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Abstract Heterocyclic amines (HCAs) produced dur-
ing high-temperature cooking have been studied exten-
sively in terms of their genotoxic/genetic effects, but recent
work has implicated epigenetic mechanisms involving
non-coding RNAs. Colon tumors induced in the rat by
2-amino- 1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)
have altered microRNA (miRNA) signatures linked to dys-
regulated pluripotency factors, such as c-Myc and Kriip-
pel-like factor 4 (KLF4). We tested the hypothesis that
dysregulated miRNAs from PhIP-induced colon tumors
would provide a “PhIP signature” for use in other target
organs obtained from a 1-year carcinogenicity bioassay in
the rat. Downstream targets that were corroborated in the
rat were then investigated in human cancer datasets. The
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results confirmed that multiple let-7 family members were
downregulated in PhIP-induced skin, colon, lung, small
intestine, and Zymbal’s gland tumors, and were associ-
ated with c-myc and Hmga?2 upregulation. PhIP signature
miRNAs with the profile mir-21"€"mir-126'%/mir-29c!*%/
mir-215"%/mir-145"" were linked to reduced KIf4 levels
in rat tumors, and in human pan-cancer and colorectal can-
cer. It remains to be determined whether this PhIP signa-
ture has predictive value, given that more than 20 differ-
ent genotoxic HCAs are present in the human diet, plus
other agents that likely induce or repress many of the same
miRNAs. Future studies should define more precisely the
miRNA signatures of other HCAs, and their possible value
for human risk assessment.

Keywords Colorectal cancer - MicroRNA - MYC - Pan-
cancer - PhIP - TCGA

Introduction

Epidemiological evidence has linked the consumption of
cooked and processed meat to increased risk for cardio-
vascular diseases (Micha et al. 2010), and for malignan-
cies of the digestive system (Le et al. 2016), breast (Fu
et al. 2011), and prostate (Cross et al. 2005). Heterocyclic
amines (HCAs) found in high-temperature cooked meat
can undergo metabolic activation to form bulky DNA
adducts that are precursors to mutagenesis and carcinogen-
esis in various organs of the body (Alexander 1996; Adam-
son et al. 1996; Turesky et al. 1994). For this reason, HCAs
have been investigated historically in terms of their genetic
aspects linked to genotoxicity and tumor initiation in target
tissues (Dashwood et al. 1998; David et al. 2016).
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One of the most abundant HCAs found in cooked pro-
tein-rich foods is 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine(PhIP) (Nicken et al. 2013; Augustsson et al.
1997; Nagao et al. 1996). Metabolic intermediates of PhIP
have been detected in various tissues, including serum,
urine, and hair samples (Busquets et al. 2013; Le March-
and et al. 2016; Peng and Turesky 2011; Turteltaub et al.
1992), indicating wide systemic distribution in the human
body. The US National Toxicology Program (NTP) classi-
fied PhIP as “reasonably anticipated to be a human carcino-
gen” (NTP 12th Report on Carcinogens), and the Interna-
tional Agency for Research on Cancer categorized PhIP as
a Group 2B carcinogen (IARC 1997).

In preclinical models, PhIP serves as a multi-organ car-
cinogen (Ghoshal et al. 1994; Shirai et al. 1997; Ubagai
et al. 2002), and can affect newborns through trans-placenta
and neonatal exposure (Hasegawa et al. 1995). In PhIP-
induced colon tumors, genetic changes in Ctnnbl consti-
tutively activate pB-catenin and p-catenin/T-cell factor (Tcf)
signaling, dysregulating the f-catenin/c-Myc/E2F1/Bcl-2
axis and downstream apoptosis pathways (Li et al. 2007,
Wang et al. 2008a, b; Kwon et al. 2010). In rat colon and
prostate carcinogenesis models, PhIP exposure has been
linked to chronic inflammation via changes in molecular
endpoints such as NADPH oxidase, nuclear factor kappa-B
(NFxB) (Wang et al. 2011), cyclooxygenases (Wiese et al.
2001), and glutathione S-transferases (Nelson et al. 2001).
PhIP-induced mammary carcinogenesis models identified
changes in the expression of transcription factors, cyclins,
annexins, matrix metalloproteinases, and extracellular sig-
nal-regulated (ERK) kinases (Choudhary et al. 2012).

In addition to the genetic aspect mentioned above,
research with PhIP and other HCAs has moved into the
epigenetic realm. Non-coding RNAs have gained increas-
ing attention for their roles in epigenetic regulation, and as
signatures of environmental exposure (Bolleyn et al. 2015;
Wei et al. 2015; Yu and Cho 2015; Melis et al. 2014; Estel-
ler 2011). For example, in human-derived prostaspheres,
bisphenol A silenced small nucleolar RNAs with C/D
motif (SNORDs) through histone modifications (Ho et al.
2015). Industrial exposure to metal-rich particulate matter
altered microRNAs (miRNAs) linked to oxidative stress
and inflammatory responses in blood (Bollati et al. 2010).
It is well established that miRNAs are conserved, nega-
tive regulatory small RNAs comprising 21-23 nucleotides,
which act via mRNA cleavage or translational inhibition to
influence phenotypic outcomes such as cell proliferation,
differentiation, autophagy, and apoptosis (Parasramka et al.
2012c; Vrijens et al. 2015).

Dysregulation of miRNAs has been linked to various
pathologies, including cancer, neurodegeneration, obesity,
and chronic inflammation (Dimmeler and Nicotera 2013).
Consequently, altered miRNA signatures are regarded as
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possible biomarkers for disease diagnosis and prognosis,
due to their relative stability and accessibility in various
tissues and biofluids (Chen et al. 2008). For instance, mir-
21 regulates phosphatase and tensin homolog (PTEN) and
programmed cell death 4 (PDCD4) in tumors, leading to
enhanced cell proliferation and stemness maintenance. In
blood, mir-21 is viewed as a diagnostic and prognostic bio-
marker, whereas mir-141, a regulator of epithelial-to-mes-
enchymal transition, is a proposed circulating biomarker of
late stage colorectal cancer (Yin et al. 2014). Circulating
and tissue miRNAs also respond to environmental expo-
sures, such as air pollution (Hou et al. 2016) and toxic
chemicals (Zhang et al. 2010).

In cultured human breast cancer cells, PhIP treatment
was reported to alter miRNAs regulating the response to
xenoestrogen exposure (Papaioannou et al. 2014). In PhIP-
induced rat colon tumors, dysregulated miRNAs were
linked to the altered expression of c-Myc and other pluripo-
tency factors, such as Sox2, Nanog, Oct-3/4, and Kriippel-
like factor 4 (KLF4) (Parasramka et al. 2012b). We were
intrigued by the possibility that miRNAs altered in PhIP-
induced rat colon tumors might serve as biomarkers of
PhIP exposure in other target organs for tumorigenesis, and
by extension, might represent a ‘HCA miRNA signature’
in the general population. The present investigation reports,
for the first time, on miRNAs and their validated down-
stream targets that are dysregulated in PhIP-induced tumors
of the colon, small intestine, skin, lung, spleen, and Zym-
bal’s gland, and correlates with the corresponding human
datasets.

Methods
Animal treatment

PhIP originally was defined as a prostate and colon carcino-
gen in male rats, and a mammary carcinogen in female rats,
after continuous exposure in the diet for a year (Ito et al.
1997; Shirai et al. 1997). Subsequently, a modified protocol
was devised that reduced the overall carcinogen exposure
markedly, starting with short-term administration of PhIP
followed by a high-fat diet (Ubagai et al. 2002; Wang et al.
2008a, b). For the current investigation, PhIP was given
by daily oral gavage (40 mg/kg body weight) for 2 weeks,
alternating with a high-fat diet for 4 weeks, and gener-
ated tumor incidence outcomes as follows: Zymbal’s gland
2%, liver 8%, spleen 8%, lung 10%, small intestine 27%,
skin 38%, and colon 58% (Parasramka et al. 2012a). The
1-year carcinogenicity bioassay involved male F344 rats,
purchased at 3—4 weeks of age from the National Cancer
Institute. At termination, each rat (n=40) was euthanized
by CO, inhalation, following a protocol that was approved
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by the Institutional Animal Care and Use Committee. After
a thorough necropsy examination, tumor samples and other
tissues were collected and flash-frozen before storage at
—80°C. Controls (n=12 rat) that received vehicle by oral
gavage for 2 weeks, alternating with a high-fat diet for 4
weeks, had no detectable tumors in any of the organs exam-
ined at the end of the study (Parasramka et al. 2012a).

RNA extraction and profiling

The key methodologies were described in previous studies
that defined the major miRNAs altered in PhIP-induced rat
colon tumors (Parasramka et al. 2012a). In brief, vehicle
controls, PhIP-induced tumors, and tumor-matched normal
tissues from colon, small intestine, skin, Zymbal’s gland,
spleen, and lung were homogenized on ice. Total RNA was
extracted in Trizol reagent (Life Technologies), whereas,
miRNA was extracted using the miRNeasy kit (Qiagen,
Valencia, CA, USA). RNA quantity and purity were veri-
fied by Nanodrop ND-1000, from the absorbance at 260
and 280 nm (260/280 ratio>1.9), as reported (Simonich
et al. 2007; Jubert et al. 2009; Ertem et al. 2017). RNA
(1 pg) from each rat tissue was reverse transcribed using
the Superscript III RT kit (Life Technologies) in 10-pl reac-
tion buffer, and diluted 10-fold before adding to a 10-pl
reaction containing SYBR Green I Master mix (Roche
Applied Science) and gene-specific primers. For miRNA
analyses, 1-ug RNA from each rat tissue was reverse tran-
scribed using the miScript I RT Kit (Qiagen) and diluted
fivefold before adding to a 20-pul miScript Primer assay
(Qiagen) containing primers specific for selected mature rat
miRNAs. Real-time qPCR data were acquired on a Light-
Cycler 480 II (Roche Applied Science). Relative expres-
sion levels of miRNAs and mRNAs were calculated using
U6B and Gapdh as internal references for normalization,
respectively.

Principle component analysis (PCA)

PCA used the online tool MetaboAnalyst 3.0 (Xia et al.
2015), and clustering was performed using Pearson correla-
tion and average linkage.

Biological network analyses

MicroRNAs and their putative target mRNAs were exam-
ined via MetaCore pathway analysis (GeneGo Inc., St
Joseph, MI, USA). For pathway enrichment analysis, p val-
ues were calculated using the formula for hypergeometric
distribution, reflecting the probability for a pathway to arise
by chance. Pathway maps were prioritized based on statisti-
cal significance, for tumors from animals given PhIP ver-
sus normal-looking tissue for each target organ. Interaction

networks of miRNAs of interest were generated using
Metacore (Thomson Reuters), as reported (Parasramka
et al. 2012a). Functional annotation and subsequent analy-
ses were conducted using DAVID (Huang et al. 2009) and
TargetScan (Agarwal 2015).

Surveying the cancer genome atlas (TCGA)

Pan-cancer (PANCAN) miRNA (n=11,010) and gene-
specific RNA-seq data (n=9755) were downloaded on
8 April 2016 from the UCSC Cancer Genomics Browser
(Cline et al. 2013). To be consistent with the rat preclini-
cal model, only primary tumor and solid normal tissue data
were analyzed, whereas metastatic, advanced metastatic,
and recurrent cancers were not included. The miRNA data-
base contained 364 primary colon adenocarcinomas and 8
solid normal colon tissues, plus 8402 primary tumors and
635 normal tissues from other origins. The gene expres-
sion database for colon and rectal cancers contained 380
primary tumors and 50 solid normal tissues, plus 8079
primary tumors and 626 solid normal tissues from other
origins. A survival plot was generated by Graphpad6.07
(GraphPad Software Inc.) according to the relative expres-
sion level of miRNAs in PANCAN datasets for solid pri-
mary tumors. Proportion views of miRNA expression
were captured from the Cancer Browser, and statistical
analyses were performed using Student’s ¢ test with Benja-
min—-Hochberg correction, designating significantly upreg-
ulated (red) or downregulated (green) targets.

Statistical analyses

Unless indicated otherwise, results were presented as
mean +SEM with n=3 per group. A paired two-tail Stu-
dent’s ¢ test was performed for tumor and tumor-matched
normal tissue. Unpaired two-tail Student’s ¢ test was per-
formed for TCGA data, comparing primary tumor and nor-
mal tissue. An asterisk in the figure designates significance
at *p<0.05, **p<0.01, ***p<0.001, except when the
exact p value is shown.

Results

Defining “PhIP signature’” miRNAs in multiple target
organs

The miRNAs most highly dysregulated in PhIP-induced
colon tumors (Parasramka et al. 2012a) were examined
in other target tissues of the rat, namely the small intes-
tine, skin, spleen, lung, and Zymbal’s gland. Hierarchical
clustering of miRNAs grouped the colon and small intes-
tine as separate from the other tissues (Fig. 1a, upper blue
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Fig. 1 Target tissue miRNA profiling in the rat. a Heatmap showing
the relative expression level of miRNAs, with Pearson average clus-
tering of “PhIP signature miRNAs” for the different sub-groups indi-
cated in the figure. For each tissue, n=3 individual replicates, except
for spleen and lung tumors, where n=2. T tumor; N normal-looking

panels). The miRNA pattern was similar for skin and Zym-
bal’s gland (Fig. 1a, bold red panels at center), and clus-
tered spleen and lung separately, except for replicate Lung-
PhIP-2 T (Fig. 1a, lower panels).

Principle component analysis (PCA) was conducted
on triplicate samples of each normal tissue, obtained
from control rats that had received vehicle but no PhIP
(Fig. 1b). Colon and small intestine were clustered in one
area, separate from spleen, and from skin, Zymbal’s gland
and lung samples that were grouped together. When PCA
was repeated for PhIP-treated animals (Fig. 1c), analyz-
ing both tumor and adjacent normal-looking tissues, colon
and small intestine continued to segregate from the other
tissues examined. The results indicated that a panel com-
prising of mir-21, mir-126, mir-29c, mir-135, mir-215, plus
eight members of the let-7 family could distinguish among
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PC1 (75%)

tissue adjacent to tumor. b Principle component analysis (PCA) of
miRNAs in normal tissues from control rats given vehicle but no
PhIP. ¢ The corresponding PCA data for tumor and adjacent normal-
looking tissues from PhIP-treated rats

the different target organs of PhIP-induced tumorigenesis in
the rat.

The let-7 family is dysregulated in multiple target
organs of PhIP tumorigenesis

The let-7 family is highly conserved across species and
function (Barh et al. 2010), and loss of let-7 expression
during cancer development has been linked to changes in
differentiation (Boyerinas et al. 2010) and oncogenic trans-
formation (Iliopoulos et al. 2009). Using quantitative real-
time RT-PCR, PhIP signature miRNAs that were examined
in multiple target organs of the rat including let-7 family
members let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7i,
and mir-98. These miRNAs varied in expression among the
various target tissues (Fig. 2a), with five members generally
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corresponding human MYC and HMGA?2 expression data from The
Cancer Genome Atlas (TCGA), for Pan-Cancer primary tumors and
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assessed, collectively, both c-myc and Hmga2 mRNA lev-
els, normalized to Gapdh, were increased significantly
in PhIP-induced tumors compared with matched normal
tissue (Fig. 2c, d, respectively). Notably, when peripheral
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blood mononuclear cells (PBMCs) were collected as
negative controls from the same study, representing a site
that did not develop tumors, no marked differences were
detected between PhIP- and vehicle-treated rats with
respect to the relative expression levels of c-myc, Hmga?2,
and the PhIP signature miRNAs (data not shown).

In human colorectal cancers, and in “all other” cancers
from the TCGA pan-cancer database, MYC and HMGA?2
levels also were increased significantly compared with
tissue-matched normal controls (Fig. 2e, f). The results
are consistent with the tumor suppressor functions of
let-7 family members, linked to upregulation of onco-
genic targets in both rat and human primary tumors.

PhIP signature miRNAs predict worse prognosis

A second group of highly dysregulated PhIP signa-
ture miRNAs included mir-21, a well-known oncomiR
(Buscaglia and Li 2011), and reported tumor suppres-
sors mir-145, mir-126, mir-29¢, and mir-215 (Sachdeva
and Mo 2010; Parasramka et al. 2012a). When miRNAs
were compared in PhIP-induced tumors (n=16) ver-
sus adjacent normal-looking tissue (n=16), there was a
trend towards upregulation of mir-21 and downregula-
tion of mir-126, mir-29¢, mir-145, and mir-215 (Fig. 3a).
Statistically significant differences were noted for mir-21
(p<0.01), mir-29¢ (p <0.001), and mir-145 (p <0.01).
This miRNA signature was used to profile the human
pan-cancer database in TCGA, and predicted a signifi-
cantly worse overall survival in cancer patients (Fig. 3b,
red line). Metacore analysis for the corresponding miR-
NAs revealed a network of interactions centered on KLF4
(Fig. 3c, red square). Subsequent investigation confirmed
that the predicted target was significantly lower in the
majority of PhIP-induced rat tumors (Fig. 3d), and in
human primary colorectal and “other” cancers (Fig. 3e).
Thus, tumors harboring a PhIP signature miRNA profile
predicted worse overall prognosis in cancer patients.

Overlapping PhIP signature miRNAs in human
primary tumors

When TCGA data were examined in more detail, among
the 13 most highly dysregulated miRNAs in PhIP-induced
rat tumors, 9 were similarly changed in human colon
adenocarcinomas (Fig. 4a), and 10 were correspondingly
altered in human pan-cancer datasets (Fig. 4b). Func-
tional annotation identified key pathways for these miR-
NAs, including MAPK signaling, endocytosis, apoptosis,
Whnt signaling, and colorectal cancer (Fig. 4c).

@ Springer

Discussion

Environmental factors can impact epigenetic mechanisms
that regulate the crosstalk between DNA methylation, his-
tone modifications, and non-coding RNAs (Rajendran et al.
2011a, b; Parasramka et al. 2012a; Hou et al. 2012; Tellez-
Plaza et al. 2014; Johnson et al. 2016). Historically, HCAs
have been investigated in terms of their genotoxic/genetic
influences and various prevention strategies (Hayashi et al.
1985; Hernaez et al. 1998; Dashwood et al. 1998; Xu and
Dashwood 1999; Kim et al. 2016), but few studies to date
have explored the possible epigenetic aspects linked to
human intake of PhIP and structurally related compounds
in the diet.

Starting with the colon tumors, we performed an unbi-
ased screen and validated the most highly dysregulated
miRNAs and their downstream targets in the rat (Paras-
ramka et al. 2012a). The current investigation builds upon
those initial observations, testing the hypothesis that PhIP
signature miRNAs in colon tumors might be applicable to
other target organs of the rat. Indeed, a relatively small and
focused 13-panel miRNA profile clustered colon and small
intestine separately from skin, Zymbal’s gland, spleen, and
lung. Similar groupings were reported following genome-
wide miRNA profiling of 55 different organs and tissues in
the rat (Minami et al. 2014).

Dysregulated miRNAs in tumors trigger upregulation
or downregulation of mRNA targets, depending on the cir-
cumstances. Overexpression of mir-21, for example, causes
loss of tumor suppressors PDCD4 and PTEN to promote
cell survival (Li et al. 2014), epithelial-to-mesenchymal
transition (Ferraro et al. 2014), and chemoresistance (Chao
et al. 2013). In addition to targeting PDCD4, PTEN, and
FASL to inhibit apoptosis (Buscaglia and Li 2011), mir-
21 can coordinate with mir-145 in regulating colon cancer
stemness and chemoresistance through CD44, SOX-2, and
B-catenin (Yu et al. 2015). Interestingly, both mir-21 and
mir-145 were among the PhIP signature miRNAs dysregu-
lated in multiple target organs of the rat.

Mir-21 is one of a cadre of miRNAs altered by envi-
ronmental exposures such as cigarette smoking, air pollu-
tion, diesel exhaust, nanoparticles, particulate matter, toxic
metals, and diverse chemicals (Vrijens et al. 2015). Envi-
ronmental pollutants such as bisphenol A, polychlorinated
biphenyls, arsenic, mercury, lead, and cadmium also down-
regulate members of the let-7 family of suppressor miR-
NAs (Li et al. 2015), which can impact IL6-STAT3 signal-
ing and epigenetic transformation (Iliopoulos et al. 2009).

Multiple let-7 family members were among the PhIP
signature miRNAs, with let-7a, let-7b, let-7c, let-7d, led-
7e, and let-7f being downregulated in the different tar-
get organs of PhIP tumorigenesis. In accordance with the
tumor suppressor functions ascribed to let-7 members
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(Wang et al. 2012), we confirmed upregulation of their
oncogenic targets, c-myc and Hmga2, in the correspond-
ing rat tumors. Interestingly, human breast cancer cells
treated with bisphenol A or dichlorodiphenyltrichloroeth-
ane (DDT) also had attenuated let-7 levels (Tilghman et al.
2012), highlighting a potential broader impact of environ-
mental influences on these suppressor miRNAs.

Four additional suppressor miRNAs were downregulated
at multiple tumor sites in PhIP-treated rats, namely mir-
126, mir-29c, mir-145, and mir-215. In human stage II and
III colon cancers, mir-215 is decreased and is associated
with poor prognosis (Karaayvaz et al. 2011), but mir-215
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a central node involving KLF4 (red square). d In qRT-PCR analyses,
KIf4 was downregulated in PhIP-induced tumors compared with adja-
cent normal tissue in the rat, except for skin tumor samples, where the
reverse trend was observed (gray dotted lines). e TCGA data showing
downregulation of KLF4 in human colorectal cancer and pan-cancer
primary tumors (7), compared with normal tissues (N)

also plays a role in chemoresistance (Song et al. 2010). As
discussed above, mir-215 can coordinate with mir-21 to
regulate CD44, SOX2, and p-catenin in colon cancer cells
(Yu et al. 2015). Mir-126 inhibits pancreatic (Hamada et al.
2012) and breast cancer progression and metastasis (Zhu
et al. 2011) by targeting ADAMY and PI3K, whereas down-
regulation of mir-126 is associated with poor prognosis in
non-small cell lung cancer, due to dysregulated EGFL7
(Liu et al. 2009). The mir-29 family regulates DNA meth-
ylation and metastasis in lung cancer and nasopharyngeal
carcinoma by targeting DNA methyltransferases (Fabbri
et al. 2007; Sengupta et al. 2008).
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Fig. 4 PhIP miRNA signature from rats recapitulated in human pri-
mary tumors. a TCGA data were mined for PhIP signature miRNA
levels in human colon primary adenocarcinomas (COAD) compared
with normal tissue. The heatmap is color-coded to indicate the rela-
tive gene expression level within each dataset. The expression profile
of each miRNA that recapitulated the corresponding outcome in rat
is shown in bold. b Corresponding data for pan-cancer, excluding the

We postulated that the miRNA profile prioritized in
PhIP-induced rat tumors might serve as a “fingerprint” of
environmental HCA exposure in the human population.
Insufficient miRNA data were available in TCGA to inter-
rogate the entire panel of 13 PhIP signatures miRNAs,
collectively. However, a focused panel comprising of mir-
21020 mir-126'°%/mir-29¢'°%/mir-215"°"/mir-145°"  pre-
dicted significantly worse overall patient survival (Fig. 3b).
Interestingly, this subgroup consisted of 153/9723 avail-
able cases, giving an estimated frequency of 1.57% of pan-
cancers in the human population. However, we are cautious
not to over-interpret these findings as being directly associ-
ated with PhIP exposure. There are more than 20 different
genotoxic HCAs present in the diet (Adamson et al. 1996;
Nagao et al. 1996). Also, polycyclic aromatic hydrocar-
bons, N-nitroso compounds, lipid peroxides, and reactive
oxygen species are thought to contribute to meat-associated
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mir-145

mir-215

colon adenocarcinoma (COAD) data already analyzed in a. ¢ Func-
tional annotation of gene targets of PhIP signature miRNAs. Mir-21,
mir-145, and let-7 family members were entered into TargetScan
(http://www.targetscan.org), which identified 180 predicted target
genes. These predicted targets were uploaded into DAVID, and the
functional annotation results for the top five KEGG pathway terms
were listed, as shown

DNA damage and cancer etiology (Knize et al. 1999;
Hamidi et al. 2016), and might induce or repress the same
miRNAs as PhIP.

Nonetheless, we were interested in the fact that PhIP sig-
nature miRNAs defined KLF4 as a central player (Fig. 3c),
a transcription factor with known links to cell proliferation,
autophagy, transformation, metastasis, and pluripotency
(Farrugia et al. 2016). Expression of KLF4 was reduced
significantly in human primary colorectal and human
pan-cancer, and KIf4 also was decreased in the majority
of PhIP-induced rat tumors. In PhIP-induced skin tumors,
however, KIf4 was overexpressed rather than downregu-
lated. It is known that KLLF4 can serve as a bivalent tran-
scription factor, with activating or repressive functions on
gene expression according to the circumstances (Rowland
et al. 2005). In the skin, nuclear KLLF4 was linked to squa-
mous epithelial dysplasia (Foster et al. 2005), but KLF4
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deficiency also correlated with increased cell proliferation
and enhanced tumor outcomes in a classical mouse skin
carcinogenesis model (Li et al. 2012). Cross-talk with other
transcription factors, such as the glucocorticoid recep-
tor (Sevilla et al. 2015), likely contributes to the divergent
actions of KLF4 in the skin.

Finally, when PhIP signature miRNAs were compared,
as a group, with TCGA data for colon adenocarcinoma and
pan-cancer, most of the miRNAs in human subjects were
upregulated or downregulated in the same direction as in
the rat tumors. Bioinformatics analyses implicated gene
ontology pathways linked to endocytosis, apoptosis, MAPK
signaling, Wnt signaling, and colorectal cancer. We did
observe a relatively modest change in c-myc and Hmga2
expression in PhIP-induced tumors, compared with adja-
cent normal tissue, whereas the expression range of these
proteins was larger in human tumors from the same organs.
The wide range of expression in humans probably reflects
different types of environmental exposure. Thus, it is diffi-
cult to make firm conclusions about the relative abundance
of these proteins and attribute them specifically to PhIP, or
other HCAs, in humans. Nonetheless, the current investiga-
tion has laid the groundwork for follow-up studies on other
environmental HCAs, their miRNA signatures, and the
downstream targets implicated in cancer development.
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