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Article history: MicroRNAs (miRNAs) have been implicated in many biological processes, cancer, and other diseases. In
Received 8 March 2012 addition, miRNAs are dysregulated following exposure to toxic and genotoxic agents. Here we review
Received in revised form 28 May 2012 studies evaluating modulation of miRNAs by dietary and pharmacological agents, which could
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Available online 7 June 2012 potentially be exploited for inhibition of mutagenesis and carcinogenesis. This review covers natural

agents, including vitamins, oligoelements, polyphenols, isoflavones, indoles, isothiocyanates, phospho-
lipids, saponins, anthraquinones and polyunsaturated fatty acids, and synthetic agents, including thiols,

fﬂi{‘:ﬁgﬁi nuclear receptor agonists, histone deacetylase inhibitors, antiinflammatory drugs, and selective estrogen
Chemoprevention receptor modulators. As many as 145 miRNAs, involved in the control of a variety of carcinogenesis

Dietary agents mechanisms, were modulated by these agents, either individually or in combination. Most studies used
Pharmacological agents cancer cells in vitro with the goal of modifying their phenotype by changing miRNA expression profiles. In
vivo studies evaluated regulation of miRNAs by chemopreventive agents in organs of mice and rats, either
untreated or exposed to carcinogens, with the objective of evaluating their safety and efficacy. The tissue
specificity of miRNAs could be exploited for the chemoprevention of site-specific cancers, and the study
of polymorphic miRNAs is expected to predict the individual response to chemopreventive agents as a
tool for developing new prevention strategies.
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1. Introduction

MicroRNAs (miRNAs) are small (18-25 nucleotides), noncod-
ing, single-stranded RNAs, which negatively regulate gene
expression either by translational inhibition or exonucleolytic
messenger RNA (mRNA) decay [1]. These evolutionary conserved
RNAs have been recognized in virtually all species, ranging from
viruses to humans [2]. While the information provided by
transcriptome analyses is redundant due to the fact that mRNA
can be regulated posttranscriptionally, miRNAs regulate a number
of genes simultaneously. The miRBase Version 16.0 has 1048
miRNA sequences annotated in the human genome, and miRNAs
are believed to target about one-third of human mRNAs [3], a
single miRNA targeting approximately 200 transcripts simulta-
neously [4].

Accordingly, miRNAs have been implicated in almost every
biological process, including development, cell cycle regulation,
cell growth and differentiation, stress response, and apoptosis [5].
In addition, miRNAs play a role in a variety of diseases [6] and in
particular in cancer [7]. MiRNAs are known to be dysregulated as a
response to toxic and genotoxic agents [8], including physical
agents such as ionizing radiation [9] and UV radiation [10],
chemical agents such as benzo[a]pyrene [11], hepatotoxicants [12]
and drugs [13], and complex mixtures such as cigarette smoke
[14,15] and environmental pollutants [16,17].

In the present review article we summarize the findings of a
number of studies evaluating modulation of miRNAs by known
inhibitors of mutagenesis and carcinogenesis. These inhibitors
represent putative cancer chemopreventive agents, as assessed in
experimental test systems and sometimes in clinical chemopre-
vention trials. They include both natural agents, mostly of dietary
source, and synthetic agents, mostly used as pharmacological

agents, which are analytically discussed in Sections 2 and 3,
respectively.

Due to the large variety of mechanisms by which it is possible to
inhibit mutagenesis and carcinogenesis [18-20], modulation of
miRNAs as an epigenetic response to drugs [21] and dietary agents
[22-26] is of particular relevance to understand their mechanism
of action and to evaluate their safety and efficacy.

Table 1 summarizes the main findings relative to modulation of
miRNAs by putative cancer chemopreventive agents, as inferred
from both literature data available in PubMed up to December
2011 and unpublished data from our laboratory. The investigated
miRNAs are listed starting from the let-7 family and continuing
with the miR series in increasing nomenclature number. Those
miRNAs that are identified with the symbol § in Table 1 undergo
single nucleotide polymorphisms (SNPs) in humans [27,28]. The
tissue specificity indicates the cell type or organ in which each
miRNA has the highest expression levels, as reported in the
Mirnamap database (mirnamap.mbc.nctu.edu.tw) and literature
data. The main functions regulated by each miRNA are inferred
from the Mirnamap database (mirnamap.mbc.nctu.edu.tw), the
Mirbase database (www.mirbase.org) and from literature data.

The fourth column in Table 1 reports either the cells that were
analyzed in vitro or the species and organ analyzed in vivo. Most in
vitro studies used cancer cells, mainly of human origin, in which
the authors investigated the ability of putative anticancer agents to
modulate the expression of miRNAs with the goal of exploring
their mechanisms of action and modifying their phenotype. Apart
from a couple of studies using human samples and another one
using a plant, all other in vivo studies used tissues from rats or mice
exposed to carcinogens, such as cigarette smoke (CS), vinyl
carbamate (VC), and azoxymethane (AOM), or subjected to
particular diets, such as vitamin- or choline-deficient diets. Several
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Denomination and main functions of miRNAs that were have been reported, up to December 2011, to be modulated by natural and synthetic chemopreventive agents in

either in vitro or in vivo studies.

MiRNA Tissue specificity Main regulated functions Analyzed cells (in vitro) or Modulating agent [Ref.]
species/organ (in vivo)
let-7a® Lung, cervix, liver Cell proliferation, k-Ras activation, Human leukemia cells TRetinoic acid [30]
apoptosis Human hepatocarcinoma cells 1Ellagitannin BJA32515 [51]
Mouse lung (CS+) TPEITC [82,83]
Mouse lung TSAHA [UD]
Mouse lung (CS+) 1Budesonide [82]
Mouse liver |Budesonide [82]
Rat lung (CS+) TPEITC [81]
Rat lung (CS+) 10ltipraz + NAC [81]
let-7b Lung, cervix, kidney Cell proliferation Human pancreatic cancer cells | Diindolylmethane [78]
Human pancreatic cancer cells |Genistein [78]
Human lung cancer cells 1SAHA [93]
Rat lung (CS+) 10ltipraz [81]
Rat lung (CS+) 10ltipraz + NAC [81]
Rat lung (CS+) TPEITC+13C [81]
let-7c Lung, kidney Intercellular adhesion Human hepatocarcinoma cells TEGCG [53]
Human leukemia cells TRetinoic acid [30]
Human pancreatic cancer cells |Genistein [78]
Human pancreatic cancer cells | Diindolylmethane [78]
Mouse lung (CS+) TPEITC [82]
Rat lung (CS+) TPEITC [81]
Rat lung (CS+) TPEITC+I3C [81]
Rat lung (CS+) 10ltipraz [81]
Rat lung (CS+) 10ltipraz + NAC [81]
let-7d Lung, cervix, prostate, Cell proliferation Human leukemia cells TRetinoic acid [30]
bladder Human pancreatic cancer cells |Genistein [78]
Human pancreatic cancer cells |Diindolylmethane [78]
Rat colon (AOM+) TPUFA (Fish oil) [86]
let-7e Lung, cervix Cell proliferation Human hepatocarcinoma cells 1Ellagitannin BJA3121 [52]
Human pancreatic cancer cells |Genistein [78]
Human pancreatic cancer cells |Diindolylmethane [78]
let-7f Lung, cervix, kidney, Cell proliferation, k-Ras activation, Rat lung (CS+) TPEITC+13C [81]
liver angiogenesis
let-71 Lung Cell proliferation Human colon carcinoma cells |SAHA [90]
miR-9 Brain Apoptosis Rat fetus central nervous system |Retinoic acid [37]
miR-10% Lung, kidney, breast Angiogenesis Human neuroblastoma cells TRetinoic acid [36]

miR-15 Lymphocyte, thymus,
lung, liver

miR-16% Lung

miR-17 Lung, kidney, bladder

miR-18 Lung, kidney, prostate

miR-20 Bladder, lung, thymus,
prostate, kidney

miR-21 Lung, kidney, bladder,
liver

miR-22 Muscle

miR-23 Ovary, kidney, bladder

miR-24 Lung, kidney, prostate

Lymphocyte differentiation, apoptosis

Apoptosis

Tumor suppressor gene PTEN, DICER,
TGF-beta, c-Myc

Small RNA transcription
No data available

Tumor suppressor gene PTEN, cell
proliferation

Estrogen receptor alpha

Gene transcription
Cell differentiation

Human embryonic stem cells
Mouse fetus brain

Rat lung (CS+)

Rat lung (CS+)

Rat lung (CS+)

Rat lung (CS+)

Rat lung (CS+)

Human breast cancer cells
Human leukemia cells
Human lymphoma cells
Mouse liver (CS+)

Rat colon (AOM+)

Human hepatocarcinoma cells
Human leukemia cells
Human colon cancer cells
Human prostate cancer cells
Human leukemia cells
Human neuroblastoma cells
Human lymphoma cells
Human hepatocarcinoma cells
Human lymphoma cells

Rat heart

Human pancreatic cancer cells
Human colon cancer cells
Human colon cancer cells
Human breast cancer cells
Human breast cancer cells
Human breast cancer cells
Mouse lung (VC+)

Mouse liver (CS+)

Rat heart

Human breast cancer cells
Human pancreatic cancer cells
Human colon cancer cells
Neuronal cells

Human embryonic stem cells

1PUFA [87]

|Folic acid [40]
15,6-Benzoflavone [81]
10ltipraz [81]
10ltipraz + NAC [81]
113C [81]
TPEITC+I3C [81]
TCurcumin [58]
TRetinoic acid [30]
|SAHA [91]
1Budesonide [82]
TPUFA (Fish oil) [86]
1EGCG [53]
TRetinoic acid [30]
|Resveratrol [62]
|Resveratrol [68]
|Retinoic acid [29]
|Retinoic acid [35]
|SAHA [91]

1EGCG [53]

|SAHA [91]
TResveratrol [69,70]

|Difluorinated curcumin [61]
|Curcumin [60]
|Resveratrol [62]
1Diindolylmethane [79]
TRetinoic acid [32]
|Polyphenon-60 [55]
113C [80]

TBudesonide [82]
TResveratrol [69,70]
#Tamoxifen [99]
1Curcumin [57]

1SAHA [90]

TRetinoic acid [33]
1PUFA [87]
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MiRNA Tissue specificity Main regulated functions Analyzed cells (in vitro) or Modulating agent [Ref.]
species/organ (in vivo)
miR-25% Pancreas, breast, DICER Human colon cancer cells |Resveratrol [62]
kidney Human hepatocarcinoma cells TEGCG [53]
Human leukemia cells |Retinoic acid [29]
miR-26 Lung, kidney, bladder, TGF beta Mouse liver | PEITC [82]
cervix, liver Mouse lung (CS+) TPEITC [82]
Mouse lung (CS+) 1Budesonide [82]
Rat lung (CS+) 1PEITC [81]
Rat lung (CS+) 15,6 benzoflavone [81]
Rat lung (CS+) 10ltipraz[81]
Rat lung (CS+) TNAC [81]
Rat lung (CS+) 10ltipraz + NAC [81]
Rat lung (CS+) T13C [81]
Rat lung (CS+) TPEITC+13C [81]
miR-27 Bladder, prostate, Tumor suppressor genes, cell Human colon cancer cells INO-NSAID GT-094 [97]
cervix, kidney, liver proliferation, stress response, protein Human breast cancer cells |Polyphenon-60 [55]
repair Human uveal melanoma cancer cells |Genistein [71]
Mouse liver |Budesonide [82]
miR-29 Kidney, lung, heart Collagen production, inflammation, Human colon cancer cells |SAHA [90]
apoptosis Human hepatocarcinoma cells 1Ellagitannin BJA32515 [51]
Human cardiac cells | Pioglitazone [89]
Rat heart |Pioglitazone [89]
Mouse lung (CS+) TPEITC [82]
miR-30% Kidney, lung Intercellular adhesion, protein repair, Human lung cancer cells |SAHA [93]
NFkB activation, cell cycle, EGF Human hepatocarcinoma cells 1EGCG [54]
activation, stem cell recruitment, Human hepatocarcinoma cells |Anthocyanidin [54]
multidrug resistance Mouse lung (CS+) TPEITC [83]
Rat lung (CS+) TPEITC+13C [81]
miR-31 Small intestine, Protein synthesis and secretion, stress Mouse lung (VC+) 113C [80]
kidney, lung response Mouse lung (CS+) TPEITC [82]
Mouse lung (CS+) 1Budesonide [82]
miR-328 Apoptosis Human leukemia cells 11,25-dihydroxyvitamin D3 [43]
miR-34% Ovary, prostate, lung P53 Human cancer prostate cells 1Selenium [49]
Human pancreatic cancer stem cells 1SAHA [92]
Mouse liver 1PEITC [82]
Rat lung (CS+) 15,6 benzoflavone [81]
Rat lung (CS+) 1Oltipraz [81]
Rat lung (CS+) 10ltipraz + NAC [81]
Rat lung (CS+) T13C [81]
Rat lung (CS+) TPEITC+13C [81]
miR-92% Lung DICER Human colon cancer cells |Resveratrol [62]
Human lung cancer cells |Resveratrol [67]
Human hepatocarcinoma cells TEGCG [53]
miR-99 Cervix, prostate, ovary, Apoptosis Rat lung (CS+) TPEITC [81]
kidney, lung Rat lung (CS+) TPEITC+13C [81]
miR-100 Liver, placenta, cervix, Apoptosis Human colon cancer cells |SAHA [90]
lung Mouse liver |Budesonide [82]
miR-106 Thymus, kidney, Cell adhesion, TNF activation, stress Prostate cancer cells |Resveratrol [68]
bladder, lung, liver, response Human lung cancer cells |SAHA [93]
placenta Human colon cancer cells |PUFA [88]
Mouse liver |Budesonide [82]
miR-107 Brain, kidney Intracellular trafficking, apoptosis Human leukemia cells TRetinoic acid [30]
Rat colon (AOM+) TPUFA (Fish oil) [86]
miR-1228 Liver Stress response, lipid metabolism Rat liver (choline-def. diet) 1Folate [38,39]
Rat liver la-Tocopherol [48]
Rat liver Ta-Tocopherol [47]
miR-123 Lung Angiogenesis, cell proliferation Rat lung (CS+) TNAC [81]
Rat lung (CS+) 1Oltipraz [81]
Rat lung (CS+) 1Oltipraz + NAC [81]
Rat lung (CS+) TPEITC [81]
Rat lung (CS+) TPEITC+13C [81]
miR-124 Brain, lung Gene transcription, apoptosis Human lung cancer cells 1SAHA [93]
Rat fetus central nervous system |Retinoic acid [37]
Rat lung (CS+) TPEITC+13C [81]
miR-125% Lung, cervix, brain, Oncogene ERBB, vitamin D receptor, Human melanoma cells *1,25-dihydroxyvitamin D3 [45,46]

ovary, prostate,
bladder

inflammation, gene transcription

Rat lung (CS+)
Mouse lung

Rat liver

Rat liver

Rat fetus central nervous system
Mouse lung (CS+)
Mouse liver
Mouse liver (CS+)
Mouse liver
Mouse liver (CS+)
Mouse lung (CS+)
Rat lung (CS+)
Rat lung (CS+)

113C [81]

1SAHA [UD]
la-Tocopherol [48]
Ta-Tocopherol (Vit. E) [47]
|Retinoic acid [37]
TPEITC [82]

|PEITC [82]

TPEITC [81]
|Budesonide [82]
1Budesonide [82]
TPEITC [82]

TPEITC +13C [81]
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MiRNA Tissue specificity Main regulated functions Analyzed cells (in vitro) or Modulating agent [Ref.]
species/organ (in vivo)
miR-126 Lung, kidney Gene transcription Human lung cancer cells 1SAHA [93]
miR-128 Brain Cell proliferation, apoptosis Human glioma cells 1Ginsenoside Rh2 [84]
miR-129 Brain, lung Calmodulin transcription activation Human lung cancer cells 1SAHA [93]
Human hepatocarcinoma cells 1EGCG [53]
miR-130 Kidney, cervix, Gene transcription, apoptosis Mouse lung (VC+) 113C [80]
prostate, lung, liver,
miR1328 Brain Gene transcription Human lung cancer cells 1SAHA [93]
miR-133 Lung, prostate Inflammation Mouse lung |Budesonide [82]
miR-135 Kidney, thyroid, lung Ras regulation, cell adhesion Mouse lung (CS+) TPEITC [82]
miR-139 Brain Cell proliferation, cell differentiation Human breast cancer cells 1Trichostatin A [94]
miR-140% Lung P53 Rat lung (CS+) TNAC [81]

miR-141 Placenta, kidney,
intestine

miR-142 Liver, thymus, spleen,
lung

miR-145 Prostate, cervix, ovary,

bladder, lung
miR-1468 Lung

miR-152 Neural tissue

miR-153 Liver, brain, lung

miR-155 Lung

miR-156 Plants (Arabidopsis,
Arachis)

miR-181% Brain, thymus, kidney,
lung

miR-1828 Thymus, lung

miR-183 Lung

miR-186 Bladder

miR-191 Brain, cervix, kidney,
lung

miR-192 Intestine, kidney, liver,
lung

miR-193 Muscle, lymphocytes

miR-194% Intestine, kidney

miR-195 Cervix, prostate, ovary,
bladder, lymphocytes

miR-196% Kidney, cervix

miR-197 Brain

miR-200% Kidney, lung, liver

miR-210 Lung

miR-215 Intestine

miR-218% Lung, kidney, bladder,
prostate, liver

miR-221 Prostate

Cell proliferation, cancer invasion
Protein repair, DNA repair,
prostaglandin-mediated platelet
aggregation

Protein repair, angiogenesis

NFkB stress response, inflammation

Transcriptional repressor

Protein repair, protein synthesis, signal
transduction

TGF-beta

Anthocyanin accumulation

NFkB stress response

Inflammation, cell proliferation
Apoptosis, cell adesion

Apoptosis

Cell proliferation

Cell proliferation, k-Ras activation
Signal transduction

Apoptosis, cell proliferation

Small RNA transcription

TGF-beta

Apoptosis, cell proliferation

Apoptosis, intracellular trafficking,
protein repair

Hipoxia-inducible factor-1
Intracellular trafficking, apoptosis

Stress response, oncogene k-Ras
activation, antioxidant
SERM resistance

Rat lung (CS+)
Rat lung (CS+)
Human colon cancer cells

Mouse liver (CS+)
Mouse liver

Rat lung (CS+)

Human colon fibroblasts
Human neural cells

Human pancreatic cancer cells
Human breast cancer cells
Mouse lung (VC+)

Rat lung (CS+)

Rat lung (CS+)

Rat lung (CS+)

Rat lung (CS+)

Rat lung (CS+)

Human neuroblastoma cells
Mouse liver (CS+)

Human monocytic cells
Human breast cancer cells
Human lymphoma cells
Arabidopsis thaliana

Human leukemia cells
Mouse lung

Human leukemia cells
Human breast cancer cells
Human breast cancer cells
Lung cancer cells

Mouse lung

Human lung cancer cells
Human leukemia cells

Rat colon (AOM+)

Rat lung (CS+)

Rat lung (CS+)

Rat lung (CS+)

Rat lung (CS+)

Human leukemia cells
Human lung cancer cells
Human leukemia cells

Human colon cancer cells
Human hepatocarcinoma cells
Human pancreatic cancer cells
Human hepatocarcinoma cells
Human hepatocarcinoma cells
Human pancreatic cancer cells
Human pancreatic cancer cells
Human pancreatic cancer cells
Human hepatocarcinoma cells
Mouse lung (CS+)

Mouse liver

Mouse liver

Mouse and human lung cancer cells
Human leukemia cells

Human breast cancer cells
Mouse lung (CS+)

Mouse lung (CS+)

Human breast cancer cells
Human breast cancer cells
Human prostate cancer cells
Human colon cancer cells

10ltipraz + NAC [81]
TPEITC+I13C [81]
|SAHA [90]

|PEITC [82]
|Budesonide [82]

TPEITC+13C [81]

TPolyphenolic extracts [50]
|Resveratrol [65]
1Genistein [23]
1Trichostatin A [94]
113C [80]
15,6-benzoflavone [81]
TNAC [81]

10ltipraz + NAC [81]
TPEITC [81]
TPEITC+13C [81]
TRetinoic acid [34]
TPEITC [82]

|Resveratrol [63,64]
1Trichostatin A [94]
|SAHA [91]
eAnthocyanin [77]

|Vitamin D3 [42]
|PEITC [82]
|Retinoic acid [30]
#Tamoxifen [99]
12,5-Hydroxyvitamin D3 [44]
1SAHA [93]

1SAHA [UD]
|Curcumin [59]
TRetinoic acid [29]
TPUFA (Fish oil) [86]
1PEITC+I3C [81]
TPEITC [81]
1PEITC+I3C [81]
10ltipraz+NAC [81]
|Retinoic acid [29]
TResveratrol [67]
|Retinoic acid [29]

|Resveratrol [62]

1EGCG [53]

|Curcumin [57]
|Ellagitannin BJA32515 [51]
TAnthocyanidin [54]

| Difluorinated curcumin [61]
|Genistein [78]
|Diindolylmethane [78]
1EGCG [53]

TPEITC [82]

|PEITC [82]

|Budesonide [82]

1EGCG [56]

TRetinoic acid [29]
1Trichostatin A [94]
1Pioglitazone [UD]
1Bexarotene + Pioglitazone [UD]
#Tamoxifen [99,98]
#Fulvestrant [101]
|Genistein [85]

|SAHA [90]
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MiRNA Tissue specificity Main regulated functions Analyzed cells (in vitro) or Modulating agent [Ref.]
species/organ (in vivo)
miR-2228 Prostate, lung, bladder Angiogenesis, cell proliferation, SERM Human breast cancer cells #Tamoxifen [99,98]
resistance Human breast cancer cells #Fulvestrant [101]
Human lymphoblastoid cells |Folate [41]
Human colon cancer cells |SAHA [90]
Human prostate cancer cells |Genistein [85]
Rat lung (CS+) TOltipraz + NAC [81]
Rat lung (CS+) 1PEITC [81]
Rat lung (CS+) TPEITC+13C [81]
miR-223 Spleen, lung Protein repair, k-Ras activation Human leukemia cells TRetinoic acid [29,30]
Rat lung (CS+) TPEITC+13C [81]
miR-290 Lung Stem cell marker Mouse lung (CS+) 1Bexarotene + Pioglitazone [UD]
miR-292 Liver Hepatocyte growth factor-induced cell Mouse liver (CS+) TPEITC [82]
proliferation, angiogenesis Mouse liver (CS+) 1Budesonide [82]
miR-296% Muscle, prostate, lung, Thioredoxin and cysteine synthesis Mouse lung (CS+) 1Pioglitazone [UD]
bladder (antioxidants), inflammation Mouse lung (CS+) TBexarotene + Pioglitazone [UD]
miR-297 Liver Protein repair, cell cycle Mouse liver (CS+) TPEITC [82]
Mouse liver (CS+) 1Budesonide [82]
miR-299 Liver, lung, cervix, NFkB activation, stress response, Human lung cancer cells TResveratrol [67]
testes peroxisome activation Mouse liver (CS+) TPEITC [82]
miR-300 Liver, Protein repair, intracellular trafficking, Mouse liver |Budesonide [82]
cell proliferation
miR-302 Lung Cell adhesion, protein repair, Mouse lung TMyo-inositol [UD]
intracellular trafficking, cell Mouse lung |SAHA [UD]
proliferation
miR-320 Bladder, cervix, liver, Protein repair, intracellular trafficking, Mouse liver |Budesonide [82]
lung cell proliferation
miR-322 Liver Protein repair, cell proliferation Mouse liver (CS+) 1PEITC [82]
Mouse liver (CS+) TBudesonide [82]
miR-323 Liver Peroxisome activation, protein repair Mouse liver |PEITC [82]
miR-324% Brain, kidney, prostate Cell proliferation Rat colon (AOM+) TPUFA (Fish oil) [86]
miR-331 Liver Stress response Mouse liver |PEITC [82]
Mouse liver |Budesonide [82]
miR-335 Lung Insulin growth factor, cell proliferation, Mouse lung (CS+) 1Pioglitazone [UD]
apoptosis Mouse lung (CS+) 1Bexarotene + Pioglitazone [UD]
miR-338 Liver Protein repair, stress response Human lung cancer cells TResveratrol [67]
Mouse liver |PEITC [82]
Mouse liver |Budesonide [82]
miR-342 Brain, lymphocytes Stress response, protein repair, SERM Human breast cancer cells #Tamoxifen [99,100]
resistance Human leukemia cells TRetinoic acid [30]
Human hepatocarcinoma cells 1EGCG [53]
miR-345% Thyroid, kidney Intracellular trafficking Human lung cancer cells |SAHA [93]
miR-370 Brain Apoptosis, inflammation Human hepatocarcinoma cells 1Ellagitannin BJA3121 [52]
miR-373% Liver Apoptosis, inflammation Human hepatocarcinoma cells |Ellagitannin BJA32515 [51]
Human hepatocarcinoma cells 1Ellagitannin BJA3121 [52]
miR-376 Liver Carbonic anhydrase (antioxidant), Mouse liver (CS+) TPEITC [82]
peroxisome biogenesis, P53, cell cycle
progression, signal transduction,
apoptosis, intracellular vesicle
trafficking
miR-377 Lung Angiogenesis Mouse lung (VC+) 113C [80]
miR-382 Lung, brain Gene transcription Human lung cancer cells 1SAHA [93]
Mouse lung (CS+) TPEITC [82]
Mouse lung (CS+) 1Budesonide [82]
miR-409% No data available Intracellular trafficking Human lung cancer cells 1SAHA [93]
miR-424 Intestine, uterus No data available Human colon cancer cells TSAHA [90]
miR-452 Prostate, cervix, Stress response, cell cycle arrest in Mouse liver TPEITC [82]
kidney, lung response to DNA damage
miR-463 Lung Cell proliferation, protein repair, stress Mouse lung (CS+) 1Budesonide [82]
response Mouse liver (CS+) TPEITC [82]
miR-466% Lung, liver Cell proliferation,, k-Ras activation, Mouse lung |PEITC [82]
gene transcription Mouse liver |PEITC [82]
Mouse liver (CS+) TPEITC [82]
Mouse lung 1SAHA [UD]
Mouse liver |Budesonide [82]
Mouse liver (CS+) TBudesonide [82]
miR-467 Liver Cell proliferation, protein synthesis Mouse liver (CS+) TPEITC [82]
Mouse liver (CS+) TBudesonide [82]
miR-470 Liver k-Ras activation, intracellular vesicle Mouse liver (CS+) TPEITC [82]
trafficking, xenobiotic metabolism
miR-483 Liver, lung Protein repair Mouse liver TBudesonide [82]
miR-484 Lung, heart Apoptosis, cell differentiation Mouse lung (CS+) TBexarotene + Pioglitazone [UD]
miR-489 Human breast cancer cells #Tamoxifen [99]
miR-493 Lung Cell differentiation, cell proliferation Mouse lung (CS+) 1Bexarotene [UD]
Mouse lung (CS+) TBexarotene + Pioglitazone [UD]
miR-509% Testis, kidney, lung Cell adhesion, k-Ras activation Mouse lung TMyo-inositol [UD]
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MiRNA Tissue specificity Main regulated functions Analyzed cells (in vitro) or Modulating agent [Ref.]
species/organ (in vivo)
miR-526% Placenta, liver Cell proliferation, apoptosis, Human hepatocarcinoma cells 1Ellagitannin BJA3121 [52]
inflammation Human hepatocarcinoma cells 1EGCG [53]
miR-532 Liver Gene transcription, apoptosis Human hepatocarcinoma cells TAnthocyanidin [54]
miR-539 Liver Protein repair, intracellular trafficking Mouse liver 1Budesonide [82]
miR-543 Lung Stress response, inflammation Mouse lung |Myo-inositol [UD]
miR-544 Breast P53 Human breast cancer cells 1Trichostatin A [94]
miR-548% No data available Gene transcription Human lung cancer cells |SAHA [93]
miR-551 Liver DNA repair, inflammation, cell Mouse liver |PEITC [82]
proliferation Mouse liver |Budesonide [82]
miR-582 Prostate, bladder, Cell proliferation, apoptosis Human lung cancer cells TResveratrol [67]
kidney
miR-592 Intestine, lung Cell adhesion, insulin growth factor, Mouse lung TMyo-inositol [UD]
angiogenesis
miR-622 Lung Cell proliferation, k-Ras activation Human bronchial cells TResveratrol [66]
miR-638 Adipose tissue, Cell proliferation, apoptosis Human lung cancer cells 1Bostrycin [75]
intestine
miR-645 Breast Gene transcription Human breast cancer cells |Trichostatin A [94]
miR-657 Testes, brain, prostate, Gene transcription Human breast cancer cells |Trichostatin A [94]
cervix, ovary, liver,
kidney, lung
miR-660% Kidney, lung Protein repair Human lung cancer cells 1SAHA [93]
miR-663% Prostate TGF-beta Human colon cancer cells TResveratrol [63]

Human leukemia cells TRetinoic acid [31]
miR-666 Lung Protein repair, stress response Mouse lung |PEITC [82]
miR-684 Lung Signal transduction Mouse lung |SAHA [UD]
miR-687 Liver Tumor suppression by Mouse liver (CS+) TPEITC [82]

phosphatidylinositol catabolism, cell Mouse liver (CS+) 1Budesonide [82]

proliferation
miR-690 Lung Cell proliferation, cell adhesion Mouse liver (CS+) TBudesonide [82]
miR-697 Liver Protein repair, intracellular trafficking, Mouse liver (CS+) 1PEITC [82]

cell adhesion Mouse liver (CS+) 1Budesonide [82]
miR-706 Lung Intracellular trafficking, cell motility Mouse lung |PEITC [82]
miR-708 Lung Stress response, NFkB activation Mouse lung |PEITC [82]
miR-709 Liver Stress response, inflammation, Mouse liver (CS+) 1PEITC [82]

lysosome activation Mouse liver (CS+) TBudesonide [82]
miR-710 Liver Cell proliferation, collagen production, Mouse liver (CS+) TPEITC [82]

k-Ras activation Mouse liver (CS+) 1Budesonide [82]
miR-715 Lung No data available Mouse lung (CS+) TBexarotene + Pioglitazone [UD]
miR-719 Liver Inflammation Mouse liver (CS+) TPEITC [82]

Mouse liver (CS+) 1Budesonide [82]
miR-742 Liver Protein repair, stress response Mouse liver 1Budesonide [82]
miR-758% Lung Cell proliferation, apoptosis Human lung cancer cells TResveratrol [67]
miR-763 Liver Cell membrane integrity, peroxisome Mouse liver |Budesonide [82]

biogenesis, stress response
miR-764 Lung Mitochondrial function Mouse lung |Myo-inositol [UD]

Mouse lung |SAHA [UD]

Mouse lung (CS+) 1Pioglitazone [UD]

Mouse lung (CS+) TBexarotene + Pioglitazone [UD]
miR-804 Liver, lung Cell proliferation, collagen production, Mouse lung (CS+) TPEITC [83]

k-Ras activation
miR-874 Liver Protein repair, intracellular vesicle Mouse liver (CS+) TPEITC [82]
trafficking, cell proliferation, P53
dependent apoptosis, inflammation,
stress response
miR-876 Lung No data available Mouse lung TMyo-inositol [UD]
miR-877 Lung No data available Human lung cancer cells 1SAHA [93]

Human colon cancer cells |SAHA [90]
miR-880 Lung No data available Mouse lung TMyo-inositol [UD]
miR-883 Liver Tumor suppressing activity through Mouse liver (CS+) TPEITC [82]

phosphatidylinositol catabolism, Mouse liver (CS+) 1Budesonide [82]

protein synthesis, intracellular vesicle

trafficking, protein repair, cell

proliferation
miR-923 Lung Cell proliferation, apoptosis Human lung cancer cells 1Bostrycin [75]
miR-936 No data available No data available Human lung cancer cells |SAHA [93]
miR-1224 No data available No data available Human hepatocarcinoma cells TAnthocyanidin [54]
miR-1296 Prostate, ovary Cell cycle arrest Human prostate cancer cells 1Genistein [74]

Human ovarian cancer cells 1Genistein [73]
miR-1901 Lung No data available Mouse lung |Myo-inositol [UD]
miR-1953 No data available No data available Mouse lung 1Myo-inositol [UD]

(CS+), mice or rats exposed to cigarette smoke; (AOM+), rats treated with azoxymethane; (VC+), mice treated with vinyl chloride. T upregulation; | downregulation;
*Modulation of antitumor effects; ¢ Anthocyanins accumulation in plant is regulated by miR-156; #the reported miRNA is responsible for resistance to SERMs. 8 miRNA
undergoing single nucleotide polymorphisms in humans. UD, Izzotti et al., unpublished data.
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studies from our laboratory analyzed in parallel miRNA expression
in organs of rodents, either unexposed or exposed to CS, in order to
evaluate modulation by the investigated agents both of baseline
expression profiles and of CS-induced dysregulation. This approach
allowed us to predict both safety and efficacy of test agents at the
molecular level.

The last column in Table 1 reports, for each miRNA, the results
obtained, the investigated agent, and the corresponding reference.
The arrows indicate whether modulation of miRNA expression
occurred either in the sense of upregulation (upward arrows) or
downregulation (downward arrows). The meaning of other
symbols is reported in the footnote to the table.

It should be noted that some authors of the reviewed papers did
not report all modulated miRNAs but made a selection of those that
were evaluated to be more relevant. In general, the selection was
made according to three analytical criteria, including (a) a more
than two-fold variation, accompanied by a statistically significant
difference; (b) inclusion in the highest or lowest quartile of
distribution; and (c) confirmation of data by biological or
functional analyses.

2. Modulation of miRNA expression by natural agents
2.1. Vitamins and derivatives

2.1.1. Vitamin A metabolites (retinoic acid)

All-trans-retinoic acid (RA) is a metabolite of vitamin A (all-
trans-retinol) responsible for most of its biological effects. RA was
tested in vitro for the ability to modulate miRNA expression in a
variety of human cultured cancer cells, including acute promye-
locytic leukemia (APL) cells, estrogen receptor-positive breast
cancer (MCF-7) cells, embryonal carcinoma (NT2) cells, and
neuroblastoma cells.

In APL cells, RA upregulated the expression of miR-186, miR-215
and miR-223, while it downregulated the expression of miR-17,
miR-25, miR-193, miR-195 [29]. In another study using the same
cells, RA was found to upregulate the expression of miR-15a, miR-
15b, miR-16-1, let-7a-3, let-7c, let-7d, miR-107, miR-223, and miR-
342, whereas miR-181b was downregulated [30]. Differentiation of
APL cells by RA was reported to be mediated by miRNA
modulation, mainly involving miR-663 upregulation [31].

Proliferation of MCF-7 cells was inhibited by RA via miR-21
upregulation [32]. MiR-23 was shown to play a critical role in the
RA-induced neuronal differentiation of NT2 cells into neural cells
[33]. In another study, differentiation of these cells was induced by
RA following miR-152 upregulation [34]. In addition, RA down-
regulated miR-17, which in turn activated the expression of genes
involved in neuroblastoma cell differentiation and apoptosis [35],
and upregulated miR-10a and miR-10b, targeting the SR-family
splicing factor SFRS1 [36].

RA downregulated the expression of miR-9, miR-124, and miR-
125b in the central nervous system of rat fetuses, thereby
increasing Bcl2- and P53-related apoptosis and inducing an
abnormal development of spinal cord [37].

2.1.2. Vitamin B9 (folate)

In male Fisher rats, a diet deficient in folate, methionine and
choline resulted in the formation of hepatocellular carcinoma at 54
weeks of age, in the absence of carcinogen treatment. This process
was accompanied by miR-122 downregulation. Folate replenish-
ment increased miR-122 levels and was associated with inhibition
of liver tumorigenesis [38,39].

Folic acid blocked ethanol-induced teratogenesis in fetal mouse
brain through miR-10a downregulation [40].

Utilizing blood samples from a population-based case-control
study of head and neck squamous cell carcinoma, miR-222 was

identified as being overexpressed in lymphoblastoid cells in
culture obtained from subjects with a low folate intake. Folate
supplementation in the culture medium restored miRNA levels,
which suggests that dietary modulation of miRNA expression is
reversible [41].

2.1.3. Vitamin D (calciferol) and derivatives

Vitamin D was found to modulate in vitro the expression of
miRNAs in cultured human cancer cells. In particular, vitamin
D3 downregulated miR-181 resulting in cell cycle arrest of
human myeloid leukemia cells [42]. 1,25-Dihydroxyvitamin D3
markedly induced the expression of miR-32 in the same cells,
leading to Bim targeting and inhibition of AraC-induced
apoptosis [43].

In breast epithelial cells (MCF-12F), 2,5-hydroxyvitamin D3, a
major vitamin D metabolite, conferred a protective role against
cellular stress by modulating P53 and PCNA levels and
dysregulating the expression of several miRNAs, among which
miR-182 [44].

The cancer chemopreventive effects of vitamin D are mediated
via binding with its receptor, whose expression is linked to miR-
125b [45]. Indeed, malignant melanoma cells expressing the
vitamin D receptor respond to the antiproliferative effects of
vitamin D3. Endogenous vitamin D receptor-mRNA levels are
inversely related with the expression of miR-125b, which is
involved in the resistance against vitamin D3 antiproliferative
effects in melanoma cells [46].

2.1.4. Vitamin E (tocopherol)

In Fisher 344 rats fed for 6 months diets deficient or sufficient in
a-tocopherol, the major congenerer of vitamin E, vitamin E-
deficiency resulted in reduced liver concentrations of miR-122a,
which is involved in lipid metabolism, and miR-125b, which is
involved in inflammation [47]. A review paper published by the
same group reported that a-tocopherol downregulates the same
miRNAs [48].

2.2. Oligoelements

Sodium selenite activated the P53 pathway and the related
miRNA effector miR-34 in prostate cells. In fact, incubation of P53*/
* human prostate cancer cells with selenium triggered induction of
miR-34, which was associated with a rapid transcriptional
activation of P53 and upregulation of the expression of P53-
targeted genes [49].

2.3. Polyphenols

2.3.1. Flavonol-rich extracts

Polyphenolics extracted from Ilex vomitoria (yaupon holly)
leaves, whose main components are quercetin and kaempferol 3-
rutinosides, upregulated miR-146a, a negative regulator of proin-
flammatory NFkB, in human colon fibroblasts (CCD-18Co), and
protected these cells from inflammation [50].

2.3.2. Ellagitannins

In human hepatocellular carcinoma HepG2 cells, 1,3,4-tri-O-
galloyl-6-O-caffeoyl-3-p-glucopyranose (BJA32515), a natural
ellagitannin compound extracted from Balanophora japonica
Makino, upregulated let-7a and miR-29a and downregulated
miR-197 and miR-373. These miRNA modifications resulted in
inhibited cell proliferation and increased apoptosis [51]. In the
same cells, 1,3-di-O-galloyl-4,6-(s)-HHDP-b-p-glucopyranose
(BJA3121) dysregulated the expression of 25 miRNAs, and in
particular upregulated let-7e, miR-370, miR-373, and miR-526, thus
inhibiting cell proliferation [52].
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2.3.3. Epigallocatechin 3-gallate and other green tea polyphenols

HepG2 cells, epigallocatechin 3-gallate (EGCG) treatment
altered the expression levels of a total of 61 miRNAs, 13 of which
were upregulated and 48 were downregulated. Among them, miR-
16, which was confirmed to target and to inhibit the antiapoptotic
protein Bcl-2, was one of the upregulated miRNAs. This mechanism
explains the proapoptotic effect exerted by EGCG. Other miRNAs
changed their expression more than 2-fold as a consequence of
EGCG treatment, including let-7c, miR-18, miR-25, and miR-92 (all
of them upregulated), and miR-129, miR-196, miR-200, miR-342,
and miR-526 (all of them downregulated) [53]. In another study
using the same cells treated with EGCG, miR-30b was found to be
downregulated [54].

In human breast cancer MCF-7 cells, 23 miRNAs were
differentially expressed after treatment with polyphenon-60, a
green tea extract. These miRNAs included miR-21 and miR-27,
which were found to be downregulated. These two miRNAs had
previously been identified as being overexpressed in these cells,
with miR-21 specifically implicated in the downregulation of the
tumor suppressor gene tropomyosin-1 [55].

In mouse and human lung cancer cells in culture, EGCG
specifically upregulated the expression of miR-210, a major miRNA
modulating the hypoxya-inducible factor 1o (HIF-1a) pathway.
The EGCG-induced upregulation of miR-210 stabilized HIF-1a by
inhibiting its ubiquitination and subsequent proteasome degrada-
tion in lung cancer cell lines, thus leading to reduced cell
proliferation rate and anchorage-independent growth [56].

2.3.4. Curcumin and analogues

Curcumin (diferuloylmethane) is a flavonoid derived from the
rhizome of Curcuma longa. In vitro, curcumin altered miRNA
expression in human pancreatic cancer cells (PxBC-3) by
upregulating miR-22, whose predicted targets were estrogen
receptor 1 and transcription factor Sp1. On the other hand, miR-
196, an oncogenic miRNA involved in gastric cancer, was
significantly downregulated after curcumin treatment [57].

In human breast cancer cells (MCF-7), curcumin reduced the
expression of Bcl-2 by upregulating miR-15a and miR-15b [58].

In addition, alterations in miRNA expression were detected in
curcumin-treated lung cancer A549 cells, including a significant
downregulation of miR-186, whose targets include caspase-10.
These results demonstrate that curcumin induces A549 cell
apoptosis through a miRNA-mediated pathway [59].

In colorectal cancer cells (Rko and HCT116), curcumin inhibited
the transcriptional regulation of miR-21 via AP-1 and suppressed
cell proliferation, tumor growth, invasion and in vivo metastasis,
and stabilized the expression of the tumor suppressor gene Pdcd4
in colorectal cancer cells tested in the chorioallantonic membrane
invasion assay [60].

Due to the low bioavailability of curcumin in vivo, the synthetic
analogue difluorinated curcumin (CDF) was evaluated in the
pancreatic cancer cells AsPC-1 and MIAPaCa-2. Curcumin and its
CDF analogue, either alone or in combination, attenuated the
expression of miR-200 and miR-21, leading to induction of the
tumor suppressor gene phosphatase and tensin homolog (PTEN),
which negatively regulates the intracellular levels of phosphati-
dylinositol-3,4,5-trisphosphate thereby preventing cells from
growing and dividing too rapidly. In the same cell lines, CDF
attenuated cancer stem cell markers via changes in miR-21 and
miR-200 [61].

2.3.5. Resveratrol and analogues

A series of in vitro studies were carried out with resveratrol, a
stilbenoid that is found in the skin of red grapes and other fruits,
and its analogues. In colon cancer cells (SW480), resveratrol
downregulated several oncogenic miRNAs, including miR-17,

miR-21, miR-25, miR-92a, miR-196a, thereby mediating the
regulation of Dicer, PDCD4, and PTEN. Resveratrol upregulated
miR-663, a tumor suppressor miRNA inhibiting TGF@ [62]. In
monocytic cells, resveratrol induced a miR-663-dependent effect
targeting activator protein-1 (AP-1) through the jJun signaling
pathway. Interestingly, resveratrol also impaired the upregulation
of oncogenic miR-155 in a miR-663-dependent manner [63]. On the
whole, miR-21, miR-155 and miR-663 were recognized as the main
miRNAs regulated by resveratrol [64].

Treatment of human neural cells with the resveratrol analogue
CAY10512 downregulated miR-146a, whose targets include
complement factor H. MiR-146 is upregulated in the brain of
Alzheimer’s disease patients causing repression of complement
factor H, a potent anti-inflammatory mediator [65]. These findings
provide evidence that miRNA regulation plays a major role in the
antiinflammatory effects of resveratrol.

In human benzo[a]pyrene-transformed bronchial epithelial
cells (16HBE-T), resveratrol upregulated miR-622, recognizing k-
Ras as a target. MiR-622 upregulation inhibited cell proliferation,
inducing GO growth arrest and suppressing the ability of 16HBE-T
cells to form colonies in vitro and to develop tumors in nude mice.
k-Ras messenger RNA was predicted as a putative miR-622 target
[66].

Resveratrol treatment altered miRNA expression in human
non-small cell lung cancer cells (A549), with 26 of the 753
analyzed miRNAs that exhibited greater than 2-fold expression
changes in resveratrol-treated cells relative to their expression
levels in untreated cells. Six of the resveratrol-modulated miRNAs
showed greater than 20-fold changes in expression. These included
miR-92a (downregulated) and miR-194, miR-299, miR-338, miR-
582, and miR-758 (all of them upregulated). Target genes of
resveratrol-regulated miRNAs are related to apoptosis, cell cycle
regulation, cell proliferation, and differentiation [67].

In prostate cancer cells (PCa), resveratrol downregulated 23
miRNAs and upregulated 28 miRNAs. The downregulated miRNAs
included miR-17-92 and miR-106ab clusters, having well recog-
nized oncogenic properties, while the upregulated miRNAs
included several tumor suppressors, some of them targeting PTEN
[68].

In an in vivo ischemia/reperfusion rat model, resveratrol
pretreatment restored the expression pattern of miRNAs close
to the control levels in the ischemic heart. The upregulated miRNAs
included miR-20b and miR-21 (antiangiogenic), which are impli-
cated in cardiac remodeling. These data suggest that resveratrol
exerts a significant cardioprotection through miRNA modulation
[69,70].

2.4. Isoflavones

2.4.1. Genistein

Genistein is an isoflavone isolated from soybean. In vitro,
genistein downregulated the expression of miR-27a and inhibited
cell growth of human uveal melanoma cells (C918). The growth of
these cells in vivo was significantly inhibited by genistein
administration to Balb/C nu/nu mice carrying xenografts of uveal
melanoma cancer cells [71].

Genistein upregulated miR-146a in human pancreatic cancer
cells and inhibited their invasive potential by downregulating
EGFR, NFkB, IRAK-1, and MTA-2 [72].

In ovarian cancer cells (UL-3A, UL-313), genistein modulated 53
miRNAs, which resulted in the induction of estrogen receptor
expression and cell growth rate decrease [73].

In human prostate cancer cells (PC3) treated with genistein, the
minichromosome maintenance gene MCM2, involved in DNA
replication and commonly dysregulated in cancer cells, was
downregulated through miR-1296 modulation. Genistein induced
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the expression of miR-1296 by up to five-fold, along with cell cycle
arrest in S-phase [74]. In the same cells, genistein upregulated the
tumor suppressor gene ARHI by downregulating miR-221 and 222
[75]. In human prostate cancer cell lines (PC-3, DU145, and LNCaP),
genistein variously modulated miRNA expression profile [76].

2.4.2. Anthocyanin

In Arabidopsis thaliana, anthocyanin accumulation is under the
regulation of miR156. At least one of the miR-156 targets, the
squamosa promoter binding protein-like-9, negatively regulates
anthocyanin accumulation by directly preventing expression of
anthocyanin biosynthetic genes [77]. These results provide a
potential target for manipulation of anthocyanin content in plants.

In hepatoma HepG2 cells, grape seed proanthocyanidin or cocoa
proanthocyanidin extracts downregulated miR-30b and upregu-
lated miR-197, miR-532, and miR-1224 [54].

2.5. Indoles

Several studies investigated the miRNA modulating activity of
indole-3-carbinol (I3C), found in cruciferous vegetables, and its in
vivo dimeric product 3,3’-diindolylmethane (DIM).

In human pancreatic cancer cell lines (MiaPaCa-2, Panc-1 and
Aspc-1), resistant to gemcitabine, DIM and a mixture of other
genistein isoflavones downregulated the expression of let-7b, let-
7c, let-7d, let-7e, miR-200b, and miR-200c, thereby reversing in part
the malignant phenotype and inhibiting cancer cell growth [78].

The effect DIM on miRNA expression was investigated in both
estrogen-dependent MCF-7 and estrogen receptor negative, P53
mutant human breast cancer MDA-MB-468 cells. DIM dose
dependently inhibited the proliferation of both cells. In addition,
an in vivo xenograft model showed that DIM strongly inhibited the
development of human breast tumors. DIM increased miR-21
expression causing a downregulation of Cdc25A, which resulted in
inhibition of breast cancer cell proliferation. Thus, DIM was able to
stop the cell cycle progression of human breast cancer cells
regardless of their estrogen-dependence and P53 status [79].

I3C and DIM reversed VC-induced dysregulation of several
miRNAs in the lung of female A/] mice. MiR-21, miR-31, miR-130a,
miR-146b, and miR-377 were consistently upregulated, while miR-1
and miR-143 were downregulated in lung cancer as compared to
normal lungs. Moreover, the upregulation of miR-21, miR-31, miR-
130a, miR-146b, and miR-377 observed in VC-treated animals was
abrogated by I3C treatment, suggesting that I3C could inhibit the
expression of these oncogenic miRNAs. PTEN, PDCD4, and RECK
were potential targets of miR-21, and 13C upregulated these tumor
suppressor genes though inhibition of miR-21 [80].

In CS-exposed rats, I3C restored in lung the expression of
downregulated miRNAs targeting P53 functions (miR-34b), TGF-3
expression (miR-26a), ERBB2 activation (miR-125a), and angiogen-
esis (miR-10a) [81].

2.6. Isothiocyanates

Phenethyl isothiocyanate (PEITC), a naturally occurring phyto-
chemical, was evaluated for the ability to modulate the expression
of miRNAs, after administration with the diet, in the lung and liver
of rodents, either unexposed or exposed to CS.

In the lung of CS-free mice, PEITC decreased the expression of
miR-181, miR-466a, miR-666, miR-706 (2.1-fold), and miR-708. In
addition, PEITC was effective in counteracting miRNA alterations
induced by CS for let-7a, let-7c, miR-26, miR-29, miR-31, miR-125,
miR-135, miR-200, and miR-382 [82].

In the liver of the same mice, PEITC decreased the expression of
miR-26a, miR-125a, miR-142, miR-200, miR-323, miR-331, miR-338,
miR-466, miR-551, and increased the expression of miR-34c, miR-

299, miR-452. In addition, PEITC was effective in counteracting
miRNA alterations induced by CS in mouse liver for miR-125b, miR-
153, miR-292, miR-297, miR-322, miR-376b, miR-463, miR-466, miR-
467, miR-470, miR-687, miR-697, miR-709, miR-710, miR-719, miR-
874, and miR-883 [82].

In a separate study PEITC was able to counteract miRNA
alterations induced by CS in mouse lung tissue, either normal or
affected by pneumonia, but not in lung cancer tissue. The protected
miRNAs were let-7a, miR-30, and miR-804 [83].

The effect of PEITC on miRNA alterations induced by CS in rat
lung was evaluated by Izzotti et al. [81]. Of the five dietary agents
tested, PEITC was the most effective in restoring CS-downregulated
miRNAs. Major PEITC-induced miRNA targets were let-7a, let-7c,
miR-26a, miR-99b, miR-123, miR-125b, miR-146, miR-192, and miR-
222.

2.7. Combination of phenethyl isothiocyanate and indole-3-carbinol

Modulation of miRNAs by PEITC was increased by its
combination with I3C. In fact, in the lung of CS-exposed rats
treated with both PEITC and I3C, in addition to the miRNAs that
were individually modulated by each compound, let-7b, let-7f, miR-
30, miR-124, miR-140, miR-145, miR-191, and miR-223 were
significantly upregulated [81].

2.8. Phospholipids

Myo-inositol is widely occurring in nature and food, and is
present in all living cells. Dietary myo-inositol significantly
upregulated miR-302, miR-509, miR-592, miR-876, miR-880, and
miR-1953, and downregulated miR-543, miR-764, and miR-1901 in
mouse lung. A parallel effect on proteins targeted by these miRNAs
was observed for cyclin-dependent kinase inhibitor 1A involved in
the cell cycle (miR-302), Rho GTPase activating protein 1 involved
in signal transduction (miR-509), epidermal growth factor receptor
pathway substrate 8 involved in cell differentiation (miR-543),
nuclear receptor subfamily 3 involved in inflammatory responses,
cellular proliferation and differentiation (miR-543), insulin recep-
tor involved in metabolic functions (miR-592), and serine/
threonine kinase 24 involved in stress response (miR-880) [Izzotti
et al., unpublished data].

2.9. Saponins

The triterpene saponin ginsenoside Rh2, extracted from the
traditional medical plant ginseng, upregulated 14 miRNAs and
downregulated 12 miRNAs in human glioma cells (U251, T98MG
and A172). In particular, upregulation of miR-128 appears to be
responsible for the antiproliferative effects of Rh2 in glioma cells
[84].

2.10. Anthraquinones

The anthracenedione bostrycin, belonging to the large family of
anthraquinones and isolated from marine fungi, upregulated miR-
638 and miR-923 in human lung adenocarcinoma cells (A549). This
effect resulted in downregulation of the PI3K/AKT pathway, thus
playing a role in induction of cell cycle arrest and apoptosis in
bostrycin-treated cells [85].

2.11. Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFA) contained in fish oil,
administered to AOM-treated rats, inhibited colon cancer appear-
ance and progression by increasing let-7d, mir-15, miR-107, miR-
191, and miR-324 expression [86].
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Sodium butyrate, a short chain fatty acid inhibiting histone
deacetylase, contained in goat and buffalo cheese, regulated
endodermal differentiation by upregulating miR-10 and miR-24 in
cultured human embryonic stem cells [87].

In human colon cancer cells butyrate inhibited cancer cell
proliferation by inhibiting miR-106 thus inducing P21 expression
[88].

3. Modulation of miRNA expression by synthetic agents
3.1. Metabolic inducers (beta-naphthoflavone)

Beta-naphthoflavone, or 5,6-benzoflavone, is a synthetic
flavonoid that acts as a potent inducer of P4501A enzyme and
agonist of the arylhydrocarbon receptor. This agent significantly
fully counteracted CS-induced miR-10a downregulation in rat lung
by increasing its expression up to 5.2-fold and restoring the same
expression level detected in sham-exposed rats. In the same
experimental model, beta-naphthoflavone increased the expres-
sion of miR-26a, miR-34c, and miR-146 in CS-exposed rats as
compared with rats exposed to CS, in the absence of chemo-
preventive agents. However, their expression was still lower than
that detected in sham-exposed rats [81].

3.2. Thiols and derivatives

3.2.1. N-Acetyl-L-cysteine

The thiol N-acetyl-L-cysteine (NAC), an analogue and precursor
of reduced glutathione (GSH), given with the drinking water,
counteracted the CS-induced downregulation of miR-26a, miR-123,
miR-140, and miR-146 in rat lung [81].

3.2.2. Oltipraz

The dithiolthione oltipraz significantly counteracted CS-in-
duced downregulation of miRNAs by increasing the expression of
let-7b, let-7c, miR-10, miR-26, miR-34, and miR-123 in rat lung [81].

3.2.3. Combination of N-acetyl-1-cysteine and oltipraz

The effect of oltipraz on miRNA expression was increased by its
combination with NAC. In fact, in addition to the miRNAs
modulated by the individual agents, oltipraz + NAC upregulated
let-7a, miR-192, and miR-222 in the lung of CS-exposed rats [81].

3.3. Nuclear receptor agonists

3.3.1. Bexarotene

Bexarotene, also known as Targretin, is a retinoid X receptor
(RXR) agonist. In mouse lung, bexarotene alone did not signifi-
cantly alter miRNA expression profiles. In the same organ,
bexarotene was effective in counteracting the CS-induced down-
regulation of pulmonary miR-493. In parallel, antibody microarray
analyses indicated that two miR-493-targeted proteins were
modulated by bexarotene, including keratin pan, involved in cell
differentiation, and cell division cyclin 27, involved in the cell cycle
[Izzotti et al., unpublished data].

3.3.2. Pioglitazone

Pioglitazone is a peroxisome proliferator-activated receptor
(PPAR)-gamma agonist. In vivo pioglitazone protected the rats
against myocardial ischemia-reperfusion injury by downregulat-
ing miR-29a and miR-29c levels in the heart. The same finding was
obtained in vitro in cardiac H9c2 cells. Downregulation of miR-29
by pioglitazone protected H9c2 cells from simulated ischemia-
reperfusion injury, as indicated by an increased cell survival and
decreased caspase-3 activity. In contrast, overexpressing miR-29
promoted apoptosis and completely blocked the protective effect

of pioglitazone. Antagomirs against miR-29a or miR-29c signifi-
cantly reduced myocardial infarct size and apoptosis in hearts
subjected to ischemia-reperfusion injury. Western blot analyses
demonstrated that Mcl-2, an anti-apoptotic Bcl-2 family member,
was increased by miR-29 inhibition [89].

Dietary pioglitazone did not significantly affect lung miRNA
profiles in mouse lung. However, this agent was effective in
counteracting CS-induced alterations for miR-218, miR-296, miR-
335, and miR-764. Parallel antibody microarray analyses indicated
that lung proteins targeted by pioglitazone-modulated miRNAs
were also modified in their expression. They included thioredoxin
and Ras proteins, targets for miR-218; insulin-like growth factor,
target for miR-335; and peroxisomal D3,D2-enoyl-CoA isomerase,
target for miR-764 [Izzotti et al., unpublished data].

3.3.3. Combination of bexarotene and pioglitazone

Combination of bexarotene and pioglitazone effectively pro-
tected the mouse lung from CS-induced miRNA downregulation. In
fact, the number of downregulated miRNAs in CS-exposed mice
was 79, out of a total of 694 tested, whereas one miRNA only was
downregulated in CS-exposed mice treated with bexarotene + -
pioglitazone. The most potently upregulated miRNAs by this
combination of chemopreventive agents were miR-290, miR-484,
and miR-715 [lIzzotti et al., unpublished data].

3.4. Histone deacetylase inhibitors

3.4.1. Suberoylanilide hydroxamic acid (SAHA)

The histone deacetylase inhibitor (HDACi) suberoylanilide
hydroxamic acid (SAHA), or Vorinostat, markedly altered the
expression of 31 miRNAs in human colon carcinoma cells (HCT116)
as well as downstream targets affecting cell cycle, apoptosis, and
differentiation. In particular, SAHA downregulated let-71, miR-29,
miR-100, miR-141, miR-221, miR-222, and miR-877, while it
upregulated miR-22 and miR-424 [90].

In human lymphoma cells (L540), SAHA downregulated the c-
Myc-related miRNAs miR-17-3p, miR-17-5, and miR-18 as well as
miR-15b and miR-155, which are not c-Myc-regulated [91].

SAHA was also found to restore the expression of miR-34a in
human pancreatic cancer stem cells, which provides mechanistic
insights and therapeutic targets for pancreatic cancers [92].

In human non-small cell lung cancer cells (A549), SAHA
dysregulated the expression of 64 miRNAs having several target
genes related to angiogenesis, apoptosis, chromatin modification,
cell proliferation and differentiation. The miRNAs that were
upregulated more than 4-fold included let-7b, miR-124, miR-126,
miR-129-3p, miR-132, miR-382, miR-409-3p, and miR-660. The
miRNAs that were downregulated more than 4-fold included miR-
30c-1, miR-30e, miR-106a, miR-345, miR-548c-3p, miR-877, and
miR-936 [93].

In vivo, the dietary administration of SAHA to mice
modulated miRNA expression in the lung. In particular, SAHA
upregulated let-7a, miR-125b, miR-183, and miR-466, and
downregulated miR-302, miR-684, and miR-764 [Izzotti et al.,
unpublished data]. Interestingly, let-7 and miR-183 had also
been found to be upregulated by SAHA in lung cancer cells in
vitro [93]. Parallel analyses detected the modulation by SAHA of
miRNA target proteins in mouse lung, including cyclin-depen-
dent kinase inhibitor 1A (P21), a P53-dependent negative
regulator of the cell cycle targeted by miR-302 and miR-106;
integrin beta-1, regulating cell adhesion, targeted by miR-183;
protein phosphatase 2, implicated in the negative control of cell
growth and division, targeted by miR-183; importin beta-1,
playing a role in signal transduction, targeted by miR-684;
histone deacetylase 3, regulating epigenetic repression, targeted
by miR-125 and miR-466 [Izzotti et al., unpublished data].
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3.4.2. Trichostatin

The HDACi trichostatin A altered the expression profile of
miRNA signatures in the apoptosis-resistant breast carcinoma cell
line (MCF-7TN-R). Trichostatin A induced significant upregulation
of 22 miRNAs and downregulation of 10 miRNAs. Among them, the
most remarkably upregulated miRNAs were miR-139, miR-146,
miR-155, miR-215, and miR-544, and the most remarkably down-
regulated miRNAs were miR-645 and miR-657. These results
demonstrate that the anticancer activity of trichostatin A is
correlated with alteration of miRNA expression profiles [94].

3.4.3. LAQ824

The HDACi LAQ824 produced a dramatic alteration in miRNA
profiles in human breast cancer cells (SKBr3), 22 miRNAs being
upregulated and 5 miRNAs being downregulated [95].

3.5. Anti-inflammatory agents

3.5.1. Glucocorticoids

The modulation of miRNAs by the glucocorticoid budesonide,
given with the diet, was examined in the lung and liver either in
CS-free mice or CS-exposed mice. In mouse lung, budesonide alone
decreased the expression of one miRNA only (miR-133), while it
exerted a more remarkable effect in the liver by downregulating 14
miRNAs and upregulating 3 miRNAs. The downregulated miRNAs
included let-7a, miR-27a, miR-100, miR-106b, miR-125a, miR-142,
miR-200b, miR-300, miR-320, miR-331, miR-338, miR-466a, miR-551,
and miR-763. The upregulated miRNAs included miR-483, miR-539,
miR-742. In the lung of CS-exposed mice, budesonide was effective
in counteracting CS-related miRNA alterations for 5 miRNAs,
including let-7a, miR-26a, miR-31, miR-382, and miR-463. In the
liver of the same mice, budesonide was effective in counteracting
CS-related miRNA alterations induced by CS for 15 miRNAs,
including miR-15a, miR-21, miR-125b, miR-292, miR-297, miR-322,
miR-466, miR-467, miR-687, miR-690, miR-697, miR-709, miR-710,
miR-719, and miR-883 [82].

In humans, the expression of 227 miRNAs was examined in
airway biopsies obtained from normal and mild asthmatic
patients. MiRNA profiles were analyzed before and after 1 month
of treatment with inhaled budesonide. No significant difference
was detected in the expression of all 227 analyzed miRNAs,
irrespective of treatment with budesonide. These results suggest
that changes in miRNA lung expression are not involved in the
anti-inflammatory action of the corticosteroid budesonide in
asthmatic patients [96].

3.5.2. Nonsteroidal antiinflammatory drugs (NSAIDs)

Ethyl-2-((2,3-bis(nitroxy)propyl)disulfanyl benzoate (GT-094)
is a nitric oxide donor NSAID (NO-NSAID) that is expected to
undergo rapid thiol/disulfide exchange with protein sulfhydryl
groups leading to NSAID (thiosalycylate) release. Using human
colon cancer cells (RKO and SW480), GT-094 was found to
downregulate miR-27a, which in part may be responsible for the
anticancer activity of this agent [97].

3.6. Selective estrogen receptor modulators (SERMs)

3.6.1. Tamoxifen

Mir-221 and miR-222 have consistently been implicated in the
resistance to tamoxifen in breast cancer. These two miRNAs were
found to be elevated in estrogen receptor alfa (ERa)-negative
breast cancer cells as compared to ERa-positive cells, which
suggest arole in the regulation of ERa expression [98]. Using breast
cancer cells (MCF-7), either sensitive or resistant to tamoxifen, mir-
221, miR-222 and miR-181 were found to have an increased
expression in tamoxifen resistant cells, whereas miR-21, miR-342

and miR-489 had a decreased expression. In addition, this study
demonstrated a relationship between mir-221 and miR-222
expression and HER2/neu oncoprotein overexpression in primary
breast cancer cells [99]. Another study suggested that miR-342
regulates tamoxifen response in breast cancer cell lines in vitro, and
clinical data indicated a relationship between reduced miR-342
expression and tamoxifen resistance [100].

3.6.2. Fulvestrant

An increased expression of mir-221 and miR-222 was found to
play a role also in acquired resistance toward fulvestrant, a SERM
antagonist used in hormone-sensitive breast cancers following
failure of previous tamoxifen or aromatase inhibitor therapies
[101].

4. Discussion
4.1. MiRNAs as targets for chemopreventive agents

The results reported in Table 1 provide evidence that many
chemopreventive agents, belonging to various chemical classes
and functional families, are able to modulate the expression of
miRNAs in experimental test systems, either in vitro or in vivo. A
total of as many as 148 miRNAs were found to be modulated in the
studies reported in Table 1. Interestingly, several miRNAs were
targeted by multiple chemopreventive agents. In particular, 7 of
the miRNAs investigated in the cited studies, including let-7a, miR-
21, miR-26, miR-34, miR-125, miR-146, and miR-200, were targeted
by at least 5 chemopreventive agents each. These miRNAs play
important roles in controlling several mechanisms that are
involved in various stages of the carcinogenesis process, such as
inflammation, stress response, cell proliferation, apoptosis, onco-
gene activation (k-Ras, TGF, ERBB2), modulation of oncosoppressor
genes (PTEN, P53), and signal transduction pathways. It is
conceivable that certain miRNAs may represent preferential
targets for chemopreventives and may conveniently be used as
indicators of efficacy of anticancer agents. Furthermore, it may be
hypothesized that, in the future, miRNA themselves or anti-miRNA
oligonucleotides may be used to suppress cancer development.

Opposite expressional directions of miRNA modulation by the
same chemopreventive agents were reported in few cases, for
instance with a-tocopherol, budesonide, and PEITC (see Table 1).In
some cases, these findings may be related to noise in the omics
studies. However, in other cases they may be due to the fact that
the same miRNA was tested in different organs, which involves
different pharmacokinetic and metabolic patterns. As an example,
the bifunctional metabolic inducer PEITC exerted different effects
in liver and lung [82].

4.2. Analysis of miRNAs for evaluating the safety and efficacy of
chemopreventive agents

The majority of the studies reported in Table 1 used cancer cell
lines in vitro with the goal of evaluating the anticancer effects of
test agents and other properties, such as occurrence of resistance
to drugs, through modulation of miRNA expression. The main
drawback of this methodology is that cancer cells are less sensitive
than differentiated cells to miRNA modulation by chemopreven-
tive agents, as assessed by comparing lung cancer tissue and the
surrounding healthy tissue in mice treated with either PEITC or
NAC [83].

In vivo approaches not only take into account pharmacokinetic
and metabolic features of test compounds but also appear to be
more appropriate to evaluate genuine cancer preventive effects of
dietary and pharmacological agents. In our opinion, such a goal
should be pursued by evaluating both the ability of test agents to
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affect baseline miRNA expression profiles, as an indicator of their
safety, and their ability to inhibit miRNA alterations caused by
carcinogens, as an indicator of their efficacy. Table 1 reports a
number of examples of application of this kind of protocol in mice
and rats, either unexposed or exposed to CS [81-83, plus
unpublished data].

4.3. Rationale for designing combinations of chemopreventive agents
by miRNA analysis

The therapy of the most important diseases (e.g., cancer,
cardiovascular diseases, AIDS, etc.) involves the combination of
different drugs. Likewise, application of a “combined chemopre-
vention” strategy is particularly promising. However, it is difficult
to evaluate how the combined agents may interact in terms both of
safety and efficacy. The rationale for designing a proper combina-
tion is to use agents having different and possibly complementary
mechanisms of action. Most chemopreventive agents have
pleiotropic properties and work via multiple mechanisms [18-
20]. Since each miRNA targets a number of transcripts simulta-
neously, evaluation of miRNA expression provides a convenient
tool for assessing the outcome of combinations of different agents
at the molecular level.

Three combinations are reported in Table 1, including
pioglitazone + bexarotene, NAC + oltipraz, and PEITC + I3C. Piogli-
tazone is a synthetic ligand of peroxisome proliferator-activator
receptor-gamma (PPAR-gamma) and bexarotene is a synthetic
agonist of retinoid X receptor (RXR), which is an obligate
heterodimeric partner for other nuclear receptors, including PPAR
[102]. NAC s characterized by a variety of protective properties but
its primary mechanisms are nucleophilicity and antioxidant
activity as a scavenger of ROS [103], whereas a major mechanism
for oltipraz is the induction of electrophile detoxification enzymes
[104]. PEITC s a typical phase Il activity inducer [105], whereas 13C
has a broad spectrum of anticancer properties, including its ability
to interfere with multiple oncogenic signaling pathways that
govern cell cycle progression, survival, invasion, and other
aggressive phenotypes of cancer cells [106]. In addition, the data
reported in Table 1 may be useful to design novel combinations of
chemopreventive agents. For instance, SAHA inhibit the expression
of miR-221 and miR-222, which are consistently associated with
resistance to SERMs. Accordingly, a combination of SAHA and
SERMs could be proposed to prevent resistance to SERMs.

4.4. Mechanisms of miRNA modulation by chemopreventive agents

For genotoxic agents, such as ionizing radiation, alteration of
miRNA expression has been ascribed to the fact that P53 interacts
with the Drosha/DGCR8 processing complex through an associa-
tion with RNA helicase p68, which modulates the processing of pri-
miRNAs to pre-miRNAs [9]. According to these data, DNA damage
modulates miRNA expression via a P53-dependent mechanism
[107]. The number of components of the miRNA processing
machinery serving as direct transcriptional targets for P53 in
response to DNA damage has been expanding by also including the
endoribonuclease Dicer [108]. The central role of Dicer in the
cellular response to UV induced damage is established [10].
However, in case of treatment with chemopreventive agents, it is
unlikely that miRNA expression is modulated through DNA
damage and P53 activation. Recent bioinformatic analyses indicate
that Dicer, the enzyme involved in the cytoplasmic phase of miRNA
maturation, is a preferential cytoplasmic target for mutagens. In
particular, the binding affinity of 25 mutagens for each Dicer’s
RNase Il domain was estimated by calculating the global contact-
energy and the number of intermolecular contacts. The mutagens
tested form stable complexes with Dicer, which are more stable

than those formed by Dicer with its natural substrate, i.e., pre-
miRNAs [109]. These data indicate that mutagens affect miRNA
maturation by competing with pre-miRNA for Dicer binding. This
is a short-term adaptive response of the cell to mutagen exposure
resulting in maturation blockage for miRNAs acting as negative
regulators of genes involved in stress response. However, the long-
term alteration of miRNA maturation resulting from long-term
exposure constitutes a stimulus toward carcinogenesis [110].

It should be noted that bioinformatic models indicate that Dicer
binding by mutagens is non-covalent and involves low-energy.
Accordingly, the Dicer catalytic sites are not irreversibly blocked
but just change their affinity for specific substrates depending on
oligonucleotidic sequences. This explains why only few selected
miRNAs are affected by Dicer regulation depending on their
specific structures. As an example, those miRNAs that are enriched
in guanine in their terminal hairpin, such as those belonging to the
let-7 family, are highly sensitive to miRNA alterations induced by
mutagens.

The same bioinformatic approach revealed that also chemo-
preventive agents are characterized by affinity for Dicer. Indeed, it
was reported that isothiocyanates and 13C show high Dicer affinity
[109]. Further analyses using the same approach indicated that
resveratrol, EGCG, I3C, and beta-naphthoflavone display Dicer
affinity by binding the catalytic site of Dicer sub-units (Fig. 1).
These findings indicate that chemopreventive agents may compete
with mutagens for Dicer binding. According to this view,
chemopreventive agents act through hormetic effects sharing
the same molecular effect of mutagens at the Dicer epigenetic level
thereby competing with them for the activation of adverse
mechanisms such as the alteration of miRNA expression.

4.5. Polymorphic miRNAs. A nutrigenomic/pharmacogenomic
approach to cancer prevention?

A number of miRNAs targeted by chemopreventive agents,
identified with the symbol § in Table 1, undergo SNPs. This feature
also applies to frequently modulated miRNAs, such as let-7a, miR-
34, miR-125, miR-146, and miR-200. For example, a G/U SNP at
nucleotide 8 of miR-125 gene has been reported to downregulate
maturation of this miRNA [111]. The miR-125 genetic targets
include the ERBB2 proto-oncogene encoding for the EGF receptor,
which is highly expressed in carcinomas. MiR-125 genes, located in
the 11q23-q24 region, are frequently deleted in lung cancer [112].
This miRNA was strongly downregulated by CS in rat lung [14,15].
MiR-125 was also downregulated in the airway epithelium of
smoking humans [113]. Several chemopreventive agents, includ-
ing NAC, oltipraz, 13C and PEITC, inhibited the CS-induced
downregulation of miR-125 in rat lung [81]. Insofar the role of
miRNA SNPs for predicting cancer risks has been estimated to be
low [27,114]. Further studies are needed to establish the impact of
miRNA polymorphisms on safety and efficacy of chemopreventive
agents. It is conceivable that miRNA polymorphisms could be
important for explaining the interindividual variability in the
response to the protective effects of pharmacologic and dietary
agents, according to a pharmacogenomic/nutrigenomic approach.
Interindividual variability is one of the main factors affecting the
outcome of cancer chemoprevention trials in humans.

4.6. Tissue specificity of miRNAs and chemoprevention of site-specific
cancers

A further issue is the tissue specificity of miRNAs, which is
reported in Table 1 next to the identification of each miRNA. This
information could be useful to address the clinical use of dietary
and pharmacological agents for the prevention of site-specific
cancers. In fact, a given type of cancer is expected to be more
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Resveratrol

Fig. 1. Bioinformatic analysis showing the binding sites of 4 chemopreventive agents to Dicer. The Dicer 3D structure is rotated in each panel to show the chemopreventive
agent binding site. The colors identify the agent (in red) and the Dicer subunits (yellow, sub-unit A; green, sub-unit B; grey, sub-unit C; blue, sub-unit D).

effectively prevented by agents that are able to modulate miRNA
profiles in the target organ. For instance, chemopreventive agents
modulating miRNAs of the let-7 family, which are highly expressed
in the lung and are considered to be major players in lung cancer
development [115], could be proposed for the prevention of lung
cancer. Those modulating miR-122 could be proposed for the
prevention of liver cancer. In fact, functional and molecular studies
have uncovered mechanisms that link deregulated miR-122 to
pathways associated with hepatocellular carcinoma [116], to such
an extent that an increase of this miRNA in serum has been
proposed as a novel noninvasive biomarker for the detection of this
cancer in healthy subjects [117].

5. Conclusions

A continuously expanding literature covers the issue of miRNA
involvement in response to dietary and pharmacological agents.
The present article reports the data relative to 31 agents, either
natural or synthetic, which are known to behave as inhibitors of
mutagenesis and carcinogenesis and are regarded as potential
cancer chemopreventive agents. The majority of the studies
reviewed, however, evaluated the effects of test agents on miRNA
expression profiles in cultured cancer cell lines rather than their
actual role in cancer chemoprevention. On the other hand, studies
in mice and rats evaluated either the ability of test agents to alter
the baseline expression of miRNAs and/or their ability to
counteract miRNA alterations induced by carcinogens. In this
way, it is possible to predict the in vivo effects of chemopreventive
agents both in terms of safety and efficacy. In previous studies, we
pursued a similar objective by evaluating transcriptome and
proteome profiles in organs of rodents treated with carcinogens
and/or chemopreventive agents [118,119]. However, mRNAs
analysis gives redundant information, whereas proteome analysis
just covers a large minority of the existing proteins.

The data generated by using animal models are likely to bear
relevance to the human situation because the miRNA machinery is
well conserved among species. Indeed, the miRNA alterations
induced by CS in the lung of mice and rats are similar to those

observed in the airway epithelium of smoking humans [120].
Accordingly, miRNA analysis in preclinical models may be useful to
identify those chemopreventive agents that are worthy of being
assayed in clinical trials as well as to select the identity of miRNAs
to be analyzed as intermediate biomarkers. This task might be
pursued in humans by minimally invasive procedures, due to the
fact that miRNAs are released from target organs to the blood
[121].

In conclusion, it is conceivable that miRNA analysis will become
an important tool for developing new strategies for the prevention
of cancer and other mutation-related diseases.
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