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MicroRNA profiling of carcinogen-induced rat colon

tumors and the influence of dietary spinach
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Scope: MicroRNA (miRNA) profiles are altered in chronic conditions such as cardiovascular
disease, diabetes, neurological disorders, and cancer. A systems biology approach was used
to examine, for the first time, miRNAs altered in rat colon tumors induced by 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), a heterocyclic amine carcinogen from cooked
meat.

Methods and results: Among the most highly dysregulated miRNAs were those belonging
to the let-7 family. Subsequent computational modeling and target validation identified c-Myc
and miRNA-binding proteins Lin28A/Lin28B (Lin28) as key players, along with Sox2, Nanog,
and Oct-3/4. These targets of altered miRNAs in colon cancers have been implicated in tumor
recurrence and reduced patient survival, in addition to their role as pluripotency factors. In
parallel with these findings, the tumor-suppressive effects of dietary spinach given postinitiation
correlated with elevated levels of let-7 family members and partial normalization of c-myc, Sox2,
Nanog, Oct-3/4, HmgA2, Dnmt3b, and P53 expression.

Conclusion: We conclude that the let-7/c-Myc/Lin28 axis is dysregulated in heterocyclic amine-
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induced colon carcinogenesis, and that the tumor suppressive effects of dietary spinach are

associated with partial normalization of this pathway.
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1 Introduction

MicroRNAs (miRNA/miR) are small, noncoding RNAs that
act at the posttranscriptional level to degrade or repress trans-
lation from target mRNAs [1,2]. They are implicated in several
human pathologies, including cancer, and are influenced by
lifestyle factors such as cigarette smoke exposure and the in-
take of dietary chemopreventive agents [2-8]. A recent study,
for example, found that resveratrol protects against prostate
carcinogenesis via the downregulation of oncogenic miRNAs
and upregulation of tumor suppressor miRNAs [8]. miRNA
changes also contribute to colon carcinogenesis [9, 10]; how-
ever, the interrelationships between specific dietary carcino-

Correspondence: Dr. Roderick H. Dashwood, 479 Linus Pauling
Science Center, Oregon State University, Corvallis, OR 97331,
USA

E-mail: Rod.Dashwood @oregonstate.edu

Fax: +1-541-737-5077

Abbreviations: ANOVA, analysis of variance; miRNA/miR,

microRNA; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-
blpyridine

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

gens, chemopreventive agents, altered miRNAs, and down-
stream signaling pathways are complex and in need of clari-
fication.

Thus, the current investigation focused on colon carcino-
genesis induced by a heterocyclic amine from cooked meat
[4,11-13], and the chemopreventive actions of dietary spinach
[14]. Profiling of the miRNAs altered in 2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine (PhIP)-induced rat colon tu-
mors led to an examination of the let-7/c-Myc/Lin28 axis. The
latter axis has been implicated in the etiology of human can-
cers [15-18], and has a crucial role in regulating key networks
in induced pluripotent and cancer stem cells [19].

2 Materials and methods

2.1 Carcinogenicity bioassay

The preclinical study was approved by the Institutional An-
imal Care and Use Committee (ACUP 3168). Details of
the PhIP dosing protocol were reported elsewhere [20-22].

Briefly, male F344 rats, 3-4 weeks of age, were purchased
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Figure 1. Suppression of PhIP-induced tumorigenesis by dietary spinach, and scheme for miRNA analyses. The carcinogen PhIP was
administered to male F344 rats by oral gavage in three cycles, as reported (20-22). During the postinitiation phase starting at week 18,
rats were switched to AIN-93M diet, or to AIN-93M diet containing freeze-dried baby spinach incorporated at 10% w/w. The study was
terminated at 1 year. Tumors were enumerated in the colon and in other target organs. For miRNA analyses, colon tumors and normal-
looking colonic mucosa samples were flash-frozen in liquid nitrogen and stored at —80°C. Microarrays containing 679 miRNAs from the
rat miRBase (Version 17) generated data that was subjected to various computational approaches, miRNA validation, in silico pathway
analysis, and mRNA validation.
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from the National Cancer Institute and housed in a venti-
lated, temperature-controlled room at 25°C with a 12-h light—
dark cycle. After acclimatization to basal AIN-93G diet for
3 days, rats were treated by oral gavage with PhIP (40 mg/kg
body weight, 40 rats per group), every day for 2 weeks. Rats
were then switched to a high-fat diet (HF) for 4 weeks, dur-
ing which time no PhIP was administered. PhIP/HF cycling
was repeated three times (Supporting Information Fig. S1),
after which rats were given standard AIN-93M diet, or AIN-
93M diet containing freeze-dried baby spinach incorporated
at 10% wt/wt, as reported previously [14]. Additional groups
were treated in an identical manner, but given vehicle rather
than PhIP by oral gavage (n = 12 rats per group). The study
was terminated at the end of 52 weeks. Tumors were enu-
merated in the colon and in other target organs. For miRNA
analyses, colon tumors and normal-looking colonic mucosa
samples were flash-frozen in liquid nitrogen and stored at
—80°C.

2.2 miRNA extraction

Tumors and colonic mucosa samples, in triplicate, were ho-
mogenized on ice and extracted using the miRNeasy kit
(Qiagen, Valencia, CA). RNA quality and integrity was evalu-
ated from the absorbance at 260 and 280 nm (260,280 ratio
>1.9).

2.3 miRNA microarrays

Microarray analyses were performed by LC Sciences (Hous-
ton, TX). The assay started from 2 pg total RNA (quan-
tified by 260nm/280nm ratio followed by bioanalyzer), 3'-
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Figure 2. Volcano plot showing fold variation
and statistical significance of miRNA profiles
among the treatment groups, compared to the
control miRNA profile in rat colonic mucosa
from rats given neither PhIP nor spinach (see
Supporting Information Table 3).

extended with a poly(A) tail using poly(A) polymerase. An
oligonucleotide tag was ligated to the poly(A) tail for fluores-
cent dye staining. Hybridization was performed overnight
on a pParaflo microfluidic chip using a microcirculation
pump (Atactic Technologies, Houston, TX). On the microflu-
idic chip, each detection probe consisted of a chemically
modified nucleotide coding segment complementary to 679
unique mature rat target miRNAs (from miRBase version 17,
http://miRBase.org), and a polyethylene glycol spacer seg-
ment to extend the coding segment away from the substrate.
Hybridization used 100 mL 6x SSPE buffer (0.9 M NaCl,
60 mM Na,HPO,4, 6 mM EDTA, pH 6.8) containing 25%
formamide at 34°C. After hybridization, tag-conjugated Cy3
dye was circulated through the microfluidic chip for dye stain-
ing. Fluorescence images were collected using a GenePix
4000B scanner (Molecular Devices, Sunnyvale, CA) and
digitized using Array-Pro image analysis software (Media
Cybernetics, Bethesda, MD). Data were analyzed by first sub-
tracting the background and then normalizing the signal us-
ing a locally weighted regression filter. Cluster plots were
generated using software from The Institute for Genomic
Research.

2.4 Analyses of miRNA expression

For each miRNA within a treatment group, expression data
of five replicates were generated and compared using vol-
cano plot analysis. The latter defined both fold variation
and statistical significance based on analysis of variance
(ANOVA), followed by Benjamini—-Hochberg correction us-
ing ArrayStar software (DNASTAR, Inc., Madison, WI). Mul-
tivariate analyses were performed using Statgraphics software
(Statpoint Technologies, Inc., Warrenton, VA) for pairwise
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Figure 3. Scatter plot analyses comparing miRNA expression intensities in rat colon tumors and colonic mucosa, using species-specific
miRBase (Version 17.0). Color scale indicates intensity of miRNA expression, ranging from blue (lowest) to red (highest). For reasons of
clarity, the term “miRNA expression in...” was omitted from each axis label; x- and y-axes scales ranged from 1 to 10, plotted on a
logarithmic scale.
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testing among groups. Scatter plots were evaluated by simple
linear regression analysis. Global miRNA expression profiles
among the experimental groups were compared by hierar-
chical cluster analyses using ArrayStar software. A difference
with p < 0.05 was considered statistically significant.

2.5 Biological network analyses

miRNAs and their putative target mRNAs were examined
via MetaCore pathway analysis (GeneGo Inc., St Joseph, MI).
For pathway enrichment analysis, p values were calculated
using the formula for hypergeometric distribution, reflecting
the probability for a pathway to arise by chance. Pathway
maps were prioritized based on statistical significance. Two
key comparisons were the carcinogen effects (colon tumors
in positive controls versus normal-looking colonic mucosa)
and the chemopreventive effects (colon tumors in positive
controls versus colon tumors for PhIP+spinach treatment).

2.6 miRNA quantification

Quantitative real-time polymerase chain reaction (qPCR)
analyses used the Qiagen miScript kit according to the
manufacturer’s instructions. Primer sequences are listed in
Supporting Information Table S1. RNA (~1 pg) from rat
colon tumor or normal colonic mucosa was reverse tran-
scribed, followed by qPCR in a 20-p.L reaction containing miS-
cript Universal primer, miRNA specific-miScript primers,
SYBR green mix, and template cDNA. Reactions were per-
formed in triplicate and fluorescence intensities were ac-
quired using a LightCycler 480 II (Roche Applied Science,
Indianapolis, IN). Relative miRNA expression was quanti-
fied by determining the point at which the fluorescence ac-
cumulation entered the exponential phase (Ct), and the Ct
ratio of the target was normalized to small nuclear RNA
U6B (RNU6B).

2.7 mRNA expression

Target mRNAs were quantified by qPCR and normalized to
glyceraldehyde-3-phosphate dehydrogenase (Gapdh), as re-
ported previously [20-22]. Briefly, 1 pg total RNA was reverse
transcribed using SuperScript III First Strand Synthesis Su-
permix Kit (Invitrogen, Eugene, OR), and qPCR was con-
ducted in a 20-u.L reaction containing cDNAs, SYBR Green I
dye, and gene-specific primers (Supporting Information Ta-
ble S2). Experiments were conducted in a Roche Light Cycler
480 II, and the Ct ratio of the target gene to Gapdh was
calculated. Three separate experiments were performed in
triplicate for each sample, and the results were expressed as
mean + SE.
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Figure 4. Hierarchical cluster analysis of miRNA expression pro-
files in rat colon. Unsupervised miRNA selection with p < 0.05
(Arraystar software). Rows correspond to individual miRNA ex-
pression values; columns indicate treatment groups.

2.8 Immunoblotting

Lin28B and p53 were examined using the immunoblotting
methodology reported elsewhere, with 3-actin as loading con-
trol [23]. Primary antibodies were rabbit polyclonal Lin28B lot
no. GR47954-3 (Abcam, Cambridge, MA) at 1:800 dilution,
and rabbit polyclonal p53 SC-126 (Santa Cruz Biotechnology,
Santa Cruz, CA) at 1:500 dilution.

2.9 Statistics

Tumor incidence data were compared by logistic regres-
sion, as reported previously [20], whereas group comparisons
(mean £ SE) were based on one-way and two-way ANOVA
(Graphpad Prism 5 software). In the figures, statistical signif-
icance was shown at the *p < 0.05 level.
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3 Results

3.1 Dietary spinach suppresses PhIP-induced
tumorigenesis in the rat

Figure 1 presents results from the carcinogenicity bioassay,
along with a synopsis of the miRNA analyses. Tumor inci-
dences were as follows; colon (58%), skin (38%), small intes-
tine (27%), lung (10%), spleen (8%), liver (8%), and Zymbal’s
gland (2%). Spinach, given postinitiation in the diet during
experimental weeks 18-52, inhibited tumorigenesis in all tar-
get organs, except Zymbal’s gland (p > 0.05). In the colon,
tumor incidence was lowered from 58 to 32% after spinach
treatment (Fig. 1, p < 0.05). No tumors were detected in
vehicle-treated rats given the basal diet or spinach-containing
diet in weeks 18-52 (data bars not shown).

3.2 Microarray analyses define a "PhIP miRNA
signature" in rat colon tumors

Microarrays containing 679 miRNAs from the rat miRBase
(Version 17) were used to profile PhIP-induced colon tumors
and normal colonic mucosa, and the data were subjected to
sequential computational approaches, target validation, and
in silico network analyses (see arrows, Fig. 1). miRNAs were
first ranked in normal colonic mucosa from male F344 rats
given neither PhIP nor spinach (Supporting Information Ta-
ble S3). This was designated as the "control profile" against
which all other groups were compared, setting limits (selec-
tion criteria) of p < 0.05, and a threefold change in expression
in either direction.

The volcano plot identified miRNAs expressed at signifi-
cantly increased or decreased levels in each treatment group
compared with the control profile (Fig. 2, data points above
the P<0.05 line), with circled regions indicating the most
highly altered miRNAs. Multivariate analyses examined pair-

Mol. Nutr. Food Res. 2012, 56, 1259-1269

wise relationships (Fig. 3), the scatter above or below the
diagonal axis signifying miRNAs that differed significantly
between treatment groups. As expected, miRNAs were in-
creased or decreased in colon tumors compared with control
colonic mucosa (Fig. 3A), or compared with colonic mucosa
from rats given PhIP (Fig. 3B). Based on the stipulated selec-
tion criteria, 21 miRNAs (5.5%) were higher and 51 miRNAs
(13.4%) were lower in tumors versus control colonic mucosa.
In the PhIP+spinach arm of the study (Fig. 3C and D), 14
miRNAs (4.0%) were higher and 23 miRNAs (6.6%) were
lower in colon tumors versus colonic mucosa. Colon tumors
from PhIP+spinach-treated rats were compared with colon
tumors from rats given PhIP and no spinach (Fig. 3E); 15
miRNAs (4.2%) were increased and 29 miRNAs (8.1%) were
decreased, respectively. The strongest correlation was for nor-
mal colonic mucosa versus colonic mucosa from rats given
spinach and no PhIP (Fig. 3F, ¥ = 0.82). Thus, spinach treat-
ment did not alter markedly the control profile of miRNAs.

Unsupervised hierarchical  cluster analysis (Fig. 4)
revealed similar, though nonidentical, miRNA patterns
for PhIP-induced colon tumors and colon tumors from
PhIP+spinach treatment, and these were grouped separately
from the control colonic mucosa profile. After eliminating
miRNAs with fluorescence signal intensity <500 units, sev-
eral members of the let-7 family were identified as being sig-
nificantly decreased in colon tumors relative to control colonic
mucosa, whereas miR-126, miR-145, and miR-21 were in-
creased in the tumors. These miRNAs were selected for fur-
ther validation.

Preliminary qPCR assays established that RNU6B was a
suitable endogenous control, exhibiting a similar expression
pattern in the various treatment groups (data not shown).
Subsequent qPCR experiments confirmed that miR-126,
miR-145, and miR-21 were increased in PhIP-induced colon
tumors, whereas let-7a, let-7b, let-7c, let-7d, let-7e, let-7f,
let-7i, miR-98, mir-29¢c, and miR-215 were decreased (Fig. 5,
solid data bars). In the chemoprevention arm of the study, a
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Figure 6. Predicted targets of miRNAs altered in PhIP-induced colon tumors. (A) Metacore analysis identified a major node involving
multiple let-7 family members, c-Myc, and LIN-28; (B) a second node centered on let-7a included LIN-28 as a target, and let-7b, let-7c, and
let-7e in the neighbor interactions. Color intensity indicates the degree of upregulation (red) or downregulation (green); shapes represent
functional class of gene products; gray nodes represent potential targets that are not curated.
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Table 1. Top-ranked transcription factor targets of microRNAs in
PhIP-induced colon tumors (Metacore Pathway Analysis)

Key network Total Seed p-value g-score
objects nodes nodes

c-Myc 8 7 1.25e-25 153.18
p53 5 4 1.50e-14 110.71
EGR1 4 3 5.75e-11 92.83
ESR1 4 3 5.75e-11 92.83
YY1 3 2 1.91e-07 71.46
SOX2 3 2 1.91e-07 71.46
Oct-3/4 3 2 1.91e-07 71.46
n-Myc 3 2 1.91e-07 71.46
MAFG 3 2 1.91e-07 71.46
RelA 3 2 1.91e-07 71.46
NFE2L1 3 2 1.91e-07 71.46
SP1 3 2 1.91e-07 71.46
SIP1 3 2 1.91e-07 71.46
MITF 2 1 5.22e-04 43.75
FOXO3A 2 1 5.22e-04 43.75
NF-«B 2 1 5.22e-04 43.75
RREB1 2 1 5.22e-04 43.75
Elk-1 2 1 5.22e-04 43.75
TCF7L2 (TCF4) 2 1 5.22e-04 43.75
c-Jun 2 1 5.22e-04 43.75

Table 2. Top-ranked transcription factor targets of microRNAs in
colon tumors from rats given PhIP+spinach (Metacore
Pathway Analysis)

Key network Total Seed p-value g-score
objects nodes nodes

c-Myc 6 5 2.30e-18  130.77
p53 6 5 2.30e-18  130.77
TBP 4 3 4.60e-11  96.09
ESR1 4 3 4.60e-11  96.09
TCF8 4 3 4.60e-11  96.09
Oct-3/4 4 3 4.60e-11  96.09
SOX5 3 2 1.65e-07  73.97
Androgen receptor 3 2 1.65e-07  73.97
SIP1 3 2 1.65e-07  73.97
NRSF 3 2 1.65e-07  73.97
SOX6 3 2 1.65e-07  73.97
AML1 (RUNXT1) 3 2 1.65e-07  73.97
c-Rel 3 2 1.65e-07  73.97
SOX2 3 2 1.65e-07 73.97
FKHR 3 2 1.65e-07  73.97
RREB1 2 1 4.87e-04 45.29
C/EBP«a 2 1 4.87e-04 45.29
Elk-1 2 1 4.87e-04  45.29
MITF 2 1 4.87e-04 45.29
FOXO3A 2 1 4.87e-04 45.29

statistically significant increase in miR-145 expression was
observed in colon tumors from rats given PhIP+spinach
compared with tumors from rats given PhIP alone (Fig. 5,
open versus solid data bar labeled miR-145, p < 0.05). Several
miRNAs that were decreased in PhIP-induced colon tumors
were partially "normalized" following spinach treatment, in-
cluding miR-215, miR-29¢, and let-7 family members let-7a,
let-7d, let-7e, and miR-98 (p < 0.05).
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3.3 In silico analyses predict key targets of PhIP
signature miRNAs

Metacore pathway analysis was used to predict direct targets
of miRNAs altered in PhIP-induced colon tumors, along with
"neighbor-of-neighbor" interactions. The latter interactions
involve predicted "downstream" changes that might occur fol-
lowing the initial effects of miRNAs on their primary targets
[24]. A major node with c-Myc at the center and LIN-28 down-
stream (Fig. 6A) included multiple let-7 family members (let-
7D, let-7c, let-7e, and let-7i). A second node centered on let-7a
also had LIN-28 as a target, and neighbor-of-neighbor inter-
actions involving let-7b, let-7c, and let-7e (Fig. 6B).

From the Metacore analyses, transcription factor targets
were ranked according to g-score, which reflects the likeli-
hood of a candidate being coregulated with the various genes
under investigation. Using this approach, c-Myc and p53 were
identified as the top targets of miRNAs in colon tumors from
the PhIP and PhIP+spinach arms of the study (Tables 1 and
2). Other transcription factors of note were Esrl, Sip1, Elk-
1, Foxo3A, Oct-3/4, and Sox2. Interestingly, the latter two
transcription factors and c-Myc (plus Klf4, not ranked by g-
score) represent "defined factors" for inducing pluripotent
stem (iPS) cells [25].

To validate the predicted targets of miRNAs in PhIP-
induced colon tumors, Gapdh was first confirmed as a suitable
control, exhibiting similar expression in the various treatment
groups (QPCR data not shown). Among the targets investi-
gated, Lin28A, Lin28B, and Sox2 were the most significantly
increased factors in PhIP-induced colon tumors (Fig. 7A).
Other targets increased in colon tumors were f-catenin, c-
Myc, Nanog, HMGA2, cyclin D1, and Oct-3/4. The two most
significantly downregulated targets were DNMT3D and p53.
In the PhIP+spinach arm of the study, several of these factors
were partially "normalized," including c-Myc, Sox2, Nanog,
and Oct-3/4 (Fig. 7A, open versus solid bars, p < 0.05). Im-
munoblotting experiments confirmed a significant increase
of Lin-28B and significant decrease of p53 in PhIP-induced
colon tumors compared with matched normal-looking con-
trol colonic mucosa (Fig. 7B).

4 Discussion

Ubagai et al. [26] reported on the efficient induction of large
intestine tumors in the rat by PhIP/HF cycling, which greatly
reduced the amount of carcinogen administered compared
with the original protocol that provided 400 ppm PhIP in
the diet for 52 weeks [27]. We modified the former protocol
by administering PhIP via oral gavage, and by following the
PhIP/HF cycling with standard AIN-93M diet rather than HF
diet until 52 weeks (Supporting Information Fig. S1). The
modified protocol revealed additional target organs for tu-
morigenesis, such as the lung and liver, and a high incidence
of colon tumors. As in prior studies of tea and its individual
constituents [20-22], spinach had no effect on colon tumor
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multiplicity (colon tumors/colon tumor-bearing animal, data
not shown), but reduced significantly the overall colon tumor
incidence (Fig. 1). Because some rats still had colon tumors
in the PhIP+spinach group, a follow-up investigation might
be warranted on alternative mechanisms not identified in this
study, or involving early stages such as preneoplastic lesions
and microadenomas, which were not examined here.

To our knowledge, this is the first report to detail the
miRNA changes in rat colon tumors induced by a cooked
meat carcinogen, and the chemopreventive effects of dietary
spinach. Starting with microarrays containing 679 miRNAs
from the rat miRBase (Version 17), the key findings were as
follows: (1) several members of the let-7 family were reduced
significantly in PhIP-induced colon tumors, and this situa-
tion was reversed, at least in part, after spinach treatment
postinitiation; (2) spinach ingestion also partially recovered
miR-215, the most highly decreased miRNA in PhIP-induced
colon tumors; (3) increased miRNAs in the colon tumors in-
cluded miR-21, miR-126, and miR-145; (4) pathway analysis
and validation highlighted critical roles for Lin28A/Lin28B,
c-Myc, Sox2, Oct-3/4, Nanog, HMGA2, p53, and Dnmt3a/b.

Previous studies in vivo noted changes in miRNA pro-
files after treatment with various mutagens and carcinogens
[28-31]. For example, in the azoxymethane rat colon carcino-
genesis model [31], altered miRNAs were linked to canonical
oncogenic signaling pathways. The present investigation is
the first to demonstrate that a heterocyclic amine carcinogen,
found commonly in the human diet, induces colon tumors

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with a signature loss of let-7 family members and miR-215,
which was partially reversed by the chemopreventive actions
of dietary spinach.

Several members of the let-7 family are located in close
proximity to chromosomal regions commonly deleted in hu-
man cancer [32], and in some tumors, an orchestrated down-
regulation of multiple let-7 miRNAs has been noted [33]. Let-
7 family members mediate the suppression of downstream
oncogenic targets, such as K-ras, cyclin D1, and HMGA2,
known to promote epithelial-to-mesenchymal transition [34].
In addition to let-7 members, PhIP-induced colon tumors
had marked loss in the expression of miR-215, which is con-
sidered a tumor suppressor candidate in human colon cancer
that targets thymidylate synthetase and dihydrofolate reduc-
tase, and regulates p53 and p21 levels [35].

Interestingly, the RNA-binding proteins Lin28A and
Lin28B, which were increased in PhIP-induced colon tumors,
bind to terminal loops of precursor let-7 miRNAs, disrupting
their processing machinery and inhibiting mature miRNA
formation [34]. There is evidence to suggest that Lin28A and
Lin28B regulate cellular activities through distinct mecha-
nisms due to their differential subcellular localization [33].
Overexpression of Lin28 has been reported in cancers of the
ovary, breast, and colon [33-37].

Recently, Lin28 was used in conjunction with Nanog,
Oct-3/4, and SOX2 to reprogram human fibroblasts to
pluripotency, suggesting that miRNA processing contributes
to the reprogramming of somatic cells to an embryonic state
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[38]. Lin28 may be sufficient to reprogram human somatic
cells to pluripotency [36], and substitutes for c-Myc during
iPS cell formation [39], whereas Nanog and SOX2 are im-
plicated in tumor development [40-42]. These factors were
increased in PhIP-induced colon tumors, and were partially
normalized in the spinach chemoprevention arm, with the
notable exception of Lin28 that remained strongly elevated
(Fig. 7). It is tempting to speculate that these factors are in-
volved in the stem cell niche of colonic crypts and become
dysregulated upon PhIP treatment.

Finally, there is growing evidence for a convergence of
epigenetic mechanisms in colorectal cancer, involving gene
silencing through miRNA alterations, histone modifications,
and DNA hypermethylation [43]. Aberrant DNA hyperme-
thylation of the DNMT3B gene was reported recently in hu-
man colon cancer cell lines and primary tumors, and cor-
related with de novo loss of the protein [44]. PhIP-induced
colon tumors also had markedly reduced expression levels
of Dnmt3b, which were partially reversed by dietary spinach
intake (Fig. 7). In silico modeling (data not shown) identi-
fied several targets of Dnmt3b, including tissue inhibitor of
metalloproteinases-1 (TIMP-1) that has been associated with
increased tumor invasion and reduced patient survival in col-
orectal cancer [45]. TIMP-1 and other targets of Dnmt3b have
not been studied in heterocyclic amine-induced tumorigene-
sis. Given that PhIP is a multiorgan carcinogen, it will be of
great interest to define the miRNA signatures in other major
target organs, and the involvement of the Let-7/c-Myc/Lin28
axis.

In summary, we describe here the first comprehensive
screening of miRNAs altered in rat colon tumors induced
by a widely consumed dietary carcinogen, PhIP [46—48]. A
systems biology approach coupled with computational mod-
eling and target validation identified key roles for the let-7
family, Lin28A/Lin28B, and factors such as c-Myc, Sox2, Oct-
3/4, and Nanog. Dysregulation of these factors was partially
reversed in rats consuming dietary spinach during the pos-
tinitiation period. Although the precise mechanisms await
further study, the current investigation provides further sup-
port for research at the interface of epigenetics, diet, and
cancer prevention.
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