1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int J Cancer. Author manuscript; available in PMC 2019 September 15.

-, HHS Public Access
«

Published in final edited form as:
Int J Cancer. 2018 September 15; 143(6): 1402-1415. doi:10.1002/ijc.31525.

Dietary fat and fiber interact to uniquely modify global histone
post-translational epigenetic programming in arat colon cancer
progression model

Karen Triff1-2.5 Mathew W. McLean36, Evelyn Callaway?, Jennifer Goldsby?, lvan lvanov4,
and Robert S. Chapkinl*

1Department of Nutrition and Food Science — Program in Integrative Nutrition and Complex
Diseases, Texas A&M University, College Station, Texas 77843, USA

2Department of Biology, Texas A&M University, College Station, Texas 77843, USA
3Department of Statistics, Texas A&M University, College Station, Texas 77843 TX, USA

“Veterinary Physiology & Pharmacology, Texas A&M University, College Station, Texas, 77843,
USA

Abstract

Dietary fermentable fiber generates short-chain fatty acids (SCFA), e.g., butyrate, in the colonic
lumen which serves as a chemoprotective histone deacetylase inhibitor and/or as an acetylation
substrate for histone acetylases. In addition, n-3 polyunsaturated fatty acids (n-3 PUFA) in fish oil
can affect the chromatin landscape by acting as ligands for tumor suppressive nuclear receptors. In
an effort to gain insight into the global dimension of post-translational modification of histones
(including H3K4me3 and H3K9ac) and clarify the chemoprotective impact of dietary bioactive
compounds on transcriptional control in a preclinical model of colon cancer, we generated high-
resolution genome-wide RNA (RNA-Seq) and “chromatin-state” (H3K4me3-seq and H3K9ac-seq)
maps for intestinal (epithelial colonocytes) crypts in rats treated with a colon carcinogen and fed
diets containing bioactive (i) fish oil, (ii) fermentable fiber (a rich source of SCFA), (iii) a
combination of fish oil plus pectin or (iv) control, devoid of fish oil or pectin.

In general, poor correlation was observed between differentially transcribed (DE) and enriched
genes (DERs) at multiple epigenetic levels. The combinatorial diet (fish oil + pectin) uniquely
affected transcriptional profiles in the intestinal epithelium, e.g., upregulating lipid catabolism and
beta-oxidation associated genes. These genes were linked to activated ligand-dependent nuclear
receptors associated with n-3 PUFA and were also correlated with the mitochondrial L-carnitine
shuttle and the inhibition of lipogenesis. These findings demonstrate that the chemoprotective fish
oil + pectin combination diet uniquely induces global histone state modifications linked to the
expression of chemoprotective genes.
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Introduction

“Nutri-epigenetics” describes the influence of dietary components on mechanisms
modulating epigenetic programming. These processes are typically mediated by specific
histone modifications (methylation and acetylation) and thus serve as a promising new target
for cancer prevention strategies® 2. Recent evidence indicates that epigenetic alterations
contribute to cancer-related cellular defects. For example, epigenetic silencing of critical
genes, e.g., detoxifying enzymes, tumor suppressor genes, cell cycle regulators, apoptosis-
inducing and DNA repair genes, nuclear receptors such as NRF2, PPARs, FXR, HNF4A,
mediated by promoter methylation and modification of histones and non-histone proteins by
acetylation or methylation, drives malignant transformation?: 3.

With respect to dietary chemoprevention, a plethora of published reports indicate a
protective effect of fish oil and its bioactive components, n-3 polyunsaturated fatty acids
(PUFA) e.g., eicosapentaenoic acid (20:5A5,8,11,14,17) and docosahexaenoic acid (DHA,;
22:6A 4,7,10,13,16,19), with respect to colon cancer risk*-5. In contrast, dietary lipids rich
in n-6 PUFA [found in vegetable oils; e.g., linoleic acid (LA;18:2A 9,12) and arachidonic
acid (20:4A 5,8,11,14)] have been linked to an increase in colon tumor development’-10. |t
has also been previously demonstrated that the chemopreventive effect of fish oil is due to
the direct action of n-3 PUFA and not to a reduction in the content of n-6 PUFALL .

Nuclear receptors function as ligand-activated transcription factors capable of regulating the
expression of target genes considered vital to gut cell development and metabolism? 12,
With respect to diet-derived ligands, DHA and EPA and their oxidative metabolites have
been shown to interact with specific ligand dependent nuclear receptors including CAR,
HNF4A, PPARG, PXR and RXRA2. Since the original description of dietary fat as a
regulator of gene expression over a decade ago, many transcription factors have also been
identified as prospective indirect targets for n-3 PUFA regulation. For example, DHA can
increase the activity of CREBBP, EP300, and MYC, while inhibiting NF-kB (NFKB1) and
STAT3 activityl 1213 Thus, n-3 PUFA function as nuclear receptor ligands with the
potential to modulate transcriptional processes.

There are also many studies linking dietary fiber, gut microbiota and colon cancer
preventionl4 15, The major metabolites produced by gut microbiota from readily
fermentable fiber include short-chain fatty acids (SCFAS), such as butyrate, which has
multiple beneficial effects at the intestinal and extra-intestinal levell4-17. As more dietary
fiber is ingested, SCFA production increases!®. Even though some controversy remains
concerning the in vivo responses of colonocytes to butyrate exposure, butyrate has been
shown to impact cell kinetics, lumen pH, and epigenetics which modulate risk of developing
colon carcinogenesis® 20. There are at least 2 epigenetic mechanisms by which butyrate can
increase histone acetylation in the colonic mucosa?!. Bacteria in the gut generate SCFAS
including butyrate, which can act as a histone deacetylase (HDAC) inhibitor or alternatively,
in colonocytes, butyrate can be metabolized to acetyl-CoA and used for energy or
transported to the nucleus and act as a histone acetyl transferase (HATS) substrate®.
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Animals fed diets containing n-3 PUFA (fish oil) and pectin (which is fermented to SCFAS)
as a fiber source maximally promote apoptosis and reduce cancer incidence in the colon
compared with diets high in other dietary lipids and poorly fermentable fiber, e.g., n-6 (corn
0il)11.20. 22 | 3 follow-up study, the administration of butyrate-containing pellets for
targeted release in the colon was used to demonstrate that butyrate and fish oil work
coordinately in the colon to promote apoptosis and reduce aberrant crypt foci levels®.
Subsequently, DHA and butyrate were shown to synergistically enhance apoptosis in
colonocyte cultures compared with butyrate alone23: 24, A clinical validation of the
chemoprotective effects of fat x fiber interaction was recently reported by Orlich et al., who
demonstrated that the pescovegetarian diet is a highly protective regimen in terms of
colorectal cancer prevention25.

From a preclinical perspective, the azoxymethane (AOM) chemical carcinogenesis murine
model serves as one of the most definitive means of assessing human colon cancer risk26: 27,
We have previously demonstrated that at 10 weeks post AOM injection, the colonic mucosa
is precancerous, e.g., high multiplicity aberrant crypt foci are apparent. Macroscopic tumors
are not detectable until ~34 weeks post AOM injection!. From a temporal perspective,
major cellular functions and pathways, including drug metabolism, cell cycle regulation,
DNA damage repair and targeted apoptosis, response to inflammatory stimuli, cell signaling,
and cell growth control and differentiation are progressively dysregulated in this model28: 29,

In this study, we employ state-of-the-art technologies and bioinformatics algorithms in order
to explore "nutri-epigenomics’ at a genome-wide level and document epigenetic mechanisms
related to dietary chemoprevention. By determining transcriptional levels of regulation
(H3K4me3, H3K9ac and mRNA expression) in colonocytes from the same animals, we
were able to gain a greater understanding of the epigenome associated with the interaction of
fish ail (rich in DHA/EPA n-3 PUFA), pectin (a readily fermentable fiber) and AOM (colon
carcinogen) treatments.

Sixty-eight weanling male Sprague Dawley rats (Harlan, Houston, TX) were individually
housed and acclimated for 1 week in the same room, maintained in a temperature and
humidity-controlled animal facility with a daily 15 h light/9 h dark photoperiod. The animal
use protocol was approved by the Animal Care Committee of Texas A&M University and
conformed to NIH guidelines. In this study, the combinatorial effects of four experimental
diets and two treatments (injection of AOM or saline control) were examined
(Supplementary Methods Figure 1 and 2). Animals were stratified by body weight across
quartiles and sampled after the acclimation period so that mean initial body weights did not
differ30 (Supplementary Methods Figure 1). Body weight and food intake were monitored
throughout the study.
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After 1-week acclimation on standard pelleted diet, rats were assigned to one of four diet
groups, which differed in the type of fat and fiber. The diets contained (g/100 g diet):
dextrose, 51.06; casein, 22.35; D,L-methionine, 0.34; AIN-76 salt mix, 3.91; AIN-76
vitamin mix, 1.12; and choline chloride, 0.22. The total fat content of each diet was 15% by
weight as follows: n-6 fat diet, 15.00 g corn oil (Dyets Inc.)/100 g diet; n-3 fat diet, 11.50 g
fish 0il/100 g diet (OmegaPure TE from Omega Protein Inc); and 3.50 g corn 0il/100 g diet.
The total fiber content of each diet was 6% by weight of pectin (fermentable fiber from Gum
Technology) or cellulose (non-fermentable fiber from Bio-Serv). To prevent formation of
oxidized lipids, diets were stored at —20°C and provided daily to the animals. To protect
against lipid oxidation during storage, 0.025% tertiary butylhydroquinone and mixed
tocopherols (MTS-50; ADM, Decatur, IL) were added to the oils prior to mixing. For quality
control purposes, a fatty acid analysis of the experimental diets was performed by gas
chromatography (see Supplementary Methods Table 1 for details).

Carcinogen Treatment

After 2 weeks of feeding, 24 rats were injected with saline (control), and 43 rats were AOM
(Sigma, St. Louis, MO) injected s.c. at 15 mg/kg body weight. Each rat subsequently
received a second AOM or saline injection 1 week later and animals were terminated 10
weeks after the first AOM injection.

Aberrant Crypt Foci Scoring

Immediately after removal, the colon lengthwise (11 per diet group with AOM injection and
2 per diet with saline injection) was flattened between Whatman 1 filter paper and fixed in
70% ethanol for 24 h. Subsequently, the whole mount colon was stained with 0.5%
methylene blue in PBS for 30 sec, placed on a plastic sheet with a 5-mm grid, and examined
under the microscope at 400%. The number of aberrant crypts (putative colon cancer
precursors), as singlets and multiples was determined. Crypts were classified as aberrant
using the morphologic characteristics described previously3L. The number of high
multiplicity aberrant crypt foci (HM-ACF) (more than three aberrant crypts per foci) was
scored on half of the total colon as previously described.

Isolation of Colonic Crypts

The large intestine was resected from the junction between the cecum and the rectum, and
was opened longitudinally and washed in 1x PBS. Subsequently, the visible “herringbone”
folds were used to identify the proximal colon. Colonic crypts were extracted from the distal
region (distal colon) as previously described32. Following incubation, tissue sections were
placed in a petri dish on ice, and the colonic crypts isolated by scraping with a rubber
policeman. Isolation of crypts was verified by histological examination to ensure that
epithelial cells were removed and the lamina propria and muscle layers remained intact.
Cells were washed with HBSS and centrifuged at 100 x g for 15 min. The pellet was
resuspended in HBSS and an aliquot of the isolated crypts was subsequently used to
generate mMRNA expression profile libraries. The remaining crypts were immediately
crosslinked for ChIP analysis.
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Western Blotting

Colonic crypt nuclear protein was analyzed by immunoblot as previously described32
Colonic crypts were rocked in 50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA,
10% glycerol, 0.5% NP-40, 0.25% Triton X-100 with protease inhibitors for 10 min at 4°C,
followed by centrifugation at 1,350 x g, 4°C for 7 min. The crypt-containing pellet was
subsequently resuspended in 10 mM Tris-HCI, pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5
mM EGTA with protease inhibitors and incubated by gently rocking at room temperature for
10 min. Nuclei were pelleted by centrifugation at 1,350 x g, 4°C for 7 min and resuspended
in RIPA buffer (50 mM HEPES-KOH, pKa 7.6, 500 mM LiCl, 1 mM EDTA, 1.0% NP-40,
0.7% Na-deoxycholate with protease inhibitors). Nuclear lysates (2 ug protein) were treated
with 1x pyronin sample buffer and subjected to SDS polyacrylamide gel electrophoresis
(PAGE) in precast 4-20% Tris-glycine mini gels (Invitrogen). After electrophoresis, proteins
were electroblotted onto a polyvinylidene fluoride membrane with the use of a Hoefer
Mighty Small Transphor unit at 400 mA for 90 min. Following transfer, the membrane was
incubated in 5% milk and 0.1% Tween 20 in TBS (TBST) at room temperature for 3 h with
shaking, followed by incubation with shaking overnight at 4°C with primary antibody
diluted in 5% milk in TBST. Membranes were washed with TBST and incubated with
secondary peroxidase conjugated secondary antibody as per manufacturer’s instructions.
Bands were developed using Pierce SuperSignal West FemtoTM maximum sensitivity
substrate. Blots were scanned using a Fluor-S Max Multilmager system (Bio-Rad, Hercules,
CA). Quantification of bands was performed using Quantity One software (Bio-Rad).
Primary antibodies used to detect histones included H3 tri methyl K4 (Active Motif 39160),
H3 acetyl K9 (ab10812), H4 acetyl K16 (Active Motif 39929), pan-acetylated histone H3
(ab47915) and histone H3 (ab1791) levels. Peroxidase conjugated goat anti-rabbit 1gG was
purchased from Kirkegaard and Perry Laboratories (Gaithersburg, MD).

Chromatin Immunoprecipitation

ChlIP-seq analyses were performed in order to determine global histone mapping in crypts
isolated from the distal colon. The ChIP protocol described by Triff et al was utilized32 with
one modification, cells were cross-linked by adding freshly prepared formaldehyde at 1%
concentration for 15 min at room temperature. Cells were then lysed and sheared in 3 mL
tubes at 4°C using a Covaris S2 sonicator to obtain DNA distributions of ~300 bp (range of
200-400 bp): duty cycle —20%, intensity —8, cycles/burst =200 and time 25 min. ChIP
antibodies included: ChIP Grade (Active Motif 39160) anti-histone H3 (tri methyl K4)
antibody, ChIP Grade anti-histone H3 acetyl K9 antibody (ab10812). Antibody—chromatin
complexes were captured using Dynabeads G Protein coupled (Dynal) and eluted with 1%
SDS in 50 mM Tris-HCI pH 8.0, and 10 mM EDTA, after extensive washing. Cross-linking
between DNA and chromatin proteins was reversed by incubation at 65°C overnight. DNA
was purified by treatment with RNAseA, proteinase K and QlAquick PCR Purification Kit
(Qiagen 28004) and dissolved into 50 uL EB (10 mM Tris pH8.0) buffer per sample for
immunoprecipitation purposes. The specificities of all antibodies were validated by Western
blot and ChlIP-qPCR. Equal amounts of (200-500 bp) ChlPed DNA from 2-3 AOM injected
rats from the same dietary treatment (biological replicates) were pooled into 16 barcoded
groups (representing 43 individual rats), and the saline biological replicates were similarly

Int J Cancer. Author manuscript; available in PMC 2019 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Triff et al. Page 6

pooled into 12 barcoded groups (representing 24 individual rats) prior to high throughput
sequencing (Supplementary Methods Figure 2).

ChlIP Sequencing

BioScientific NETflex (ChlPseq kit 5143-01, Barcodes kit 514120) multiplex libraries from
ChlIPed DNA (10 nM) were sequenced using an Illumina HiSeq 2000 DNA Sequencer.
Sequence reads with poor quality bases and with adaptors or other contaminants were
filtered. The remaining reads (>290 million total per sample) were mapped to the reference
rat genome (rn4) with commonly used BWA for Illumina (version 1.2.3) settings and only
non-identical uniquely mapped reads were retained. The peak caller program MACS
(version 1.4.1)33 was used. Islands (enriched regions) were defined as the genomic areas
enriched with the ChiPed protein (peaks aka enriched regions) in at least one sequenced
sample (using merge function of BEDTools3#), and reads were quantified using coverageBed
function of BEDTools34. The UCSC Genome Browser was used to visualize bigwig data
tracks. The nearest gene to each island, i.e., within 5 kb of the island was identified using
closestBed from the BEDTools software suite34 and the refGene table downloaded from the
UCSC Genome Browser for the Baylor 3.4/rn4 assembly files.

Regions showing differences in histone modification were identified using the
Bioconductor-edgeR package3® 36 for the R software environment33: 35, In order to increase
statistical power (higher number of samples per treatment) and focus on key dietary and
AOM effects associated with cancer progression, rats were pooled across the various
treatment groups described above. Read counts per gene were normalized using the scaling
factor method of Anders and Huber37. Differential expression testing of genes was
performed using likelihood ratio tests on the negative binomial GLMs estimated by
edgeR3%: 36 (Supplementary Methods Figures 4 and 5). Regions with FDR < 0.1 and a
minimal threshold of one count per million mapped reads in at least four samples were
selected as differentially enriched regions (DERs) (Supplementary Table 2). ChIPseq data
was validated by gPCR on all 68 rat samples. See Supplementary Methods Figure 6 and 7
for additional details. See Supplementary Methods for additional details.

RNA Isolation

For total RNA isolation, colonic crypts were homogenized on ice in lysis buffer
(RNAqueous Isolation kit, Ambion) and frozen at —80°C until RNA was isolated.
Subsequently, total RNA was isolated using the RNAqueous kit, followed by DNase
treatment. RNA integrity was analyzed on an Agilent Bioanalyzer to assess RNA integrity.

RNA Sequencing

Total RNA (1000 ng) was used to generate multiplex libraries for whole-transcriptome
analysis following Illumina’s TruSeq RNA v2 sample preparation protocol. Libraries from
24 individual rats per treatment were sequenced on an Illumina HiSeq 2000. At least 151
million, 50 bp single-end reads per treatment were obtained for each sample. Reads were
mapped with the STAR aligner using the default parameters and rat genome assembly38.
Greater than 85% of reads aligned uniquely to the rat genome. Genes that did not have at
least one read count per million mapped reads in at least four samples were removed. Read
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counts per gene were normalized using the scaling factor method of Anders and Huber37.
The read counts were modeled directly using negative binomial generalized linear models
accounting for the differences in diet and subsequently fit with the R programming
language33 and Bioconductor package edgeR3> 36, Differential expression was then tested
using likelihood ratio tests involving the fitted models (Supplementary Methods Figures 4
and 5). Genes with false discovery rate adjusted p-values (FDR) less than 0.1 were selected
as differentially expressed transcripts (DE) (Supplementary Table 2). See Supplementary
Methods for additional details.

Ingenuity Pathway Analysis

Data Access

Results

“Functional enrichment” analysis was performed using Ingenuity Pathway Analysis (IPA)
version 2.0 software (Ingenuity Systems Inc., Redwood City, CA) as we have previously
described3?.

Sequencing data have been deposited in the GEO database under the accession number
GSE87525.

We have demonstrated that dietary n-3 PUFA and pectin synergistically suppress colon
tumorigenesis® 23 24,40, To elucidate the epigenetic mechanisms related to the unique
properties of this chemoprotective combination, experiments were designed to contrast the
chemoprotective components (fish oil and/or pectin) against the control diet (corn oil and
cellulose) lacking chemoprotective bioactives in the presence and absence of carcinogen.
Three main biological comparisons were examined: 1) dietary fat effects (fish oil vs corn
oil), 2) dietary fiber effects (pectin vs cellulose) and 3) dietary fat x fiber interaction in the
presence of carcinogen [fish oil + pectin + AOM (FPA) vs corn oil + cellulose + AOM
(CCA)].

Enumeration of aberrant crypts

Whereas AOM-treated rats developed aberrant crypts, their saline-treated counterparts did
not. Therefore, all aberrant crypt data represent AOM-injected groups only. No HM-ACF
were detected in the proximal colon, independent of the diet (data not shown). Rats fed the
corn oil + cellulose (control) diet exhibited a greater number of total HM-ACF compared
with other treatment groups. In addition, the fish oil + pectin-fed rats had the lowest
incidence of HM-ACF compared with all other groups (Figure 1.A and Supplementary
Figure 1.A).

Overall effects of fish oil and pectin feeding on transcription and histone tail modifications

In an effort to identify key, genome-wide, bioactive effects associated with fish oil and
pectin feeding, gene expression profiling by Next Generation Sequencing of RNA,
H3K4me3 and H3K9ac ChiPed DNA were performed. Experimental groups are referred to
by 3-letter acronyms based on type of fat, fiber, and carcinogen treatment: fish oil + pectin +
AOM (fpa), corn oil + pectin + AOM (cpa), fish oil + cellulose + AOM (fca), corn oil +
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cellulose + AOM (cca), fish oil + pectin + saline (fps), corn oil + pectin + saline (cps), fish
oil + cellulose + saline (fcs), corn oil + cellulose + saline (ccs). For dietary lipid
comparisons, fish oil induced differentially expressed transcripts (DE) and differentially
enriched chromatin regions (DERs) were determined by pooling sequence data from
individual rats fed a fish oil diet across the various treatment groups in comparison to rats
fed a corn oil diet (fcs+fps+fca+fpa vs ccs+cps+cca+cpa; n=34 fish oil fed rats vs n=33 corn
oil fed rats). Similarly, pectin induced DEs and DERs were determined by pooling rats fed a
pectin diet across the various treatment groups and comparing them against rats fed a
cellulose diet (cps+fps+cpatfpa vs ccs+fes+cca+fca; n=34 pectin fed rats vs n=33 cellulose
fed rats). To assess the consequence of each bioactive treatment, we used the corn oil (rich in
n-6 PUFAS) + cellulose (rich in poorly fermentable fiber) diet as a control. Data for AOM:
fpa vs cca, fca vs cca, cpa vs cca, and for saline (control): fps vs ccs, fcs vs ccs, cps vs ccs)
are presented in Figure 1.B and Supplementary Table 1. Figure 1.C shows the distribution of
expression strength (x-axis) relative to the log-ratio of DE and DERs (y-axis) as an MAplot.
Included above each MAplot are the total number of DE genes (including different isoforms)
and the total number of DERs (annotated and un-annotated). Figure 1.B summarizes the
total number of genes with differentially expressed (DE) transcripts and differentially
enriched peaks (DERSs) with an FDR<0.1 and a p-value<0.01 in fish oil vs corn oil and
readily fermentable (pectin) versus poorly fermentable (cellulose) fiber. Fish oil feeding
altered the transcription of 163 genes along with 58 K9ac and 5 K4me3 regions with DERs
(FDR<0.1) (Figure 1.C), with similar numbers of up- and downregulated genes detected at
each level (Supplementary Table 1).

Based on previous studies indicating that histone tail modifications regulate gene expression
at the transcriptional level*!, we expected genes with K4me3 and K9ac DERs to correlate
with differentially expressed (DE) genes at the RNA level. Generation of a global plot of all
the K4me3 and K9ac changes (DER) against the DE for the same gene revealed poor
correlation between histone marks and RNA expression, regardless of p-values (the axes
include total number of genes with an FDR<0.1 (Figure 2.A). Similarly, a poor correlation
was observed between annotated K9ac and K4me3 DERs (Figure 2.A and Supplementary
Figure 1.B). Interestingly, there were no genes with an FDR<O0.1 that were simultaneously
modulated at the RNA, K9ac and K4me3 level by fish oil. A more relaxed filtering
parameter using genes with a Fisher’s Exact test p-value<0.01 revealed only 4 genes that
were simultaneously affected at all epigenetic and transcriptional levels tested
(Supplementary Figure 1.B). This gene set included upregulated tumor suppressors CDH11
(cadherin 11) and SCD2 (stearoyl-Coenzyme A desaturase 2) and downregulated oncogenes
CERS4 (ceramide synthase 4) and PDE4B (cAMP-specific phosphodiesterase 4B)
(Supplementary Table 1). Very few genes with an FDR<0.1 were modulated by pectin.
Specifically, no genes with an FDR<0.1 were simultaneously affected at the RNA, K9ac and
K4me3 level by pectin, and only 2 genes with p<0.01 were simultaneously affected between
levels. For example, EGFLAM (EGF-like, G domains) was upregulated and oncogene
ANXA3 (annexing 3) was downregulated (Supplementary Figure 1.D). Among the fish oil
DE genes, 8 have been previously associated with DHA and lipid metabolism, including the
upregulated transporter FABP1 (Supplementary Figure 1.D), a fatty acid binding protein
often downregulated in colon cancer and upregulated by DHA*2 43, Four mitochondrial
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enzymes previously shown to be modulated by DHA were also upregulated, acyl-CoA
synthetase ACSBG144, carnitine palmitoyltransferases CPT1 and CPT24°, and the kinase
MAP2K 140, Stearoyl-CoA desaturase SCD was also upregulated and phospholipase A2
PLA2G1B was downregulated (Supplementary Table 1).

Since genes typically function as part of intricate networks, prior biological knowledge
greatly facilitates the meaningful interpretation of the gene-expression changes associated
with large datasets. Therefore, we used pathway analysis to help interpret the data in the
context of biological processes, pathways and networks. Functional analysis of DEs and
DERs using Ingenuity Pathway Analysis (IPA) software was performed in an effort to better
understand the biological relevance of the genes modulated by fish oil feeding. Pathway
analysis of the 32 genes with K9ac DERs (FDR<0.1) revealed 23 genes related to Metabolic
Disease, Lipid Metabolism, and Cell Death and Survival networks (Supplementary Table 2).
Network analysis using a less stringent filtering parameter on K9ac DERs (p<0.01) revealed
similar types of biological processes affected by fish oil at the RNA and K4me3 levels
(Supplementary Table 2). Therefore, although the RNA, K9ac, and K4me3 networks were
mostly comprised of different genes, the top affected metabolism pathways were correlated
with respect to Lipid Metabolism, Small Molecule Biochemistry, and Vitamin and Mineral
Metabolism (Supplementary Table 2).

Assessment of nuclear levels of H3 and H4 acetylation

Fermentable fiber supplementation had no effect on total histone acetylation when corn oil
was the lipid source during cancer progression (AOM). In contrast, when fish oil was the
lipid source, fermentable fiber enhanced histone H3 pan-acetylation and K9 acetylation
(Figure 3.A) along with H4K16 acetylation (Figure 3.B) while total levels of nuclear
H3K4me3 remained unchanged (Figure 3.C). In contrast, there was no effect of diet on
protein levels of H3ac, H3K9ac, H4K16ac or H3K4me in saline-injected rats
(Supplementary Figure 2).

Context specific epigenetic effects of fish oil and pectin

Differentially transcribed genes (DEs) and K4me3 and K9ac differentially enriched (DERS)
genes in common between saline and AOM injected rats fed the same diet were compared to
determine whether dietary bioactives exhibit the same effects on a healthy colon (fps vs ccs;
fcs vs ccs; cps vs ccs) versus a precancerous colon (fpa vs cca; fca vs cca; cpa vs cca)
(Figure 2.B). Dietary effects differed in healthy (saline) vs carcinogenic (AOM) conditions
at all transcriptional and epigenetic levels. Only in the fish oil + pectin treatment, at the
transcription level, was a slightly higher number of common genes detected, with 42 genes
differentially expressed in both saline and AOM treated animals (Figure 2.B). Among these
genes, 17 were upregulated and 18 were downregulated in both datasets. In contrast, 7
additional genes were upregulated in AOM injected animals but downregulated in saline
injected animals fed the same diet (Supplementary Table 1). Poor correlation between
transcriptional and epigenetic levels (RNA, K4me3 and K9ac) for all treatment comparisons
(listed under “treatment comparison” in Figure 1.B) was observed. Furthermore, the
epigenetic and functional response of colonocytes to fish oil and pectin individually were
distinct relative to the combination fish oil + pectin diet (Figure 2.C and Supplementary
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Figure 1.C). Among these 6 individual comparisons, the most noteworthy changes
(FDR<0.1) were the transcriptional effects of fish oil + pectin feeding in the presence of
carcinogen (fpa vs cca) with 83 DEs (Supplementary Figure 1.C).

Identification of upstream regulators modulated by dietary fat and fiber interaction

Upstream Regulator (URs) analysis was used to identify the transcriptional regulators linked
to fish oil + pectin, i.e., (fpa vs cca). Causal networks constructed from individual
relationships curated from the literature were used to create mechanistic hypotheses that
explain changes in DE and DER gene expression. Statistical approaches were used to
identify and score those Upstream Regulators whose connections to our dataset genes were
unlikely to occur in a random model6. Initially, we quantified known targets of
transcriptional regulators present in our dataset and compared their direction of change
(over- or under-expression) to predict likely relevant regulators including transcription
factors, nuclear receptors and enzymes (Supplementary Figure 3). The analysis was
performed on the gene sets of all 6 individual comparisons listed in Figure 1.B at each
transcriptional and epigenetic level (total of 18 gene sets with p<0.01) as well as on fpa vs
cca DE genes with an FDR<0.1 (Supplementary Table 3). Ligand dependent nuclear
receptors were prevalent among the top modulated URs linked to the greatest numbers of
differentially transcribed (DE) genes in fpa vs cca (Figure 4.A). These nuclear receptors
included activated PPARSs alpha, delta, and gamma along with LXR (NR1H), FXR
(NR1H4), PXR (NR1I2), GCR (NR3C1) and HNF4A. Some of the receptors were also
activated, to a lesser extent, in other fish oil containing diets under saline and carcinogenic
conditions at the transcriptome and K9ac levels. Except for glucocorticoid receptor
(NR3C1), HNF4A and FXR (NR1H4), the nuclear receptors were predicted to be activated
only at the RNA and K9ac states (Supplementary Figure 3). Furthermore, 39 of the 68 fpa vs
cca DE genes associated with lipid metabolism were also part of the 58 genes directly
connected to the nuclear receptors. The lipid metabolism related genes with K9ac
differential enrichment (DERs) were distinct from lipid metabolism DE genes
(Supplementary Table 2).

With regard to the unique properties of the combination diet, we also assessed which
biological functions were modulated at the histone modification levels (K4me3 and K9ac)
during carcinogenesis. Pathway analysis revealed 29 genes were associated with biological
processes linked to lipid metabolism, especially increased beta-oxidation of fatty acids
(Figure 4.B). Nineteen of these genes were linked to cellular functions associated with a
decreased accumulation of lipids (such as cholesterol, acylglycerols and fatty acids)
(p<0.0001, z-score —1.91) and 17 were linked to increased fatty acid metabolism (p<0.001,
z-score 2.37). More specifically, these genes included ABCD3 and CPT2, vital to the
mitochondrial I-carnitine shuttling process, beta-oxidation acyl-CoA enzymes, ACSBG1
(which also plays a role in the activation of DHA) and ACADM. In addition, genes linked to
the metabolism of acyl-CoA (DBI and ACOT1) and transporters that regulate beta-oxidation
of very long chain fatty acids (ABCD3 and FABP1) were detected (Figure 4.B).
Examination of the 267 DE genes with a p<0.01 (fpa vs cca) revealed an increase in the
number (68) of lipid metabolism affiliated genes (Supplementary Table 2). Among lipid
metabolism associated genes, only 6 (ACSBG1, AQP8, CPT2, CYP1AL, ENTPD5, and
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SCD) were upregulated in fish oil + pectin fed rats following saline injection, and only the
cytochrome p450 subfamily member CYP1A1 was upregulated by the chemoprotective diets
(Supplementary Table 1). Genes differentially expressed following FCA vs CCA
comparison are described in Figure 4.B.

Discussion

To our knowledge, this is the first in vivo study to globally assess changes in histone post-
translational modifications and the transcriptome in colonocytes during colon cancer
progression. In this study, we employed novel technologies and bioinformatics algorithms,
such as next-generation sequencing, in order to explore “nutri-epigenomics” at a genome-
wide level and further elucidate epigenetic mechanisms related to chemoprevention. By
determining multiple epigenetic levels of regulation (H3K4me3, H3K9ac) and mRNA
expression in colonocytes from the same animals, we were able to gain a greater
understanding of the histone states associated with the interaction of fish oil (rich in
DHAV/EPA n-3 PUFAS), pectin (a readily fermentable fiber) and AOM (colon carcinogen)
treatments.

The data presented in our study show that pectin preferentially affects H3 acetylation status
in the presence of fish oil and synergistically enhances transcription of lipid metabolism
associated genes. Interestingly, the physiological and epigenetic stress induced by AOM was
uniquely associated with the modulation of fatty acid metabolism during cancer progression
(Figure 4 and Supplementary Tables 2 and 3). It is possible that the accumulation of acetyl-
CoA associated with increased beta-oxidation activity, observed in AOM treated rats fed fish
oil and pectin (Figure 4), promotes protein acetylation in colonocytes. This is consistent with
previous findings indicating that excess acetyl-CoA is transported to the nucleus, where it
acts as a histone acetyl transferase (HATS) substratel8. This could explain why the nuclear
levels of H4K16ac, H3ac and K9ac increased only in rats fed the fish oil + pectin diet during
cancer progression (Figure 3), suggesting that the nutritional combination of n-3 PUFA and
fermentable fiber is being processed distinctly by colonocytes in response to biological
stressl: 12, 13,18, 39, 44, 47, 48 (Fijgure 5). It is noteworthy, that a poor correlation was observed
between the differential gene expression profiles of the transcriptome and the differential
genomic enrichment profiles of H3K4me3 and H3K9ac (Figure 2 and Supplementary Figure
1). This, in part, may be explained by the fact that, regardless of diet, colon cancer
progression is associated with global perturbations in histone state modifications linked to
the expression of chemoprotective genes3® (Supplementary Methods Figure 3). Collectively,
these data reveal unique fish oil + pectin effects at the physiological (Figure 1.A), epigenetic
(Figures 1.B and 3) and transcriptional (Table 1 and Figures 1.A and 4) levels. These
biological responses are multifaceted and not necessarily straightforward, therefore further
studies are required to delineate precisely how these phenotypes are linked.

Mounting evidence indicates that the pescovegetarian diet, high in n-3 PUFA and fiber, is a
highly protective regimen in terms of colorectal cancer prevention?®, Interestingly, we noted
that fish oil + pectin feeding predominantly induced transcriptional changes in many genes
associated with lipid metabolism (Figure 4), including enzymes and transporters.
Specifically, a large cluster of upregulated genes were associated with increased fatty acid
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catabolism and a decreased accumulation of lipids such as cholesterol, triacylglycerols,
acylglycerols and fatty acids (Figure 4.B). These transcriptional changes are consistent with
previous studies by Mori et al., who assessed the effect of fish oil on the small intestine of
obese mice and identified many of the same lipid metabolism related genes, e.g., ACOTL,
ACADM, CAT, CPT1A, CPT2, MGLL, PDK4, PEX11A*’. From a mechanistic perspective,
the n-3 PUFA induced downregulation of de novo fatty acid synthesis, which is required for
membrane biosynthesis, may inhibit cell growth and proliferation!: 10 and therefore can be
chemoprotectivel3. This effect may include the concurrent enhancement of beta-oxidation
and the induction of futile mitochondrial respiration (proton leak) that leads to the
uncoupling of ATP synthesis, resulting in nutrient wasting and apoptosis® 48, Interestingly,
the gut is kept hypoxic by beta-oxidation, and this maintains growth of obligate anaerobic
bacteria and inhibits dysbiotic microbial expansion.

Previous studies have demonstrated that colon cancer progression suppresses
chemoprotective nuclear receptors, perturbs innate immunity responses!416: and the gut
experiences dysbiotic microbial expansion3949. We postulate that the addition of a fish oil +
pectin diet during this phenomenon concurrently facilitates the stimulation of DHA ligand-
activated nuclear receptors associated with lipid metabolism?: 3:16.17. 48 'while butyrate
triggers oxygen consumption via the beta-oxidation metabolic pathway!®: 16: 49 (Figure 5).
The augmented beta-oxidation associated with fish oil + pectin (fpa) feeding may also
promote the ability of n-3 PUFA to activate ligand dependent nuclear receptors (Figure 4.A
and Supplementary Table 3). Under these conditions, we envision that enhanced butyrate
entry, a preferential source of energy in colonocytes, into the mitochondria (from pectin)
may allow a greater proportion of the n-3 PUFA to avoid catabolism and thereby act as
nuclear receptor ligands (Figure 5). This would then maximally induce the transcription of
beta-oxidation and other n-3 PUFA associated genes, e.g., PPARgamma and HNF4alpha*8
(Figure 4 and Supplementary Tables 2 and 3).

In order to further explore how fish oil and pectin synergistically promote ligand dependent
nuclear receptor activation, we assessed the activity of predicted upstream transcriptional
regulators. Among the many top Upstream Regulators detected in fish oil containing diets
under carcinogen exposure conditions were ligand dependent nuclear receptors (Figure 4
and Supplementary Figure 3). Previous reports supporting our predictions suggest that fish
oil-derived n-3 PUFAs modulate the function of the nuclear receptors (NRs) presented in
Figure 4 and therefore can modulate colon cancer and colitis in a chemoprotective
manner!: 3. The majority of nuclear receptors known to be induced by n-3 PUFA (PPARSs,
LXRs, FXRs, HNF4A and SREBPs), were predicted to be induced by fish oil + pectin fed
rats in the presence of carcinogen (Figure 4 and Supplementary Table 3). This is noteworthy
because PPARgamma and HFN4alpha activate beta-oxidation and suppress intestinal
permeability, respectively9 50,

In summary, our results document for the first time the chromatin structure associated with
the feeding of a highly chemoprotective diet containing fish oil (rich in n-3 PUFAs) and
fermentable fiber (rich in short chain fatty acids) under normal (saline control) and
carcinogenic conditions. Activation of ligand dependent nuclear receptors and
transcriptional upregulation of genes associated with enhanced beta-oxidation was primarily
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observed in fish oil + pectin (fpa vs cca) fed rats. We demonstrate that the combination of
fish oil + pectin generates unique epigenetic modifications and transcriptional profiles in a
context (AOM vs saline) specific manner. These results support our hypothesis that, in
colonocytes, fish oil related effects are synergistically enhanced by the inclusion of pectin to
the diet during the onset of carcinogenesis. In conclusion, our data contribute to the
understanding of the chemotherapeutic properties of fish oil and pectin (n-3 PUFAs and
SCFAs) in colonic crypts and provide critical mechanistic insight into recently reported
epidemiological findings2®.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This study was made possible by NIH grants R35CA197707, RO1CA129444, P30ES023512 and funds from the
Allen Endowed Chair in Nutrition & Chronic Disease Prevention. KT was a recipient of a predoctoral Diversity
award from the National Cancer Institute (RO1CA129444). MWM was supported by a Training Program in
Biostatistics, Bioinformatics and Nutrition (R25 CA090301). Special thanks to Rachel Wright for her artistic
contribution to the Graphical Abstract.

References

1. Triff K, Kim E, Chapkin RS. Chemoprotective epigenetic mechanisms in a colorectal cancer model:
Modulation by n-3 PUFA in combination with fermentable fiber. Current pharmacology reports.
2015; 1:11-20. [PubMed: 25938013]

2. Burdge GC, Hoile SP, Lillycrop KA. Epigenetics: are there implications for personalised nutrition?
Current opinion in clinical nutrition and metabolic care. 2012; 15:442-7. [PubMed: 22878237]

3. Chellappa K, Robertson GR, Sladek FM. HNF4alpha: a new biomarker in colon cancer? Biomarkers
in medicine. 2012; 6:297-300. [PubMed: 22731903]

4. Chang WL, Chapkin RS, Lupton JR. Fish oil blocks azoxymethane-induced rat colon tumorigenesis
by increasing cell differentiation and apoptosis rather than decreasing cell proliferation. The Journal
of nutrition. 1998; 128:491-7. [PubMed: 9482754]

5. Cockbain AJ, Toogood GJ, Hull MA. Omega-3 polyunsaturated fatty acids for the treatment and
prevention of colorectal cancer. Gut. 2012; 61:135-49. [PubMed: 21490374]

6. Song M, Zhang X, Meyerhardt JA, Giovannucci EL, Ogino S, Fuchs CS, Chan AT. Marine omega-3
polyunsaturated fatty acid intake and survival after colorectal cancer diagnosis. Gut. 2016

7. Chang WC, Chapkin RS, Lupton JR. Predictive value of proliferation, differentiation and apoptosis
as intermediate markers for colon tumorigenesis. Carcinogenesis. 1997; 18:721-30. [PubMed:
9111206]

8. Whelan J, McEntee MF. Dietary (n-6) PUFA and intestinal tumorigenesis. The Journal of nutrition.
2004; 134:3421S-6S. [PubMed: 15570048]

9. Crim KC, Sanders LM, Hong MY, Taddeo SS, Turner ND, Chapkin RS, Lupton JR. Upregulation of
p21Wafl/Cipl expression in vivo by butyrate administration can be chemoprotective or
chemopromotive depending on the lipid component of the diet. Carcinogenesis. 2008; 29:1415-20.
[PubMed: 18567619]

10. Fan YY, Callaway E, J MM, J SG, Yang P, Vincent L, R SC. A New Model to Study the Role of
Arachidonic Acid in Colon Cancer Pathophysiology. Cancer prevention research. 2016; 9:750-7.
[PubMed: 27339171]

11. Davidson LA, Nguyen DV, Hokanson RM, Callaway ES, Isett RB, Turner ND, Dougherty ER,
Wang N, Lupton JR, Carroll RJ, Chapkin RS. Chemopreventive n-3 polyunsaturated fatty acids
reprogram genetic signatures during colon cancer initiation and progression in the rat. Cancer
research. 2004; 64:6797-804. [PubMed: 15374999]

Int J Cancer. Author manuscript; available in PMC 2019 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Triff et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 14

Pegorier JP, Le May C, Girard J. Control of gene expression by fatty acids. The Journal of
nutrition. 2004; 134:2444S-9S. [PubMed: 15333740]

Hou TY, Davidson LA, Kim E, Fan YY, Fuentes NR, Triff K, Chapkin RS. Nutrient-Gene
Interaction in Colon Cancer, from the Membrane to Cellular Physiology. Annual review of
nutrition. 2016; 36:543-70.

Navarro SL, Neuhouser ML, Cheng TD, Tinker LF, Shikany JM, Snetselaar L, Martinez JA, Kato I,
Beresford SA, Chapkin RS, Lampe JW. The Interaction between Dietary Fiber and Fat and Risk of
Colorectal Cancer in the Women’s Health Initiative. Nutrients. 2016; 8

O’Keefe SJ. Diet, microorganisms and their metabolites, and colon cancer. Nature reviews
Gastroenterology & hepatology. 2016; 13:691-706. [PubMed: 27848961]

Mathewson ND, Jeng R, Mathew AV, Koenigsknecht M, Hanash A, Toubai T, Oravecz-Wilson K,
Wu SR, Sun Y, Rossi C, Fujiwara H, Byun J, et al. Gut microbiome-derived metabolites modulate
intestinal epithelial cell damage and mitigate graft-versus-host disease. Nature immunology. 2016;
17:505-13. [PubMed: 26998764]

Kim M, Qie Y, Park J, Kim CH. Gut Microbial Metabolites Fuel Host Antibody Responses. Cell
host & microbe. 2016; 20:202-14. [PubMed: 27476413]

Shi L, Tu BP. Acetyl-CoA and the regulation of metabolism: mechanisms and consequences.
Current opinion in cell biology. 2015; 33:125-31. [PubMed: 25703630]

Kolar S, Barhoumi R, Jones CK, Wesley J, Lupton JR, Fan Y'Y, Chapkin RS. Interactive effects of
fatty acid and butyrate-induced mitochondrial Ca(2)(+) loading and apoptosis in colonocytes.
Cancer. 2011; 117:5294-303. [PubMed: 21563175]

Cho Y, Kim H, Turner ND, Mann JC, Wei J, Taddeo SS, Davidson LA, Wang N, Vannucci M,
Carroll RJ, Chapkin RS, Lupton JR. A chemoprotective fish oil- and pectin-containing diet
temporally alters gene expression profiles in exfoliated rat colonocytes throughout oncogenesis.
The Journal of nutrition. 2011; 141:1029-35. [PubMed: 21508209]

Canani RB, Costanzo MD, Leone L, Pedata M, Meli R, Calignano A. Potential beneficial effects of
butyrate in intestinal and extraintestinal diseases. World journal of gastroenterology : WJG. 2011;
17:1519-28. [PubMed: 21472114]

Vanamala J, Glagolenko A, Yang P, Carroll RJ, Murphy ME, Newman RA, Ford JR, Braby LA,
Chapkin RS, Turner ND, Lupton JR. Dietary fish oil and pectin enhance colonocyte apoptosis in
part through suppression of PPARdelta/PGE2 and elevation of PGE3. Carcinogenesis. 2008;
29:790-6. [PubMed: 18024478]

Kolar SS, Barhoumi R, Callaway ES, Fan Y'Y, Wang N, Lupton JR, Chapkin RS. Synergy between
docosahexaenoic acid and butyrate elicits p53-independent apoptosis via mitochondrial Ca(2+)
accumulation in colonocytes. American journal of physiology Gastrointestinal and liver
physiology. 2007; 293:G935-43. [PubMed: 17717041]

Kolar SS, Barhoumi R, Lupton JR, Chapkin RS. Docosahexaenoic acid and butyrate synergistically
induce colonocyte apoptosis by enhancing mitochondrial Ca2+ accumulation. Cancer research.
2007; 67:5561-8. [PubMed: 17545640]

Orlich MJ, Singh PN, Sabate J, Fan J, Sveen L, Bennett H, Knutsen SF, Beeson WL, Jaceldo-Siegl
K, Butler TL, Herring RP, Fraser GE. Vegetarian dietary patterns and the risk of colorectal cancers.
JAMA internal medicine. 2015; 175:767-76. [PubMed: 25751512]

Ahnen DJ. Are animal models of colon cancer relevant to human disease. Digestive diseases and
sciences. 1985; 30:103S-6S. [PubMed: 4064871]

Reddy BS. Chemoprevention of colon cancer by dietary fatty acids. Cancer metastasis reviews.
1994; 13:285-302. [PubMed: 7712591]

Humphries A, Wright NA. Colonic crypt organization and tumorigenesis. Nature reviews Cancer.
2008; 8:415-24. [PubMed: 18480839]

Wilting RH, Dannenberg JH. Epigenetic mechanisms in tumorigenesis, tumor cell heterogeneity
and drug resistance. Drug resistance updates : reviews and commentaries in antimicrobial and
anticancer chemotherapy. 2012; 15:21-38. [PubMed: 22356866]

Davidson LA, Wang N, Ivanov I, Goldshy J, Lupton JR, Chapkin RS. Identification of actively
translated mRNA transcripts in a rat model of early-stage colon carcinogenesis. Cancer prevention
research. 2009; 2:984-94. [PubMed: 19843688]

Int J Cancer. Author manuscript; available in PMC 2019 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Triff et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

Page 15

McLellan EA, Bird RP. Aberrant crypts: potential preneoplastic lesions in the murine colon.
Cancer research. 1988; 48:6187-92. [PubMed: 3167865]

Triff K, Konganti K, Gaddis S, Zhou BY, Ivanov I, Chapkin RS. Genome-wide analysis of the rat
colon reveals proximal-distal differences in histone modifications and proto-oncogene expression.
Physiological genomics. 2013; 45:1229-43. [PubMed: 24151245]

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum C, Myers RM,
Brown M, Li W, Liu XS. Model-based analysis of ChIP-Seq (MACS). Genome Biol. 2008;
9:R137. [PubMed: 18798982]

Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features.
Bioinformatics. 2010; 26:841-2. [PubMed: 20110278]

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics. 2010; 26:139-40. [PubMed:
19910308]

Nikolayeva O, Robinson MD. edgeR for differential RNA-seq and ChlP-seq analysis: an
application to stem cell biology. Methods Mol Biol. 2014; 1150:45-79. [PubMed: 24743990]

Anders S, Huber W. Differential expression analysis for sequence count data. Genome Biol. 2010;
11:R106. [PubMed: 20979621]

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras
TR. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013; 29:15-21. [PubMed:
23104886]

Triff K, McLean MW, Konganti K, Pang J, Callaway E, Zhou B, lvanov I, Chapkin RS.
Assessment of histone tail modifications and transcriptional profiling during colon cancer
progression reveals a global decrease in H3K4me3 activity. Biochimica et biophysica acta. 2017;
1863:1392-402. [PubMed: 28315775]

Slagsvold JE, Pettersen CH, Storvold GL, Follestad T, Krokan HE, Schonberg SA. DHA alters
expression of target proteins of cancer therapy in chemotherapy resistant SW620 colon cancer
cells. Nutrition and cancer. 2010; 62:611-21. [PubMed: 20574922]

Fullgrabe J, Kavanagh E, Joseph B. Histone onco-modifications. Oncogene. 2011; 30:3391-403.
[PubMed: 21516126]

Lawrie LC, Dundas SR, Curran S, Murray Gl. Liver fatty acid binding protein expression in
colorectal neoplasia. British journal of cancer. 2004; 90:1955-60. [PubMed: 15138477]

Goichon A, Chan P, Lecleire S, Coquard A, Cailleux AF, Walrand S, Lerebours E, Vaudry D,
Dechelotte P, Coeffier M. An enteral leucine supply modulates human duodenal mucosal proteome
and decreases the expression of enzymes involved in fatty acid beta-oxidation. Journal of
proteomics. 2013; 78:535-44. [PubMed: 23142318]

Ohkuni A, Ohno Y, Kihara A. Identification of acyl-CoA synthetases involved in the mammalian
sphingosine 1-phosphate metabolic pathway. Biochem Biophys Res Commun. 2013; 442:195-201.
[PubMed: 24269233]

Blouin JM, Bortoli S, Nacfer M, Collinet M, Penot G, Laurent-Puig P, Forest C. Down-regulation
of the phosphoenolpyruvate carboxykinase gene in human colon tumors and induction by omega-3
fatty acids. Biochimie. 2010; 92:1772-7. [PubMed: 20691246]

Kramer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis approaches in Ingenuity Pathway
Analysis. Bioinformatics. 2014; 30:523-30. [PubMed: 24336805]

Mori T, Kondo H, Hase T, Tokimitsu I, Murase T. Dietary fish oil upregulates intestinal lipid
metabolism and reduces body weight gain in C57BL/6J mice. The Journal of nutrition. 2007;
137:2629-34. [PubMed: 18029475]

Bargut TC, Frantz ED, Mandarim-de-Lacerda CA, Aguila MB. Effects of a diet rich in n-3
polyunsaturated fatty acids on hepatic lipogenesis and beta-oxidation in mice. Lipids. 2014;
49:431-44. [PubMed: 24627299]

Byndloss MX, Olsan EE, Rivera-Chavez F, Tiffany CR, Cevallos SA, Lokken KL, Torres TP,
Byndloss AJ, Faber F, Gao Y, Litvak Y, Lopez CA, et al. Microbiota-activated PPAR-gamma
signaling inhibits dysbiotic Enterobacteriaceae expansion. Science. 2017; 357:570-5. [PubMed:
28798125]

Int J Cancer. Author manuscript; available in PMC 2019 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Triff et al.

Page 16

50. Ahn SH, Shah YM, Inoue J, Morimura K, Kim I, Yim S, Lambert G, Kurotani R, Nagashima K,
Gonzalez FJ, Inoue Y. Hepatocyte nuclear factor 4alpha in the intestinal epithelial cells protects
against inflammatory bowel disease. Inflammatory bowel diseases. 2008; 14:908-20. [PubMed:
18338782]

Int J Cancer. Author manuscript; available in PMC 2019 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Triff et al.

Page 17

Novelty

We describe how combined exposure to the chemoprotective bioactive compounds, fish
oil and fermentable fiber, during malignant transformation of colonocytes uniquely
induces global transcriptional and epigenetic modifications linked to chemoprotective
genes. Combination dietary chemoprevention up-regulates lipid catabolism and beta-
oxidation associated genes. These genes are linked to activated ligand-dependent nuclear
receptors associated with n-3 polyunsaturated fatty acids and to enhanced metabolic
oxidation via fiber fermentation.
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Figure 1. Fish oil and pectin synergistically suppress malignant transformation in the colon
A) High multiplicity aberrant crypt foci (HM ACF) incidence per rat colon is shown. Bars

not sharing the same superscript letters are significantly different, p<0.05. B) Summary of
diet effects on differentially expressed and differentially enriched genes. C) Differential

expression of all transcribed genes or histone tail differentially enriched regions illustrated in
MAplots indicate the differential expression of all transcribed genes or histone tail enriched

regions (y-axis, log-ratio of difference in intensity of histone tail modifications enriched
regions) vs their overall intensity of expression (x-axis, log-average of read counts)

Int J Cancer. Author manuscript; available in PMC 2019 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Triff et al.

Page 19

following chemoprotective vs control treatment. Pink highlights represent differentially
expressed transcripts and differentially enriched regions (with p-values < 0.05. Genes (and
total number of genes) with an FDR<0.1 are highlighted in red and all other detected genes
are blue highlighted.
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Figure 2. Overall poor correlation between differentially transcribed (DE) and enriched gene

regions (DERs) at multiple epigenetic levels

A) Comparison between epigenetic states across dietary treatments is shown. Scatterplots
reveal low correlation between DE (transcripts) and DER (histone tail modifications) upon
comparison of the gene log2(fold changes) from fpa vs cca, fca vs cca, and fish oil vs corn
oil, treatment at different epigenetic stages. The total number of genes with FDR<0.1 is
listed in each axis. Contrasts between epigenetic stages for the same treatment include
number of genes with FDR<O0.1. Blue dots represent genes with FDR>0.1 at both DE and
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DER epigenetic stages. B) The majority of AOM regulated genes are unique for each diet.
Genes in common at p<0.01 between saline and AOM injected rats fed the same diet are
shown by epigenetic level. C) Diet combination vs individual treatments. Intersection
between diets containing the fish oil + pectin combination and each individual bioactive
compound with respect to differentially transcribed genes (p<0.01).
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Figure 3. Levels of acetylated H3 increase following chemoprotective in fish oil and pectin fed

rats following carcinogen exposure

Summary of western blot analysis of nuclear protein extracts from diet and carcinogen
treated rats, total H3 serves as loading control. A) Comparison of acetylated H3 and H3K9
levels following feeding of fish oil and pectin containing diets in the presence and absence
of carcinogen exposure. B) H4K16ac levels increased following fish oil + pectin feeding
during cancer progression. C) Trimethylated H3K4 levels were unchanged by dietary and
carcinogen treatments. Samples were compared to a saline control and probed for histone
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post-translational modification and H3. Data are expressed as mean + SD normalized to total
H3 with significant differences relative to control conditions (cca) as indicated by p values.
At least 2 independent assays were conducted in (/7= 6) rats, n.s. denotes p > 0.05.
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Figure 4. Upstream regulators modulated by dietary fat and fiber interaction
A) Representative networks of genes transcriptionally regulated in fish oil and pectin fed rats

following carcinogen exposure by top ranked upstream key regulators (URs). Yellow fill
represents the projected increase in UR activity. Blue fill indicates decreased gene activity
(DE) and orange fill indicates increased gene activity (DE), deeper color hue indicates genes
with greater |log2(FoldChange)|, and genes with FDR<0.1 are bolded. Solid lines represent
direct and dashed lines represent indirect gene interaction. P-values and activity (z-scores) of
URs were determined by Ingenuity Pathway Analysis of genes with p< 0.01. B) Fish oil +
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pectin diet transcriptionally enhanced beta-oxidation and decreased lipid metabolism
associated genes during colon cancer progression. The dashed lines indicate aspects of lipid
metabolism associated with a specific gene and the activation/inhibition of a biological
function. Only a small subset of these genes were differentially transcribed in fish oil +
cellulose fed rats following carcinogen injection, as labeled by yellow ovals.
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Figure 5. Proposed molecular model of the chemoprotective synergistic effects of fish oil and
soluble fiber diet in colonocytes

The combinatorial diet (fish oil + pectin) activates ligand-dependent nuclear receptors
associated with n-3 PUFA, affecting transcriptional profiles in the intestinal epithelium, e.g.,
upregulation of lipid catabolism and beta-oxidation associated genes, while butyrate triggers
oxygen consumption via beta-oxidation. Overall, the combinatorial “pesco-vegetarian” diet
modulates the function of the mitochondrial L-carnitine shuttle, inhibiting lipogenesis and
promoting the accumulation of acetyl-CoA by increased beta-oxidation of both n-3 PUFA
and short chain fatty acids.
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