
expression affects signaling pathways
to enhance tumorigenesis.
Representative miRNA are depicted
that have been shown to act as
oncogenes or tumor suppressor
genes to affect the 6 common
hallmarks of cancer. miRNA,
microRNA.
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showed that these miRNA negatively regulate Bcl2, a protein
that inhibits apoptosis, at the posttranscriptional level (36).
Further validation of miR-15a and miR-16 activity as important in protecting against carcinogenesis was obtained when
transfection of the miR-15a/miR-16–1 cluster in a megakaryocytic cell line was sufficient to decrease the protein levels
of Bcl2 and activate apoptosis (36).
Genomic, molecular, and functional approaches are being utilized to determine the causes of miRNA deregulation
in cancer. For example, early reports suggested that more
than one-half of the known human miRNA were located
at fragile sites as well as sites of loss of heterozygosity, ampliﬁcation, and common breakpoint regions, which are genomic regions prone to alterations in cancer cells (37).
Other investigators, using a high-resolution, array-based,
comparative genomic hybridization approach, discovered
that a large proportion of miRNA gene-containing genomic
loci exhibit DNA copy number alterations in breast cancer,
ovarian cancer, and melanoma, suggesting that genomic alterations likely contribute to the altered miRNA expression
in cancer cells (38). Thus, disturbances in the expression of
miRNA that result in upregulation may occur as a consequence of gene ampliﬁcation, gene translocation, or abnormal regulation, whereas loss of function and downregulation
of a miRNA could be due to genomic deletion, mutation,
epigenetic silencing, abnormal regulation, and/or miRNA
processing alterations (26,33). Furthermore, SNP or copy
number defects in germline miRNA, its precursor, or its target mRNA may have detrimental effects on cellular function
and may contribute to cancer risk (39,40).
Since the ﬁrst observations of aberrant miRNA in cancer,
there has been an explosion of research toward undertanding the biology of various miRNA in different cancers.
As an example, the role of the let-7 family of miRNA in
cancer is brieﬂy highlighted. Decreased expression of let-7
miRNA is associated with increased tumorigenesis, whereas

experimental overexpression of let-7 has been shown to inhibit the growth of both cultured tumor cells and tumors
in animal models (41). This activity may be related to the
ability of let-7 to actively regulate cancer stem cell differentiation. However, the exact role of let-7 in cancer is not yet fully
understood.
Although the let-7 family has been found to be downregulated in lung cancer (42), one member of this family, let7a-3, was found to have increased expression in human lung
adenocarcinoma epithelial cells (43). It was found that gene
hypomethylation of let-7a-3 facilitated epigenetic reactivation of the gene and increased expression of let-7a-3 in these
cells. Further investigations revealed that the let-7a-3 gene
was heavily methylated in normal human tissues but hypomethylated in some lung adenocarcinomas. These results
identify let-7a-3 as a gene that is epigenetically regulated
and functions as a miRNA with oncogenic activity. It is
also an example of how miRNA of the same family can
have bivalent roles in cancer.
In another report, investigators performed miRNA expression microarray screening using RNA from formalinﬁxed, parafﬁn-embedded breast tissues, including benign,
ductal carcinoma in situ, and invasive ductal carcinoma
(44). Of 25 differentially expressed miRNA identiﬁed, the
let-7 family of miRNA were downregulated in human breast
cancer tissues at stages of ductal carcinoma in situ and invasive ductal carcinoma compared to the benign stage. An inverse correlation between ERa expression and several
members of let-7 family was also observed in the tissues. Bioinformatics analysis revealed that let-7 miRNA sequences
matched sequences in the 39-untranslated regions of ERa,
suggesting ERa may be a target of let-7. Confirmation of
this activity by overexpressing let-7 miRNA in ER-positive
breast cancer MCF-7 cells negatively affected ERa activity,
inhibited cell proliferation, and triggered apoptosis. These
findings indicated a new regulatory mechanism of let-7
miRNA in ERa-mediated cellular malignant growth of
breast cancer.
Observational studies of diabetic cohorts and cancer patients have found that metformin users have lower risks for
cancer than patients receiving other diabetes drugs (45).
Furthermore, studies in animal tumor models and cancer
cell lines have found that metformin prevents tumor development or inhibits cell proliferation (45). An intriguing recent study examined the ability of metformin to modulate
the expression of miRNA in MCF-7 breast cancer cells
(46). The expression proﬁles of 88 cancer-related miRNA sequences before and after metformin treatment of MCF-7
cells were quantitatively analyzed using RT-PCR. An 18-fold
increase in miRNA let-7a expression compared with untreated control cells was observed, implicating let-7a miRNA
as a novel metformin target gene. These observations may explain why the use of metformin has been linked to decreased
breast cancer risk.
Interestingly, a number of miRNA that are associated
with obesity and diabetes have also been implicated in carcinogenesis. Lower levels of adiponectin and higher levels

of leptin contribute to the development of insulin resistance,
which is observed in obesity and diabetes. This metabolic
disturbance has been found to be associated with aberrant
expression of miRNA, such as let7, miR-27, and miR-143,
miRNA that are also dysregulated during carcinogenesis,
and might provide a mechanistic link between obesity, diabetes, and cancer (47–49). Thus, aberrant miRNA expression might provide novel molecular targets for several
cancer prevention modalities agents (i.e. metformin, nutrition) as well as mechanistic insights for the relationship between cellular energetics, diet, and cancer prevention.
Aberrant expression and/or dysregulation of miRNA
have been characterized during the early stages of tumor development and thus they are thought to be potential molecular targets for cancer prevention as well as biomarkers of
early stage cancer (30–33). A recent study found that patients with early stage, nonsmall cell lung carcinomas in a
population of asymptomatic high-risk individuals were
identified with 80% accuracy using a panel of 34 miRNA
from serum (50). The miRNA signature assigned disease
probability accurately in both asymptomatic or symptomatic patients, distinguished between benign and malignant
lesions, and captured the onset of the malignant disease in
individual patients over time. As for utility in understanding
susceptibility, case-control studies have provided evidence
for an association of miRNA-SNP and SNP in miRNAbinding sites and cancer risk. As an example, the association
between hsa-miR-196a2 rs11614913 polymorphism and
cancer risk has been studied but with inconclusive results.
A recent meta-analysis of 15 studies that included 9341 cancer cases and 10,569 case-free controls found the hsa-miR196a2 rs11614913 T > C polymorphism was associated
with an significantly increased cancer risk in the variant
TC heterozygote [OR = 1.16 (95% CI = 1.02–1.32)], CC homozygote [OR = 1.22 (95% CI = 1.04–1.44)], and TC/CC
genotype [OR = 1.18 (95% CI = 1.03–1.34)] as compared
to the TT wild-type homozygote (51). Thus, there is increasing evidence suggesting that miRNA are implicated in cancer
risk and prevention.
Nutritional modulation of miRNA in cancer models
Several studies have reported on the ability of essential nutrients, phytochemicals, or other BFC to modulate the expression of miRNA in different cancer cells and other
model systems. Studies examining the effects of various dietary patterns (i.e. Western diet) or alterations in macronutrient content (i.e. caloric restriction) on miRNA expression
and function are few. A recent study concerning the effects
of a Western diet [deﬁned as a diet with increased animal
fat and lower levels of cholecalciferol and calcium to approximate amounts consumed in Western diets (52)] on EGFRregulated miRNA in colonic tumorigenesis is one example
(53). Earlier reports suggested that tumor promotion by a
similar diet required EGFR signals, including MYC and
K-Ras (54,55). These investigators recently found that
EGFR suppressed miR-143 and miR-145 and that the tumor
suppressor effects of these miRNA were uncovered in the
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presence of a Western diet that promotes colonic tumorigenesis and upregulates targets of these miRNA (i.e. MYC
and K-Ras) that are no longer restrained in the absence of
these miRNA (53). Additional in vivo studies examining
the inﬂuence of macronutrients and/or dietary pattern on
miRNA expression and function would likely provide promising insights into nutrition and cancer prevention.
Epidemiological observations might provide insight into
the diet, lifestyle, and genetic factors that inﬂuence miRNA
expression. Such observations for dietary factors are just beginning to be studied. One example concerns the association
of miRNA expression with various exposures, including alcohol intake, and clinical features associated with head and neck
squamous cell carcinomas (56). In tumor tissue from 169
cases, expression of miR-375 was shown to signiﬁcantly increase with alcohol consumption and showed higher expression in tumors of pharyngeal and laryngeal origin compared
with oral tumors. Studies using appropriate comparison populations as well as individuals at high risk for cancer should be
utilized. For example, it might now be plausible to study the
association of dietary variables with circulating miRNA in individuals at high risk for certain cancers.
Observations and mechanisms by which dietary factors
modulate miRNA expression and function leading to inhibition of cancer cell growth, induction of apoptosis, and other
protective processes are highlighted below. Other studies
discussed provide examples for the harmful effects of certain
dietary factors on miRNA expression and their function in
promoting cancer. An increased understanding of the effects
of dietary factors on miRNA alterations may provide unique
effective prevention strategies for reducing the burden of
cancer.
Essential nutrients
Dietary folate has been found to modulate miRNA expression in different model systems and this may be related to
the activity of folate in cancer prevention and risk. Human
lymphoblastoid cells grown in folate-deﬁcient media induced signiﬁcant changes in the levels of 24 miRNA, including hsa-miR-222 (57) (Table 1). When folate was added
back to the media, the miRNA expression profiles returned
to that of control cells. These results suggest that dietary
modulation of miRNA expression is reversible. Furthermore, miR-222 expression increased in vivo in human peripheral blood from individuals with low-folate status
compared to those with the highest folate status (57). These
data suggest that aberrant miRNA expression might be potential biomarkers of nutritional status in humans as well
as participants in cancer prevention.
Several studies have examined the disruption of miRNA
in HCC induced by nutrient deﬁciency. Rats fed a methyldeﬁcient diet (a diet devoid of folate and choline and containing low methionine) develop HCC at 54 wk of age
in the absence of carcinogen treatment (58). Comparison
of the miRNA proﬁle by microarray analysis of livers from
the animals fed the methyl-deﬁcient diet to livers of rats
on the normal diet showed increased expression of let-7a,
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miR-21, miR-23, miR-130, miR-190, and miR-17–92 and
decreased expression of miR-122 in the methyl-deficient animals (Table 2). However, when rats were switched from the
deficient to the methyl-adequate diet after 36 wk, expression
of miR-122 at 54 wk was normal and tumors did not develop. Decreased expression of miR-122 has been observed
in a large set of human HCC samples (59). Thus, the timing
of exposure to the methyl-deficient diet has implications for
miR-122 expression and liver cancer development.
Additional studies were conducted to determine whether
the development of HCC was associated with altered expression of miRNA involved in the regulation of cell proliferation and apoptosis and to determine targets of aberrantly
expressed miRNA that inﬂuence these carcinogenic processes (60). HCC induced by methyl deﬁciency was characterized by signiﬁcant downregulation of miR-34a, miR-16a,
miR-127, miR181a, miR-20a, and miR-200b. The signiﬁcance of aberrant miRNA expression ﬁndings was determined by examining protein levels of the experimentally
conﬁrmed targets of these differentially expressed miRNA.
Western-blot analysis showed increased levels of E2F3 and
Bcl6, proteins involved in the balance of apoptosis and cell
proliferation and regulated by miR-34a and miR-127, respectively, in the liver of rats fed a methyl-deﬁcient diet (60).
These ﬁndings suggest that the dysregulation of miRNA
expression may be an important contributing factor in the
development of HCC.
Hepatic miRNA were found to be dysregulated at early
stages of carcinogenesis in C57BL/6 mice fed a cholinedeﬁcient and amino acid-deﬁned diet that is known to promote nonalcoholic steatohepatitis-induced HCC after 84 wk
(61). Upregulation of oncogenic miR-155, miR-221/222,
and miR-21 and downregulation of the abundant liverspeciﬁc miR-122 was demonstrated at the early stages of
HCC. Reduced protein expression of hepatic PTEN and
CCAAT/enhancer binding protein beta (C/EBPb), respective targets of miR-21 and miR-155, was also found at early
stages. It was concluded that upregulation of oncogenic
miRNA with concomitant suppression of their tumor suppressor targets is a very early molecular event that could
play a causal role in HCC.
RA is an active metabolite of vitamin A involved in cellular differentiation that has also been shown to modulate
miRNA expression in various cells, including acute promyelocytic leukemia (62) and neuroblastoma cell lines (63).
Eight miRNA were upregulated (miR-15a, miR-15b, miR16–1, let-7a-3, let-7c, let-7d, miR-223, miR-342, and miR107) and one was downregulated (miR-181b) in cells
derived from acute promyelocytic leukemia patients after incubation with 100 nmol/L all-trans retiRA (62). To understand RA regulation of miRNA, the investigators searched
for RA-modulated transcription factor binding sites in the
upstream genomic region of the let-7a-3/let-7b cluster and
identified a functional proximal NFkB binding site as essential for the transactivation of the let-7a-3/let-7b cluster.
Thus, RA-induced NFkB binds to the promoter of the let7a-3 gene and activates its transcription. Moreover, the
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2.5 mmol/L
100 mmol/L

Human HCC cell line HepG2

Human pancreatic cancer cell lines,
MiaPaCa-2, Panc-1 (gemcitabine-resistant),
and L3.6pl (gemcitabine-sensitive)

Human pancreatic cancer
cell lines Panc-1, Colo357

Human uveal melanoma cell line C918
Human prostate cancer cell line PC-3
Human prostate cancer cell line DU145

Isoflavones

Isoflavones

Genistein
Genistein
PJ

DIM

DIM
DIM

Curcumin

Curcumin

Human pancreatic carcinoma
cell line BxPC-3
Human breast adenocarcinoma
cell line MCF-7
Human lung adenocarcinoma
cell line A549
Human breast cancer cell line MCF-7
Human pancreatic cancer cell lines
MiaPaCa-2, Panc-1 (gemcitabine-resistant)
and L3.6pl (gemcitabine-sensitive)
Human pancreatic cancer cell
lines Panc-1, Colo357

Curcumin

Sodium selenite
Phytochemicals
EGCG

1,25(OH)2D

1,25(OH)2D

30–45 mmol/L
25 mmol/L BioResponseDIM with higher
bioavailability
25 mmol/L BioResponseDIM with higher
bioavailability
25 mmol/L Isoflavone mixture
G2535 (70.54% genistein,
26.34% daidzin, and 0.31%
glycitein)
25 mmol/L Isoflavone mixture
G2535 (70.54% genistein,
26.34% diadzin, and 0.31%
glycitein)
25–200 mmol/L
50 mmol/L
5% ﬁltered PJ

5–30 mmol/L

10–60 mmol/L

10 mmol/L

250 nmol/L

1–10 nmol/L

5 mmol/L

Human neuroblastoma cell lines
SK-N-BE, LAN5 and SHSY-5Y
Human myeloid leukemia cell
lines HL60 and U937
Normal human breast epithelial
cell line MCF12F
Human prostate cancer cell line LNCaP

RA

Folate-deﬁcient RPMI 1640
(Invitrogen) with dialyzed
FBS to eliminate folic
acid in the serum
100 nmol/L

Human promyelocytic cell line NB4

Human lymphoblast TK-6 cells

Concentration

RA

Essential nutrients
Folate

Cell type

miRNA upregulated

miR-335, miR-205, miR-200
family, and miR-126

miR-146a

miR-200b, miR-200c,
let-7b, and let-7e

miR-146a

miR-21
miR-200b, miR-200c, let-7b,
and let-7e

miR-15a and miR-16

miR-22

let-7a, miR-16 and miR-221

miR-34b and miR-34c

let-7b

miR-15a, miR-15b, miR-16–1,
let-7a-3, let-7c, let-7d, miR-223,
miR-342 and miR-107
miR-10a and miR-10b

miR-222

Representative dietary components that can modulate microRNA (miRNA) in various cell lines1

Dietary
component

TABLE 1

miR-27a
miR-221 and miR-222
miR-21 and miR-373

miR-186*

miR-18a, miR-34b, miR-193b,
miR-222 and miR-342
miR-199a*

miR-26b, miR-200c,
miR-200b, and miR-182

miR181a and miR181b

miR-181b

miRNA downregulated

(Continued)

(85)
(87)
(89)

(84)

(83)

(84)

(81)
(83)

(75)

(74)

(73)

(70)

(69)

(65)

(64)

(63)

(62)

(57)

Reference

SCFA butyrate

DIM, 39,39-diindolylmetane; EGCG, epigallocatechin gallate; HCC, hepatocellular carcinoma; 1,25(OH)2D, 1,25-dihydroxycholecalciferol; PJ, pomegranate juice; RA, retinoic acid.
1

miR-17, miR-20a, miR-20b,
miR-93, miR-106a
and miR-106b
1 mmol/L

miR-21
50 mmol/L

Human hepatocellular liver
carcinoma cell line HepG2
Human colon cancer
cell line HCT-116
Other bioactive
food components
Oleic acid

Resveratrol

Resveratrol

(101)

(96)

(93)
50 mmol/L

miR-146b-5p, miR-1, and miR-663
50 mmol/L

miR-150 and miR-296–5p

miR-7, miR-17, miR-18b, miR-20a,
miR-20b, miR-92b
miR-106a and miR106b

(92)

Reference
(91)
miRNA downregulated
miR-155
miRNA upregulated
miR-663
Concentration
50 mmol/L

Cell type
Human acute monocytic
leukemia cell line THP-1
Human colon adenocarcinoma
cell line SW480
Human prostate adenocarcinoma
cells LNCaP
Dietary
component
Resveratrol

TABLE 1 (Continued )
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downregulation of K-Ras and Bcl2 after treatment with 100
nmol/L all-trans-RA correlates with the activation of known
miRNA regulators of those proteins, let-7a and miR-15a/
miR-16–1, respectively (62).
miRNA contributing to RA-induced differentiation in
neuroblastoma has been a noteworthy area of investigation.
Recently, miR-10a and miR-10b expression was found to be
increased in SK-N-BE, LAN5, and SHSY-5Y neuroblastoma
cells following RA treatment (63). One of the predicted
downregulated miR-10a/b targets was nuclear receptor corepressor 2, a corepressor of gene transcription, which is
known to suppress neurite outgrowth. Through various validation strategies, including ectopic overexpression of the
implicated miRNA, it was concluded that miR-10a/b is important in the process of neural cell differentiation through
targeting of nuclear receptor corepressor 2, which in turn induces a cascade of primary and secondary transcriptional alterations, including the downregulation of MYCN, a potent
oncoprotein in neuroblastoma (63).
Human myeloid leukemia cells exposed to 1,25(OH)2D,
the active metabolite of vitamin D, acquire characteristics
of normal monocytes and arrest in the G(1) phase of the
cell cycle, in part due to the upregulation of p27(Kip1)
and p21(Cip1) (64). These regulators of cell cycle progression may be targets of specific miRNA. Exposure of HL60
and U937 cells to low (1–10 nmol/L) concentrations of
1,25(OH)2D decreased the expression of miR-181a and
miR-181b, which resulted in the accumulation of p27
(Kip1) and p21(Cip1) and cell cycle arrest. Moreover, expression of pre-miR-181a in these cells increased the cellular
miR-181a levels and reduced the 1,25(OH)2D-induced increase in p27(Kip1) at both mRNA and protein levels, suggesting a role for miR-181a in myeloid cancers. Other cells
have been examined for the ability of 1,25(OH)2D to modulate miRNA. For example, a significant protective role for
1,25(OH)2D against cellular stress in breast epithelial cells
was found to be mediated by altered miRNA expression, in
particular reduced expression of miR-182 (65). The results
highlight the effects of 1,25(OH)2D as a protective hormone
against cellular stress; this effect is mediated through the
maintenance of miRNA expression.
In addition to bone mineralization and maintenance of
calcium balance, 1,25(OH)2D exerts a number of physiologic actions that are mediated via its nuclear receptor
(VDR), a ligand-regulated transcription factor that binds
to specific sequences (vitamin D response elements) in its
target genes and modulates their expression. It is interesting
to note that the VDR has been found to be modulated by
miRNA. A putative miR-125b recognition element was recently identified in the 39-untranslated region of human
VDR mRNA (66). Target activity was verified by electrophoretic mobility shift assays, which demonstrated overexpression of miR-125b significantly decreased the endogenous
VDR protein level in MCF-7 cells to 40% of control (66).
These data suggest that increased expression of miR-125b
in cancer cells could inhibit the beneficial effects of 1,25
(OH)2D by inhibiting VDR expression.
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1

Weanling male Sprague-Dawley rats

11.5 g ﬁsh oil/100 g diet;
total fat content diet 15%
11.5 g ﬁsh oil/100 g diet; total
fat content diet 15%

500 mg/kg diet; mean
intake 9.6 mg/rat/d

2.5 g/kg diet; mean intake
62.5 mg/rat/d
70 mmol I3C/g diet

20 mmol/L

EGCG for 6 wk (1 mg/d 33/wk)

Low in L-methionine (0.18%), devoid of
choline and folic acid (Dyets, Inc.)
Low in L-methionine (0.18%),
devoid of choline and folic acid
(Dyets, Inc.)
Lombardi’s choline-deficient
(0 g/kg), low-methionine
(1.7 g/kg), and amino acid-defined
diet (Dyets, Inc.)
Diets deﬁcient in vitamin E
(VE-free vitamin premix,
E15313–2;ssniff Spezialdiaeten)

Concentration

CAM, chorionallantoic membrane assay; EGCG, epigallocatechin gallate; I3C, indole-3-carbinol; PEITC, phenethyl isothiocyanate.

(n-3) PUFA

Weanling male Sprague-Dawley rats

Adult male Sprague-Dawley rats

PEITC

Other bioactive food
components
(n-3) PUFA

Female A/J mice

I3C

I3C

Curcumin

Athymic nude mice implanted
with androgen-sensitive
human prostate carcinoma
CWR22Rn1 cells
Chicken-embryo-metastasis
CAM assay (RKO and
HCT116 cells inoculated into
10-d-old chicken embryos)
Adult male Sprague-Dawley rats

Weaned male Fisher 344 rats

Vitamin E

Phytochemicals
EGCG

C57BL/6 mice

Male weaning Fisher 344 rats

Male weaning Fisher 344 rats

Choline

Essential nutrients
Folate, methionine,
choline
Folate, methionine,
choline

Animal model

Representative dietary components that can modulate microRNA (miRNA) using in vivo models1

Dietary
component

TABLE 2

let-7d, miR-15b, miR-107,
miR-191 and miR-324–5p
miR-19b, miR26b, miR-27b,
and miR-203

miR125b, miR-26a, miR-146-p,
let-7a, let-7c, miR-192, miR-99b,
miR-123-p, and miR-222-p

miR-34b, miR-26a,
miR-125a-p, and miR-10a

miR-330

miR-155, miR-221/222,
and miR-21

let-7a, miR-21, miR-23, miR-130,
miR-190 and miR-17–92

miRNA Upregulated

miR-21, miR-31, miR-130a,
miR-146b and miR-377

miR-21

miR-21

miR-122a and miR-125b

miR-34a, miR-16a, miR-127,
miR-181a, miR-20a,
and miR-200b
miR-122

miR-122a

miRNA Downregulated

(99)

(98)

(78)

(79)

(78)

(76)

(71)

(67)

(61)

(60)

(58)

Reference

Vitamin E is another essential nutrient that can inﬂuence
miRNA expression. miRNA expression was found altered
after rats were fed diets deﬁcient in vitamin E (a tocopherol,
< 1 mg/kg diet; g tocopherol, < 1 mg/kg diet) for 6 mo compared to rats fed a vitamin E-sufficient diet (a tocopherol, 12
mg/kg diet; g tocopherol, 24 mg/kg diet) (67). Vitamin E deficiency resulted in reduced concentrations of hepatic miR122a and miR-125b, the targets of which are thought to be
involved in lipid metabolism, inflammation, and HCC.
Thus, appropriate vitamin E status may exert regulatory
properties through miRNA expression to ultimately influence processes involved in cancer prevention.
Insight concerning the molecular mechanisms of selenium in cancer prevention continues to be an active area
of research following the publication of the Selenium and
Vitamin E Cancer Prevention Trial results (68). Treatment
of LNCaP human prostate cancer cells with sodium selenite
elicited rapid (within 4–8 h) transcriptional activation of
p53 with concomitant upregulation of p53-target genes, including genes of the miR-34 family (69). The findings suggest that selenium-induced growth arrest and anticancer
activity might be mediated in part by miRNA (69).
Phytochemicals
The tea polyphenol EGCG has many interesting cancer protective activities, some of which might be mediated by
changes in miRNA expression. Using microarray analysis,
EGCG treatment of HepG2 human HCC cells was found
to upregulate the expression of 13 miRNA and downregulate
the expression of 48 miRNA (70). Quantitative real-time
PCR conﬁrmed 8 of the differentially expressed miRNA (Table 1). Additional studies focused on the activity of miR-16
and its target, the antiapoptotic protein Bcl2. Results suggested that EGCG treatment increased miR-16 expression
that downregulated Bcl2 and induced apoptosis in these
cells. miRNA were also found to be regulated by EGCG in
prostate tumors isolated from mice. In this study, a significant downregulation of androgen-regulated miR-21 and upregulation of a tumor suppressor, miR-330, in tumors of
mice treated with EGCG was identified (71). The results
suggested that androgen receptor-regulated miRNA can be
modulated by EGCG.
Curcumin (diferuloylmethane), a component of the spice
Curcuma longa (or turmeric), has been found to modulate
cancer signaling pathways, possibly through miRNA expression (72). Curcumin was found to upregulate 11 and downregulate 18 miRNA following 72 h of incubation in human
pancreatic cancer cells (73). Upregulation of miR-22 by curcumin was confirmed by real-time PCR and found to suppress the expression of its targets, Sp1 transcription factor
and ER,a. The results suggest that curcumin may influence
pancreatic cell proliferation through miRNA regulation. In
another study, curcumin upregulated the expression of
miR-15a and miR-16 in MCF-7 cells (74). Both miR-15a
and miR-16 inhibited the expression of Bcl2, thereby inducing apoptosis. This proapoptotic activity was confirmed
by silencing miR-15a and miR-16 with anti-miR-15a and
480 Ross and Davis

anti-miR-16 oligonucleotides, which restored the expression
of Bcl2 (74). Curcumin has also been shown to promote
apoptosis in human lung adenocarcinoma cells through
miR-186* signaling (75). In this circumstance, caspase-10,
a member of the cysteine-aspartic acid protease family involved in death receptor signaling, was found to be a target
of miR-186*. In primary tumors generated in vivo using a
chicken-embryo-metastasis CAM, curcumin was shown to
inhibit activator protein-1 (AP-1) binding upstream of the
pri-miR-21, which reduced miR-21 expression and induced
expression of the tumor suppressor Pdcd4, a target of miR21 (76). Furthermore, curcumin inhibited metastasis in the
CAM assay. These investigators concluded that curcumin inhibited tumor growth, invasion, and in vivo metastasis
through inhibition of transcriptional regulation of miR-21
(76). Thus, curcumin appears to modulate miRNA that target proliferation, apoptosis, invasion, and metastasis depending on the cellular context.
In a recent study, exposure to ECS caused extensive
downregulation of miRNA expression in the lungs of rats,
resulting in increased expression of many genes and proteins
involved in processes such as stress response, apoptosis, proliferation, angiogenesis, and gene transcription (77). These
investigators next tested the ability of various chemopreventive agents to inﬂuence the expression of miRNA in ECS-free
or ECS-exposed rats (78). I3C and PEITC, both of which are
found in cruciferous vegetables and display anticancer activity, were among the agents examined. Interestingly, it was
found that these agents did not alter miRNA expression to
any appreciable extent in lung tissue of ECS-free rats but
did modulate miRNA expression in ECS-exposed rats.
PEITC and I3C treatment reversed many of the aberrantly
expressed miRNA observed in the ECS-exposed lung tissue,
including those involved in stress response (miR-125b), cell
proliferation (let-7a, let-7c, and miR-222-p), cell apoptosis
(miR-99b), and p53 functions (miR-34b). Thus, these dietary factors may protect against tissue-speciﬁc aberrant
miRNA expression and signaling during ECS exposure. In
a carcinogenesis model, I3C was found to reverse vinyl carbamate-induced deregulation of miRNA levels in lung tissues of female A/J mice (79). Lung tissue of the mice
supplemented with I3C was found to have reduced levels
of miR-21, miR-31, miR-130a, miR-146b, and miR-377 relative to the level in mice treated with the carcinogen. Additional studies veriﬁed potential targets for the oncogenic
effect of miR-21and the chemoprotective activity of I3C.
Following consumption, I3C rapidly undergoes a condensation reaction in the stomach, which leads to the formation of many oligomeric compounds, including DIM (80).
Several studies highlight DIM activity in cancer prevention
and recent observations include its capacity to modulate
miRNA. For example, treatment of MCF-7 breast cancer
cells with DIM increased miR-21 expression and reduced expression of the cell-cycle promotion phosphatase Cdc25A,
resulting in inhibition of growth (81). BioResponse-DIM
(82), which has greater bioavailability than DIM, and
a soy isoﬂavone mixture were both found to inﬂuence

chemotherapeutic drug resistance through modulation of
miRNA (83). In this study, the involvement of miRNA in
the acquisition of drug resistance characteristics, including
EMT phenotype, was explored in gemcitabine-resistant pancreatic cancer cells. The expression of miR-200b, miR-200c,
let-7b, let-7c, let-7d, and let-7e was signiﬁcantly downregulated in gemcitabine-resistant pancreatic cancer cells, which
displayed EMT characteristics, including elongated ﬁbroblastoid morphology, lower expression of epithelial marker
E-cadherin, and higher expression of mesenchymal markers
such as vimentin and zinc ﬁnger E-box-binding homeobox
1 (ZEB1) (83). Members of the miR-200 and let-7 families
were upregulated following treatment with either the DIM
formulation or the soy isoﬂavone mixture in both gemcitabine-resistant and gemcitabine-sensitive pancreatic cancer
cells. Moreover, treatment with the DIM formulation or
the isoﬂavone mixture reversed the EMT phenotype through
upregulation of miR-200 and downregulation of its targets.
Additional studies in this laboratory found that treatment
with either the DIM formulation or the soy isoﬂavone mixture increased miR-146a in pancreatic cancer cells, causing
a downregulation of EGFR, metastasis-associated protein2
(MTA-2), interleukin-1 receptor-associated kinase 1 (IRAK-1),
and NFkB, with consequent inhibition of pancreatic cancer
cell invasion (84). Thus, the cancer prevention activity of
BFC from cruciferous vegetables and soybeans appears to include modulation of miRNA and their mRNA targets.
Genistein, a dietary isoﬂavone from soybeans, has been
shown to be a potent cancer prevention agent in several
model systems. In addition to the studies examining the isoﬂavone mixture described above (83,84), genistein in isolation has also inﬂuenced miRNA expression and activity. The
growth inhibitory action of genistein was associated with inhibition of miR-27a expression as well as increased gene expression of the miR-27a target zinc ﬁnger and BTB domain
containing 10 (ZBTB10) in human uveal melanoma cells
(85). Another study reported that genistein augmented the
apoptotic effect of exogenous miR-16 in murine CLL cells,
suggesting the use of dietary compounds in combination
with miRNA for cancer treatment (86). Genistein has also
been shown to regulate expression of the imprinted tumor
suppressor gene ARHI by altering miRNA expression in
prostate cancer cells (87). miRNA-221 and miR-222 levels
decreased ~30 and 55%, respectively, and ARHI mRNA
levels were induced 2-fold after genistein treatment to these
cells. Therefore, a correlation between the antitumor activity
of genistein and miRNA-mediated regulatory mechanisms
appear to be present in different cell systems.
PJ has been shown to inhibit the progression of prostate
cancer (88). In an intriguing study, the effects of PJ on cell
death, adhesion, and migration were thought to be related
to miRNA expression in prostate cancer cells in culture
(89). Antiinvasive miRNA such as miR-335, miR-205,
miR-200, and miR-126 were upregulated, whereas proinvasive miRNA such as miR-21 and miR-373 were downregulated in prostate cancer cells treated with 5% PJ for 12 h.
Some of the predicted targets of these miRNA, including

E-cadherin (miR-200) and intercellular adhesion molecule1 (miR-21), were also found to be modulated by PJ. Furthermore, mimics for the proinvasive miRNA-21 and an inhibitor
of the antiinvasive miRNA-335 reversed the ability of PJ to inhibit cell migration in prostate cancer cells. These ﬁndings
support the need for additional study of the mechanism of action of pomegranate and its components for deterring prostate cancer progression.
Resveratrol, a polyphenolic compound from the stilbene
family, is found in grapes, red wine, peanuts, and some
berries and has many healthful properties, including antiinﬂammatory and anticancer activity (90). Recent reports suggest that miRNA participate in some of the activities
described for resveratrol. For example, human THP-1 monocytes were treated with resveratrol before challenging them
with LPS stimulation to test whether the antitumor and antiinﬂammatory effects of resveratrol rely on the modulation
of expression of miRNA (91). Resveratrol was found to impair the upregulation of oncogenic proinﬂammatory miR155 by LPS. This ﬁnding was thought to be in part through
resveratrol upregulation of miR-663, which targets the transcripts of the transcription factors junB and junD with consequent decreased junB and junD levels as well as reduced
AP-1 activity. Following 14 h of resveratrol treatment to
SW480 colon cancer cells, the levels of 22 miRNA were signiﬁcantly increased and those of 26 miRNA were signiﬁcantly decreased (92). The magnitude of the changes in
miRNA levels, however, were generally minimal, with a
few exceptions, such as a 17- and 11-fold upregulation of
miR-146b-5p and miR-1, respectively, suggesting that the resveratrol effects on miRNA populations are not global but
rather miRNA speciﬁc. Using an in silico analysis procedure,
the miRNA modulated by resveratrol were found to putatively target genes encoding Dicer1, tumor-suppressor factors such as PDCD4 or PTEN, as well as key effectors of
the TGFb signaling pathway (92). Experimentally, resveratrol was found to upregulate miR-663 and decrease its target
transcript, TGFb1. Differential miRNA expression in prostate
cancer cells treated with resveratrol has also been reported
(93). These investigators found that 23 miRNA were significantly downregulated and 28 miRNA were significantly upregulated after resveratrol treatment and selected miRNA were
verified by real-time PCR. Using the TargetScan database
(94), they also identified putative mRNA targets for the resveratrol-modulated miRNA. A computational approach to
examine the possible pathways collectively regulated by the
resveratrol-modulated miRNA was also performed (93).
These studies suggest that the protective properties of resveratrol may arise at least in part from its capability to modulate
the composition of miRNA populations in cells and suggest
that the manipulation of the levels of key miRNA may help
to potentiate the antiinflammatory and anticancer effects of
resveratrol.
Other BFC
Olive oil is enriched in the MUFA oleic acid. The role of
oleic acid consumption in carcinogenesis is not clear.
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Recently, oleic acid was found to inhibit the expression of
PTEN, a phosphoinositide phosphatase that acts as a tumor
suppressor gene and is frequently mutated/deleted in
human cancers (95) through upregulation of miRNA-21
in human HCC cells, suggesting a procarcinogenic capacity
for this fatty acid (96). Additional studies are needed to
determine the inﬂuence of dietary fatty acids on miRNA
dysregulation in diseases of the liver, including HCC
development.
High intakes of (n-3) PUFA (e.g. ﬁsh oil and ﬂaxseed oil)
have been inversely correlated with the development of certain cancers, but the mechanisms by which dietary PUFA
contribute to the prevention of cancer has not been fully established (97). The inﬂuence of corn oil or ﬁsh oil with pectin or cellulose on miRNA expression in azoymethaneinduced colon cancer in rats has been examined (98). At
an early stage of cancer progression, the expression of 5
tumor suppressor miRNA (let-7d, miR-15b, miR-107,
miR-191, and miR-324–5p) were significantly affected by
diet-carcinogen interactions. Interestingly, the fish oil-fed
animals exhibited the smallest number of differentially
expressed miRNA (98). These same investigators recently
performed an integrated miRNA and mRNA expression
analysis to elucidate the combined effects of dietary bioactive agents and carcinogen on the biological function of
miRNA in the rat colon (99). Four computational approaches were utilized to test the hypothesis that miRNA
and their post-transcriptionally regulated mRNA targets
are differentially modulated by carcinogen and diet treatment. Diet and carcinogen exposure were found to modulate a number of miRNA (i.e. miR-16, miR-19b, miR-21,
miR26b, miR27b, miR-93, and miR-203) linked to oncogenic signaling pathways. Furthermore, gene expression
analyses showed that oncogenic signals PTK2B, PDE4B,
and TCF4 were suppressed by the fish oil plus pectin diet
at both the mRNA and protein levels (99). This study provides the most comprehensive analysis to date of the integrated expression of miRNA and mRNA targets modulated
by diet during carcinogenesis.
Another class of important dietary factors implicated in
the prevention of colorectal cancer is the SCFA that are
formed by microbial anaerobic fermentation of dietary ﬁber
in the large intestine (100). The SCFA butyrate has been
shown to modulate expression of genes involved in cell cycle
regulation, including p21. The effects of butyrate on growth
arrest and miRNA expression in HCT-116 colon cancer cells
was recently investigated (101). Butyrate changed the expression of 44 miRNA in these cells, many of which were aberrantly expressed in colon cancer tissues. Several of these
changes were conﬁrmed using real-time qPCR, including
the expression of miR-17, miR-20a, miR-20b, miR-93, miR106a, and miR-106b, which were all decreased in response
to butyrate treatment. Furthermore, miRNA expression has
been found to be increased in human colon cancer samples,
suggesting that the beneﬁcial effects of butyrate may be mediated by suppressing the miRNA that are upregulated in colon
cancer. An exogenous miR-106b mimic reduced the butyrate482 Ross and Davis

induced p21 protein expression compared with cells treated
with butyrate. Thus, it appears that SCFA derived from
diet-microbe interactions in the gut may regulate host gene
expression involved in intestinal homeostasis as well as carcinogenesis through modulation of miRNA.

Conclusions
miRNA are small ncRNA that appear to regulate gene expression in every cellular process that has been investigated.
They regulate gene expression through interaction with 39
untranslated regions of target mRNA of protein-coding
genes, resulting in inhibition of mRNA translation or degradation of the mRNA transcript. A current emphasis, as well
as a challenge, for miRNA studies is to identify the biologically relevant downstream targets that they regulate. Much
of this work has provided new insights into the role of
miRNA in various biological events, including cancer pathways. miRNA have been shown to participate in cancer development by regulating the common hallmarks of cancer.
Thus, disturbances of miRNA expression and function appear to contribute to the initiation, promotion, and progression of tumors. Other emerging topics concerning the
biology of miRNA include the influence of RNA-binding
proteins on miRNA biogenesis, activity, and stability and
the role of circulating miRNA as potential biomarkers or
as intercellular signaling molecules. Advances in these areas
are likely to provide additional molecular insights toward
understanding cancer biology. More focused functional
studies are also needed to characterize the precise activity
of specific miRNA in the development of cancers.
Since our initial review of the topic (5), there has been an
explosion of research on nutritional modulation of miRNA
in the cancer context, which we have highlighted in this review. We have described the activity of dietary modulation
of miRNA expression and their mRNA targets in various
cancer processes, including apoptosis, cell cycle regulation,
inﬂammation, and metastasis as well as pathways in stress
response. Insights from these studies will likely lead to a better understanding of molecular mechanisms responsible for
the inﬂuence of diet in cancer prevention. Dietary modulation of miRNA in the context of other diseases has also
emerged, including studies examining diet modulation of
miRNA in obesity (102) and heart disease (103). Many of
the studies about diet modulation of miRNA that are highlighted in this review are descriptive, i.e. cells or animals are
treated with a BFC and miRNA expression and downstream
target protein expression are observed. Thus, there is a need
for experimental functional studies, both in vitro and in
vivo, including studies to understand the complex regulation of miRNA and their targets and how dietary factors participate in these processes. The use of transgenic mice with
speciﬁc loss or gain of miRNA genes may be of utility in
probing certain functions.
Interpreting the in vitro data with regard to the concentration used and the timing of exposure must be done with
care. The rationale for the various time and dose exposures
should be apparent in studies so that a better understanding

of the physiological relevance can be determined. For in vivo
studies, issues of effective concentrations and timing prevail,
as do questions about the frequency of dietary exposure
needed to sustain any beneﬁcial miRNA response. More
studies are needed to determine the appropriate timing of
dietary exposure that is critical for maintaining “normal”
miRNA expression for cancer prevention or disrupting aberrant miRNA expression during early stages of cancer development. The importance of temporal influence of diet is
highlighted by a recent study in mice, which suggested
that maternal dietary exposure altered miRNA expression
in adult offspring (104), implicating critical windows of vulnerability to dietary exposure.
Clearly, much remains to be discovered with regard to
nutritional modulation of miRNA expression, including
cell or tissue speciﬁc responses, the quantity of BFC needed
to bring about the desired biological effect, the timing of exposure, and other variables that can inﬂuence the response,
including interactions with other dietary factors. Furthermore, interactions between BFC, SNP in miRNA, and cancer risk are open avenues of investigation. Importantly,
miRNA may be useful as blood biomarkers of cancer prevention, cancer susceptibility, or dietary exposure, as well
as function as potential molecular targets that are modulated
by dietary interventions.
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