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Abstract

Colon cancer is the third most common cancer and the
second leading cause of cancer-related death in the United
States, emphasizing the need for the discovery of new
cellular targets. Using a metabolomics approach, we report
here that epoxygenated fatty acids (EpFA), which are eicos-
anoid metabolites produced by cytochrome P450 (CYP)
monooxygenases, were increased in both the plasma and
colon of azoxymethane (AOM)/dextran sodium sulfate
(DSS)-induced colon cancer mice. CYP monooxygenases
were overexpressed in colon tumor tissues and colon cancer
cells. Pharmacologic inhibition or genetic ablation of CYP
monooxygenases suppressed AOM/DSS-induced colon
tumorigenesis in vivo. In addition, treatment with 12,13-

epoxyoctadecenoic acid (EpOME), which is a metabolite of
CYP monooxygenase produced from linoleic acid, increased
cytokine production and JNK phosphorylation in vitro and
exacerbated AOM/DSS-induced colon tumorigenesis in vivo.
Together, these results demonstrate that the previously
unappreciated CYP monooxygenase pathway is upregulated
in colon cancer, contributes to its pathogenesis, and could
be therapeutically explored for preventing or treating colon
cancer.

Significance: This study finds that the previously unappre-
ciated CYP monooxygenase eicosanoid pathway is deregu-
lated in colon cancer and contributes to colon tumorigenesis.

Introduction
Colon cancer is the third most common cancer and the second

leading cause of cancer-related deaths in theUnited States (1). It is
important to discover novel cellular targets that are crucial in the
pathogenesis of colon cancer, which could facilitate the develop-
ment of mechanism-based strategies to reduce the risks of colon
cancer. Eicosanoids, which are endogenous lipid-signaling mole-
cules produced from enzymatic metabolism of arachidonic acid

(ARA, 20:4w-6), play essential roles in inflammation and have
recently been implicated in cancer (2, 3). There are three major
pathways involved in biosynthesis of eicosanoids: cyclooxy-
genases (COX) producing prostaglandins and thromboxanes,
lipoxygenases (LOX) producing leukotrienes and hydroxyl fatty
acids, and cytochrome P450 (CYP) monooxygenases producing
epoxygenated fatty acids (EpFA; refs. 4, 5). Besides ARA, other
polyunsaturated fatty acids, such as linoleic acid (LA, 18:2w-6),
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a-linolenic acid (ALA, 18:3w-3), and docosahexaenoic acid
(DHA, 22:6w-3), are also efficient alternative substrates for these
metabolizing enzymes, which convert them to the corresponding
fatty acid metabolites (4, 5). As a result, the enzymatic metabo-
lism of polyunsaturated fatty acids leads to formation of a large
array of eicosanoid metabolites, many of which act as autocrine
or paracrine mediators to regulate inflammation and hemosta-
sis (4, 5).

Previous research has shown that certain eicosanoid
metabolites are deregulated in colon cancer and contribute to
its pathogenesis (6). Notably, the most prominent cancer-
associated eicosanoids are prostaglandins, which are produced
by COX-2 that is overexpressed in most human colon cancer
samples (3). Guo and colleagues reported the increased ARA
and COX-produced metabolite prostaglandin A2 in the plasma
of Apcmin/þ mice (7). Clinical and epidemiologic studies
support that pharmacologic inhibitors of COX-2 are highly
effective for preventing colon cancer (3). However, the gastro-
intestinal and cardiovascular toxicities induced by COX-2
inhibitors have limited their clinical applications (8). Besides
COX-2, the roles of other eicosanoid pathways in colon
tumorigenesis are not well understood (6). It is important to
discover novel eicosanoid signaling pathways involved in
colon tumorigenesis.

Most previous studies to investigate the roles of eicosanoids
in colon tumorigenesis have only studied single or limited
number of eicosanoid metabolite(s); few systematic analyses
have been carried out, hampering our understanding of the
roles of eicosanoid signaling in colon tumorigenesis (6). To
discover novel eicosanoid metabolites and pathways involved
in colon tumorigenesis, in this study, we use a LC/MS-MS–
based targeted metabolomics to systematically profile eicosa-
noids in a well-established azoxymethane (AOM)/dextran sul-
fate sodium (DSS)-induced colon cancer model in C57BL/6
mice, then use pharmacologic and genetic approaches to val-
idate the functional roles of the identified enzymatic target and
its metabolite in colon tumorigenesis.

Materials and Methods
Animal experiment

The animal experiments were conducted in accordancewith the
protocols approved by the Institutional Animal Care and Use
Committee of the University of Massachusetts Amherst (protocol
number: 2017-0019) andNIH/National Institute of Environmen-
tal Health Sciences (protocol number: 05-18).

Animal protocol 1: AOM/DSS-induced colon tumorigenesis
in mice

C57BL/6 male mice (age, 6 weeks) were purchased from
Charles River and maintained on a modified AIN-93G diet (con-
taining 10% fat, corn oil was the only source of fat content, diet
composition was described in Supplementary Table S1) for 3
weeks, then themice were divided into two groups: (i) themice in
the AOM/DSS group were treated with 10mg/kg AOM (Sigma-
Aldrich) via intraperitoneal injection, and atweek 1post the AOM
injection, they were given 2%DSS (36–50 kDa, MP Biomedicals)
in drinking water for 1 week; and (ii) the mice in control group
were maintained on the same diet without AOM/DSS treatment.
At week 9.5 post the AOM injection, the mice were sacrificed to
harvest plasma and colon tissues for analysis. For analysis

of colon tumor, colon tissues were cut open longitudinally,
washed in PBS, and inspected under a dissection microscope.
The size of the tumor was determined by the following formula:
tumor size ¼ p � d2/4, where d is the diameter of each tumor.
The methods for biochemical analyses are described in Supple-
mentary Materials and Methods, and the sequence of RT-PCR
primers are listed in Supplementary Table S2.

Animal protocol 2: AOM/DSS-induced colon tumorigenesis in
Cyp2cþ/þ, Cyp2cþ/�, and Cyp2c�/�mice

Littermate wild-type Cyp2cþ/þ mice, heterozygous Cyp2cþ/�

mice, and knockout Cyp2c�/� mice (background on C57BL/6;
age, 6weeks)were treatedwith 10mg/kg AOMvia intraperitoneal
injection. At week 1 post the AOM injection, they were given 2%
DSS in drinking water for 1 week. During the whole experiment,
the mice were maintained on mouse chow. At week 9.5 post the
AOMinjection, themicewere sacrificed to collect blood and colon
tissues for analysis.

Animal protocol 3: effects of EpOME on AOM/DSS-induced
colon tumorigenesis

C57BL/6 male mice (age, 6 weeks) were treated with 10mg/kg
AOM via intraperitoneal injection. At week 1 post the AOM
injection, they were given 2% DSS in drinking water for 1 week.
At week 5 post the AOM injection, the mice were subcutaneously
implanted with osmotic mini-pumps (Durect, model 1004),
which contained 12,13-epoxyoctadecenoic acid (12,13-EpOME;
Cayman, dose ¼ 2 mg/kg/day) or vehicle (a 1:1 vol/vol mixed
solution of DMSO and PEG 400). During the whole experiment,
the mice were maintained on mouse chow. At week 9 post the
AOMinjection, themicewere sacrificed to collect blood and colon
tissues for analysis.

Animal protocol 4: effects of 12,13-EpOME on MC38 primary
tumor growth in mice

C57BL/6 male mice (age ¼ 6 weeks) were subcutaneously
implanted with osmotic mini-pumps (Durect, model 1004),
which contained vehicle (a 1:1 vol/vol mixed solution of DMSO
and PEG 400) or 12,13-EpOMEs (dose¼ 2mg/kg/day). After one
week of mini-pump implantation, 4 � 105 MC38 colon cancer
cells (purchased from Kerafast, catalog number ENH204, cell line
authentication, and Mycoplasma testing have been verified by
company) in 100 mL PBS were subcutaneously injected into each
mouse to initiate primary tumor growth. Tumor size was mea-
sured using caliper. At the end of the experiment, the tumors were
dissected, weighed, and subjected to biochemical analysis.

Animal protocol 5: effects of CYP inhibitors (SKF-525A and
clotrimazole) on AOM/DSS-induced colon tumorigenesis
in mice

C57BL/6malemice (age, 6weeks;maintainedonmouse chow)
were treated with 10mg/kg AOM via intraperitoneal injection. At
week 1 post the AOM injection, they were given 2% DSS in
drinking water for 1 week. After the AOM/DSS stimulation, the
mouse diet was changed to a modified AIN-93G diet containing
200-ppm SKF-525A or clotrimazole (Alfa Aesar) dissolved in
polyethylene glycol 400 (PEG 400, Millipore) as vehicle (0.1%
in diet, v/w), or vehicle alone for 6 weeks. The diets were freshly
prepared and changed every 2 to 3 days. At week 8 post the AOM
injection, the mice were sacrificed to collect blood and colon
tissues for analysis.
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Statistical analysis
Data are expressed asmean� SEM. Shapiro–Wilk test was used

to verify the normality of data and Levene's mean test was used to
assess equal variance of data. Statistical comparison of two groups
was performed using either Student t test or Wilcoxon–Mann–
Whitney test (when normality test is failed). Comparison of three
groups was analyzed by either parametric one-way ANOVA or
nonparametric one-way ANOVA (Kruskal–Wallis test by ranks,
used when normality test is failed) followed by Dunn's post hoc
test. All of these data analysis was performed by using SigmaPlot
software (Systat Software, Inc). P values less than 0.05 are reported
as statistically significant. Gene expression data of colorectal
adenocarcinoma matched tumor and nontumor were derived
from The Cancer Genome Atlas (TCGA) database through Fire-
browse (http://firebrowse.org/).

Results
CYP monooxygenase-produced eicosanoid metabolites are
elevated in the plasma and colon of AOM/DSS-induced colon
cancer mice

To our knowledge, a metabolomics-based approach to system-
atically profile eicosanoids in colon cancer has not been
attempted (6). In an effort to better understand the roles of
eicosanoids in colon tumorigenesis, we used a LC/MS-MS–based
targeted metabolomics to compare the profiles of eicosanoids
in the plasma and colon of control healthy mice (not treated
with AOM/DSS) and colon cancer mice (treated with AOM/
DSS; Fig. 1A). In agreement with previous studies of the AOM/
DSS model (9), 100% of the AOM/DSS-treated mice developed
colon tumors (Fig. 1B), with increased expressions of proinflam-
matory genes (Il6, Tnfa, Mcp-1, and Cox-2) in the colon tissues
(Fig. 1C).

LC/MS-MS detected 42 metabolites in the plasma and 56
metabolites in the colon (see complete LC/MS-MS result in
Supplementary Tables S3 and S4). Among the detected metabo-
lites, only CYPmonooxygenase–produced EpFAs are significantly
increased in both the plasma and colon tissues of the AOM/DSS-
induced colon cancer mice (Fig. 1D–G). Indeed, the concentra-
tions of an array of EpFAs, including 9,10- and 12,13-EpOME
produced from LA (Fig. 1D), 8,9-, 11,12-, and 14,15-epoxy
eicosatrienoic acids (EET) from ARA (Fig. 1E), 9,10- and 15,16-
epoxyoctadecadienoic acid (EpODE) from ALA (Fig. 1F), and
19,20-epoxydocosapentaenoic acid (EDP) from DHA (Fig. 1G),
are increased in the plasma and colon of the tumor-bearing mice.

CYP monooxygenases are overexpressed in the colon of
AOM/DSS-induced colon cancer mice

To understand the underlyingmechanisms behind the elevated
concentrations of EpFAs in colon cancer, we studied the expres-
sion of enzymes involved in EpFA production and removal. The
biosynthesis and degradation of EpFAs involves three enzymatic
steps:membrane-bound fatty acids are released by phospholipase
A2 (PLA2) and related enzymes to generate intracellular free-form
fatty acids, which are then metabolized by CYP monooxygenases
(predominately CYP2C isoforms) to form EpFAs, which then
undergo degradation by soluble epoxide hydrolase (sEH; refs. 5,
10). qRT-PCR showed that the expression of Pla2g4a (encoding
cytosolic calcium-dependent PLA2) was unchanged, the expres-
sion of several CYPmonooxygenases (including mouse Cyp2c38,
Cyp2c39, Cyp2c65, andCyp2c70) was increased (P < 0.05), and the

expression of Ephx2 (encoding sEH) was decreased (P < 0.05) in
colon tissue of mice with colon cancer (Fig. 1H). Together, these
results support that there is enhanced biosynthesis and reduced
degradation of EpFAs in colon tumors of mice, which contributes
to elevated EpFAs in colon cancer.

CYP monooxygenases are overexpressed in human colon
cancer cells

To further validate that CYP monooxygenases are overex-
pressed in colon cancer, we studied their expressions in human
colon cancer cells. Compared with normal human colon
cells (CCD-18Co), the gene expression of CYP monooxygenases
(humanCYP2C8, 2C9, 2C19, and 2J2) was significantly (P < 0.05)
increased in human colon cancer cells (HCT116 and Caco-2;
Supplementary Fig. S1A). Consistent with the qRT-PCR result,
immunoblotting showed that the protein expression of CYP
monooxygenase (using human CYP2C9 as a marker) was
increased in human colon cancer cells (Supplementary Fig.
S1B). These results demonstrate that the CYP monooxygenases
are overexpressed in human colon cancer cells, which is consistent
with the results from animal experiments.

Genetic ablation of CYP monooxygenases suppresses
AOM/DSS-induced colon tumorigenesis

To determine the roles of CYP monooxygenases in colon
cancer, we tested whether genetic ablation of CYP monooxy-
genases modulates colon tumorigenesis. To this end, we per-
formed the AOM/DSS-induced colon cancer model in a recently
developed Cyp2c gene cluster knockout mouse, which has dele-
tions of 14 mouse Cyp2c genes, including Cyp2c29, 2c37, 2c38,
2c39, 2c40, 2c50, 2c54, 2c55, 2c65, 2c66, 2c67, 2c68, 2c69, and
2c70 (Fig. 2A; ref. 11). Compared with Cyp2cþ/þmice, the expres-
sion of Cyp2e1 (encoding the enzyme Cyp2e1 to activate the
mutagenic activity of AOM; ref. 12) was not changed in Cyp2cþ/�

or Cyp2c�/� mice (Supplementary Fig. S2), supporting that it is
feasible to perform the AOM/DSS-induced colon tumorigenesis
model in these mice.

Compared with AOM/DSS-induced Cyp2cþ/þ mice, the AOM/
DSS-induced Cyp2cþ/� mice had lower tumor number and
total tumor burden (Fig. 2B), reduced expression of tumorigenic
markers proliferating cell nuclear antigen (PCNA) and active
b-catenin (Fig. 2C), and attenuated expression of proinflamma-
tory and protumorigenic genes (Tnfa, Il1b, Axin2, and C-myc), in
the colon tumor tissue (Fig. 2D), illustrating reduced colon
tumorigenesis. In addition, we found that compared with
AOM/DSS-induced Cyp2cþ/þ mice, the colon of AOM/DSS-
induced Cyp2cþ/� mice had lower colonic expression of Cyp
monooxygenase (using mouse Cyp2c38 as a marker; Fig. 2D)
and reduced colonic concentrations of CYP monooxygenase–
produced EpFAs (Fig. 2E; see complete LC-MS/MS result in
Supplementary Table S5), supporting the involvement of CYP
monooxygenase pathway in colon tumorigenesis.

We should point out that compared with Cyp2cþ/þ mice,
Cyp2cþ/�mice showedminimal signs of basal inflammation, but
Cyp2c�/� mice had severe basal liver inflammation, with
increased expression of proinflammatory genes (Tnfa and Il1b;
Supplementary Fig. S3A) and enhanced infiltration of inflamma-
tory cells (Supplementary Fig. S3B) in the liver, as described
previously (11). When Cyp2c�/� mice were stimulated with
AOM/DSS, there was rapid death within 1 to 3 days post the DSS
treatment (6 of 8 Cyp2c�/� mice died during this period;
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Supplementary Fig. S4), which could be caused by exaggerated
inflammatory responses induced by theDSS,making it difficult to
use the Cyp2c�/� mice to study colon tumorigenesis.

Pharmacologic inhibition of CYP monooxygenases suppresses
AOM/DSS-induced colon tumorigenesis

We tested the effects of two different CYP monooxygenase
inhibitors, SKF-525A and clotrimazole (13, 14), on AOM/DSS-
induced colon tumorigenesis in mice. Because the mutagenic
activity of AOM requires metabolic activation by Cyp2e1 (12),

we initiated treatment of SKF-525A and clotrimazole after the
AOM and DSS treatment (see animal experiment scheme in
Supplementary Fig. S5A). We found that oral administration
of these two inhibitors suppressed AOM/DSS-induced colon
tumorigenesis in mice (Supplementary Fig. S5B). Furthermore,
treatment with these two inhibitors reduced the expression
of PCNA (a marker of cell proliferation), increased expression
of cleaved caspase-3 (a marker of cell apoptosis), and decreased
expression of proinflammatory and protumorigenic genes (Tnfa,
Mcp-1, Il6, Il1b, Ifng, Axin2, and Cox-2), in colon tumors

Figure 1.

CYPmonooxygenase–produced eicosanoid metabolites are increased in the plasma and colon of AOM/DSS-induced colon cancer mice. A, Scheme of animal
experiment. B,Quantification of colon tumor in mice (n¼ 6 in control group and n¼ 10 in colon cancer group). C,Gene expression of Tnfa, Mcp-1, Il6, and Cox-2
in colon (n¼ 4 per group). D–G, Concentrations of CYPmonooxygenase–produced EpFAs in plasma and colon (n¼ 6–10 per group). H, Expression of Pla2, Cyp
monooxygenases, and Ephx2 (encoding sEH) in colon (n¼ 4–6 per group). The results are expressed as mean� SEM. The statistical significance of two groups
was determined using Student t test orWilcoxon–Mann test.
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(Supplementary Fig. S5C and S5D). These results support that
pharmacologic inhibition of CYP monooxygenases suppressed
AOM/DSS-induced colon tumorigenesis.

Treatment with EpOME, but not other CYP monooxygenase
metabolites, increases inflammation and JNK phosphorylation
in macrophage cells and colon cancer cells

To determine the specific metabolites involved in the colon
cancer–enhancing effects of CYP monooxygenases, we studied

the biological actions of CYP monooxygenase metabolites. The
w-6-series CYP metabolites, including EpOMEs produced from
LA and EETs produced from ARA, are the most abundant EpFAs
in the plasma and tissues (Fig. 1); therefore, we focused on these
metabolites. Treatment with 9,10- and/or 12,13-EpOME (con-
centration ¼ 100 nmol/L) increased the gene expression of
proinflammatory cytokines in mouse macrophage RAW 264.7
cells and human colon cancer HCT-116 cells (Fig. 3A–C). In
contrast, other types of CYP metabolites, including the

Figure 2.

Compared with Cyp2cþ/þmice, the AOM/DSS-induced colon tumorigenesis is reduced in Cyp2cþ/�mice.A, Scheme of animal experiment. B,Quantification of
colon tumorigenesis (n¼ 12 per group). C, Hematoxylin and eosin (H&E) histology and IHC staining of PCNA and b-catenin in colon (n¼ 7 per group; scale bar,
50 mm). D, Expression of proinflammatory and protumorigenic genes, and Cyp monooxygenase (using Cyp2c38 as a marker) in colon (n¼ 10–12 per group). E,
Concentrations of CYPmonooxygenase–producedmetabolites in colon (n¼ 12 per group). The results are expressed as mean� SEM. The statistical significance
of two groups was determined using Student t test orWilcoxon–Mann test.
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downstream metabolites of EpOMEs termed 9,10- and 12,13-
dihydroxyoctadecenoic acid (DiHOME) or CYP metabolites
derived from other fatty acids, such as 11,12- and 14,15-EET,
had no such effects (Fig. 3A–C).

Because 12,13-EpOME showed the most potent effect to
induce inflammation in vitro, we further studied this metabolite.
Treatment with 12,13-EpOME (concentration ¼ 1–100 nmol/L)
increased the gene expression of Il6 and Mcp-1 in a dose-
dependent manner in RAW 264.7 cells (Fig. 3D). ELISA analysis
further validated that 12,13-EpOME increased protein levels of
IL6 and MCP-1 in RAW 264.7 cells (Fig. 3E). Consistent with its
enhancing effect on inflammation, 12,13-EpOME induced rap-
id phosphorylation of JNK (Fig. 3F). Similar results were also
observed in colon cancer HCT-116 cells (Fig. 3G and H).
Together, these results demonstrate that 12,13-EpOME had
proinflammatory effects in vitro.

Treatment with EpOME exaggerates AOM/DSS-induced colon
tumorigenesis in vivo

We determined the actions of 12,13-EpOME on colon tumor-
igenesis in vivo. To this end, we stimulated mice with AOM/DSS
to induce colon tumors, then treated themice with 12,13-EpOME
or vehicle via Alzet osmotic mini-pumps (Fig. 4A). Compared
with vehicle-treated AOM/DSS mice, the 12,13-EpOME–treated
AOM/DSS mice had increased tumor number, tumor size, and
total tumor burden, illustrating exacerbated colon tumorigenesis
(Fig. 4B). Consistent with the increased colon tumorigenesis,
treatmentwith 12,13-EpOME enhanced the infiltration of CD45þ

and CD45þ F4/80þ immune cells, increased the expression of
proinflammatory and protumorigenic genes (Tnfa, Il1b, and
Axin2), and upregulated the expression of tumorigenic markers
(PCNA and active b-catenin) in the colon tumor (Fig. 4C–E). We
further evaluated the effect of 12,13-EpOME on colon tumori-
genesis in a second colon cancer mode, the MC38 xenograft
model in C57BL/6 mice. We found that 12,13-EpOME had
little effect on MC38 primary tumor growth (Supplementary Fig.
S6A–S6C), although it increased the expressions of proinflam-
matory cytokines (Mcp-1 and Il6) in the tumors (Supplementary
Fig. S6D).

Discussion
Colon cancer is the third most common cancer and the second

leading cause of cancer-related death inUnited States (1), empha-
sizing the need for discovery of novel cellular targets, which are
crucial in the pathogenesis of colon cancer. Using a LC/MS-MS–
based targetedmetabolomics, the centralfinding of our research is
that EpFAs, which are eicosanoid metabolites produced by CYP
monooxygenases, are significantly elevated in both the circulation
and colon tissues of the AOM/DSS-induced colon cancer mice.
On the basis of this finding, we further demonstrate that CYP
monooxygenases are overexpressed in colon cancer and play
critical roles in colon tumorigenesis. Together, our findings dem-
onstrate that the previously unappreciated CYP/EpFA axis is
upregulated in colon cancer, contributes to its pathogenesis, and
could be therapeutically explored for preventing or treating
colon cancer.

Here, we show that CYP monooxygenase-produced EpFAs are
increased in both plasma and colon of the AOM/DSS-induced
colon cancer mice. A previous study showed that in DSS-induced
colitis models, the circulating concentrations of EpFAs were not

changed (15). Together, these results suggest that colon tumor,
but not colonic inflammation, induces the CYP monooxygenase
pathway. There could be many mechanisms by which the CYP
monooxygenases are overexpressed in colon tumors. The expres-
sion of CYP monooxygenases has been shown to be elevated by
hypoxia (5), which is a common feature of tumor tissues (16).
Therefore, the hypoxic tumor microenvironment could contrib-
ute to the increased expression of CYPmonooxygenases in tumor
tissues. To date, the expression patterns of CYP monooxygenases
in human colon tumor tissues are not well understood. We
analyzed the gene expression of CYP monooxygenases (CYP2C8,
CYP2C9, CYP2C19, and CYP2J2) in TCGA database, and found
that their expressions were not increased in colorectal adenocar-
cinoma (Supplementary Fig. S7). However, we have to point
out that the functions of CYP enzymes are regulated by multiple
mechanisms, including transcription, translation, and posttrans-
lational modification (17). Previous research support that the
protein expressions of CYP monooxygenases are upregulated
in human colon cancer. Enayetallah and colleagues showed
that CYP2C9 is detected in 13 of 17 human colon tumor samples,
although it is not detected in matched benign samples (18). In
addition, recent studies have shown that CYP2W1 is highly
expressed in embryonic colon and malignant colon tumors (19,
20), and CYP2J2 is overexpressed in human colon tumors (21).
More studies are needed to better understand the changes of CYP
monooxygenase pathway in colon tumorigenesis.

Our results support that EpOMEs are critical regulators of colon
tumorigenesis. We show that 9,10- and 12,13-EpOME are elevat-
ed in the circulation ofmicewith colon cancer; in addition, 12,13-
EpOME has direct and potent effects to induce inflammation
in vitro, and exacerbate colitis-associated colon tumorigenesis
in vivo. A better understanding of the roles of EpOMEs in human
colon cancer could help to develop EpOMEs as potential bio-
markers of colon cancer, which could have important clinical
implications. Treatment with 12,13-EpOME increased AOM/
DSS-induced colon tumorigenesis, but had little effect on MC38
xenograft tumor growth. There could bemultiplemechanisms for
the observed results. Transplantation of cancer cells (such as
MC38 cells) into immunocompetent hosts induce severe inflam-
mation within the first few days (22), which could obscure the
actions of 12,13-EpOME. In addition, the xenograft MC38model
is highly aggressive, which could also contribute to the lack
of effects of 12,13-EpOME in this model. Previous studies, per-
formed in other disease models, have shown that EpOMEs have
an array of detrimental effects on human health. EpOMEs are
elevated in the circulation of patients with severe burns, and
are associated with multiple organ failure and adult respiratory
distress syndrome in these patients (23–26). In animal studies,
treatment with high-dose EpOMEs induced pulmonary edema,
lung injury, and cardio-depression (27–29). Together, these
results support that EpOMEs could contribute to the pathogenesis
of colon cancer, as well as other human diseases.

The tissue concentrations of EpOMEs are, in part, mediated by
the levels of LA in membrane phospholipids (5). The consump-
tion of LA, which is highly abundant in vegetable oil products
(such as corn, soybean, and canola oils, as well as fried food, salad
dressing, andmayonnaise), is very high inwestern countries (30).
Substantial animal experiments showed that a high dietary intake
of LA is associated with increased AOM-induced colon tumori-
genesis (31–35), but the underlying mechanisms are not well
understood. Here, our study showed that EpOMEs have potent
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effects to induce inflammation and colon tumorigenesis in vitro
and in vivo, suggesting that EpOMEs could serve as a potential
mechanistic linkage between overconsumption of LA and elevat-
ed risks of colon cancer. Validation of the roles of EpOMEs
involved could help to design human studies to clarify the impact
of LA consumption on colon tumorigenesis, which could lead to
significant impact for public health.

Using both pharmacologic and genetic approaches, our results
support that CYP monooxygenases could be a potential thera-
peutic target of colon cancer. We showed that pharmacologic
inhibitionor genetic ablationofCYPmonooxygenases suppresses
AOM/DSS-induced colon tumorigenesis in mice. The mutagenic
activity of AOM requires metabolic activation by Cyp2e1 (12). In
our experiments, we used two strategies tominimize the potential
impact of inhibition or deletion of CYP monooxygenases on
AOM activation: (i) in the pharmacologic inhibition experiment,
we initiated the inhibitor treatment (SKF-525A and clotrimazole)

2 weeks post the AOM injection, and (ii) in the genetically
engineered mouse experiment, we checked the gene expression
of Cyp2e1 and found that its expression was not altered in
Cyp2cþ/� or Cyp2c�/� mice. Together, our results support that
inhibition or deletion of CYP monooxygenases suppresses
colon tumorigenesis, and this effect is not mediated by
impaired AOM activation. This finding is in agreement with
our previous report, which showed that compared with WT
mice, genetically engineered mice with endothelial overexpres-
sion of CYP2C8 monooxygenase (Tie2-CYP2C8 Tr mice) have
enhanced xenograft tumor growth of B16F10 melanoma and
T241 fibrosarcoma (36). In our experiment, we found that
inhibition or deletion of CYP monooxygenases attenuated
tumor inflammation, it remains to determine whether the
attenuated inflammation is a direct consequence resulted
from the inhibition or deletion of CYP monooxygenases, or
it is due to reduced colon tumorigenesis. Previous studies

Figure 3.

EpOME increases inflammation in vitro.A and B, Effect of EpOMEs, DiHOMEs, and EETs (concentration¼ 100 nmol/L) on gene expression of Il6 andMcp-1 in
mouse macrophage RAW 264.7 cells (n¼ 5–7 per group). C, Effect of EpOMEs, DiHOMEs, and EETs (concentration¼ 100 nmol/L) on gene expression of IL6 in
human colon cancer HCT-116 cells (n¼ 5–6 per group).D, Dose-response effect of 12,13-EpOME on gene expression of Il6 andMcp-1 in RAW 264.7 cells (n¼ 6–7
per group). E, Effect of 12,13-EpOME onmedium concentrations of IL6 and MCP-1 in RAW 264.7 cells (n¼ 5–6 per group). F, Effect of 12,13-EpOME on
phosphorylation of JNK in RAW 264.7 cells. G, Dose-response effect of 12,13-EpOME on gene expression of IL6 andMCP-1 in HC-T116 cells (n¼ 5–7 per group). H,
Effect of 12,13-EpOME on phosphorylation of JNK in HCT116 cells. The results are expressed as mean� SEM. The statistical significance of two groups was
determined using Student t test orWilcoxon–Mann test, and comparison of three groups was determined using one-way ANOVA.
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have shown that CYP monooxygenases and their metabolites,
EpFAs, have antiinflammatory actions in many disease mod-
els (5), whereas the roles of this pathway in tumor inflam-
mation are not well characterized. To better understand the
roles of CYP monooxygenases in colon tumorigenesis, it is
important to further study the extent to which inhibition or
deletion of CYP monooxygenases affects tumorigenesis in
other colon cancer models, such as adenomatous polyposis coli
mutation-induced colon tumorigenesis. Together, these re-
sults support that targeting CYP monooxygenases could be a
potential strategy to inhibit colon cancer, as well as other
types of cancer. Previous studies showed that some FDA-
approved drugs are potent inhibitors of CYP monooxy-
genases (37); these drugs could be repurposed for preventing
or treating colon cancer, and novel monooxygenase inhibi-
tors could be developed for human translation. Furthermore,
it is important to test how these CYP inhibitors would
interact with standard colon cancer chemotherapy drugs to
affect colon tumorigenesis.

In conclusion, our study demonstrates that the previously
unappreciated CYP monooxygenase pathway is upregulated
in colon cancer, contributes to its pathogenesis, and could be

therapeutically explored for preventing or treating colon cancer. A
better understanding of its roles in colon tumorigenesis could
help to develop novel therapeutic targets or biomarkers of colon
cancer, facilitating the development of mechanism-based strate-
gies to reduce the risks of colon cancer.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: W. Wang, J. Yang, M.L. Edin, Y. Wang, K.S.S. Lee,
H. Xiao, B.D. Hammock, D.C. Zeldin, G. Zhang
Development of methodology: W. Wang, J. Yang, K.S.S. Lee, D.C. Zeldin
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): W. Wang, J. Yang, M.L. Edin, Y. Wang, Y. Luo,
K.Z. Sanidad, H.A. Bisbee, J.A. Bradbury, G. Nan, J. Zhang, K.S.S. Lee,
J.-Y. Liu, D.C. Zeldin
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): W. Wang, J. Yang, M.L. Edin, Y. Wang, D. Wan,
H. Yang, C.-Q. Song, M. Song, J.A. Bradbury, P.B. Shih, L.M. Minter, D. Kim,
J.-Y. Liu, B.D. Hammock, D.C. Zeldin, G. Zhang
Writing, review, and/or revision of the manuscript: W. Wang, J. Yang,
M.L. Edin, Y. Wang, H.A. Bisbee, P.B. Shih, K.S.S. Lee, D. Kim,
B.D. Hammock, D.C. Zeldin, G. Zhang

Figure 4.

EpOME exaggerates AOM/DSS-induced colon tumorigenesis in vivo. A, Scheme of animal experiment to test the effect of 12,13-EpOME (dose, 2 mg/kg/day;
administered via mini-pump) on colon tumorigenesis. B,Quantification of colon tumorigenesis in mice (n¼ 8–9 per group). C, Expression of proinflammatory
and protumorigenic genes in colon (n¼ 6–8 per group).D,Quantification of CD45þ and CD45þ F4/80þ immune cells in colon (n¼ 7–8 per group). E,
Hematoxylin and eosin (H&E) histology and IHC staining of PCNA and b-catenin in colon (n¼ 6–7 per group; scale bar, 50 mm). The results are expressed as mean
� SEM. The statistical significance of two groups was determined using Student t test orWilcoxon–Mann test.

CYP Monooxygenase in Colon Cancer

www.aacrjournals.org Cancer Res; 79(8) April 15, 2019 1829

on June 18, 2019. © 2019 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst February 25, 2019; DOI: 10.1158/0008-5472.CAN-18-3221 

http://cancerres.aacrjournals.org/


Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): W. Wang, W. Xue, J.A. Bradbury, G. Zhang
Study supervision: K.S.S. Lee, G. Zhang
Other (suggestion of the statisticalmethodologies for statistical data analysis
and interpretation of the statistical results): D. Kim

Acknowledgments
This research is supported by a new faculty start-up from the University

of Massachusetts Amherst, USDA NIFA 2016-67017-24423, and NIH/NCI
R03 CA218520 (to G. Zhang), NIH/NIEHS R01 ES002710 and P42 ES004699
(to B.D. Hammock), NIH/NIEHS R00 ES024806 (to K.S.S. Lee), Intramural

Research Program of the NIH, National Institute of Environmental Health
Sciences Z01 ES025034 (to D.C. Zeldin), and National Natural Science Foun-
dation of China (NSFC) grants 81702832 (to Y. Wang) and 81470588 (to J.-Y.
Liu).

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received October 12, 2018; revised January 8, 2019; accepted February 14,
2019; published first February 25, 2019.

References
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin

2018;68:7–30.
2. Greene ER, Huang S, Serhan CN, PanigrahyD. Regulation of inflammation

in cancer by eicosanoids. Prostaglandins Other Lipid Mediat 2011;96:
27–36.

3. Wang D, Dubois RN. Eicosanoids and cancer. Nat Rev Cancer 2010;10:
181–93.

4. Funk CD. Prostaglandins and leukotrienes: advances in eicosanoid biol-
ogy. Science 2001;294:1871–5.

5. Zhang G, Kodani S, Hammock BD. Stabilized epoxygenated fatty acids
regulate inflammation, pain, angiogenesis and cancer. Prog Lipid Res 2014;
53:108–23.

6. Wang Y, Wang W, Sanidad KZ, Shih PA, Zhao X, Zhang G. Eicosanoid
signaling in carcinogenesis of colorectal cancer. Cancer Metastasis Rev
2018;37:257–67.

7. Guo XD, Liu L, Xiao HY. High-throughput metabolomics for discovering
metabolic biomarkers from intestinal tumorigenesis in APC (min/þ) mice
based on liquid chromatography/mass spectrometry. J Chromatogr B
Analyt Technol Biomed Life Sci 2018;1100–1101:131–9.

8. Grosser T, Fries S, FitzGerald GA. Biological basis for the cardiovascular
consequences of COX-2 inhibition: therapeutic challenges and opportu-
nities. J Clin Invest 2006;116:4–15.

9. Johnson RL, Fleet JC. Animal models of colorectal cancer. Cancer Metas-
tasis Rev 2013;32:39–61.

10. Zeldin DC. Epoxygenase pathways of arachidonic acid metabolism. J Biol
Chem 2001;276:36059–62.

11. Scheer N, Kapelyukh Y, Chatham L, Rode A, Buechel S, Wolf CR. Gener-
ation and characterization of novel cytochrome P450 Cyp2c gene cluster
knockout and CYP2C9 humanized mouse lines. Mol Pharmacol 2012;82:
1022–9.

12. Megaraj V, Ding X, Fang C, Kovalchuk N, Zhu Y, Zhang QY. Role of hepatic
and intestinal p450 enzymes in the metabolic activation of the colon
carcinogen azoxymethane in mice. Chem Res Toxicol 2014;27:656–62.

13. Makita K, Takahashi K, Karara A, Jacobson HR, Falck JR, Capdevila JH.
Experimental and/or genetically controlled alterations of the renal micro-
somal cytochrome P450 epoxygenase induce hypertension in rats fed a
high salt diet. J Clin Invest 1994;94:2414–20.

14. NodeK, Huo Y, Ruan X, Yang B, SpieckerM, Ley K, et al. Anti-inflammatory
Properties of cytochrome P450 epoxygenase-derived eicosanoids. Science
1999;285:1276–9.

15. Willenberg I, Ostermann AI, Giovannini S, Kershaw O, von Keutz A,
Steinberg P, et al. Effect of acute and chronic DSS induced colitis on
plasma eicosanoid and oxylipin levels in the rat. Prostaglandins Other
Lipid Mediat 2015;120:155–60.

16. Vaupel P, Mayer A. Hypoxia in cancer: significance and impact on clinical
outcome. Cancer Metastasis Rev 2007;26:225–39.

17. Aguiar M, Masse R, Gibbs BF. Regulation of cytochrome P450 by post-
translational modification. Drug Metab Rev 2005;37:379–404.

18. Enayetallah AE, French RA, Grant DF. Distribution of soluble epoxide
hydrolase, cytochrome P450 2C8, 2C9 and 2J2 in human malignant
neoplasms. J Mol Histol 2006;37:133–41.

19. Stenstedt K, Hallstrom M, Johansson I, Ingelman-Sundberg M,
Ragnhammar P, Edler D. The expression of CYP2W1: a prognostic
marker in colon cancer. Anticancer Res 2012;32:3869–74.

20. Guo J, Thiess S, Johansson I, Mkrtchian S, Ingelman-Sundberg M. Mem-
brane topology and search for potential redox partners of colon cancer-
specific cytochrome P450 2W1. FEBS Lett 2016;590:330–9.

21. Jiang JG, Chen CL, Card JW, Yang S, Chen JX, Fu XN, et al. Cytochrome
P450 2J2 promotes the neoplastic phenotype of carcinoma cells and is up-
regulated in human tumors. Cancer Res 2005;65:4707–15.

22. Dirkx AE, Oude Egbrink MG, Wagstaff J, Griffioen AW. Monocyte/
macrophage infiltration in tumors: modulators of angiogenesis.
J Leukoc Biol 2006;80:1183–96.

23. Kosaka K, Suzuki K, Hayakawa M, Sugiyama S, Ozawa T. Leukotoxin, a
linoleate epoxide: its implication in the late deathof patientswith extensive
burns. Mol Cell Biochem 1994;139:141–8.

24. Hanaki Y, Kamiya H, Ohno M, Hayakawa M, Sugiyama S, Ozawa T.
Leukotoxin, 9, 10-epoxy-12-octadecenoate: a possible responsible factor
in circulatory shock and disseminated intravascular coagulation. Jpn JMed
1991;30:224–8.

25. Hayakawa M, Kosaka K, Sugiyama S, Yokoo K, Aoyama H, Izawa Y, et al.
Proposal of leukotoxin, 9,10-epoxy-12-octadecenoate, as a burn toxin.
Biochem Int 1990;21:573–9.

26. Ozawa T, Hayakawa M, Kosaka K, Sugiyama S, Ogawa T, Yokoo K, et al.
Leukotoxin, 9,10-epoxy-12-octadecenoate, as a burn toxin causing adult
respiratory distress syndrome. Adv Prostaglandin Thromboxane Leukot
Res 1991;21B:569–72.

27. Hu JN, Taki F, Sugiyama S, Asai J, Izawa Y, Satake T, et al. Neutrophil-
derived epoxide, 9,10-epoxy-12-octadecenoate, induces pulmonary ede-
ma. Lung 1988;166:327–37.

28. Fukushima A, Hayakawa M, Sugiyama S, Ajioka M, Ito T, Satake T, et al.
Cardiovascular effects of leukotoxin (9, 10-epoxy-12-octadecenoate) and
free fatty acids in dogs. Cardiovasc Res 1988;22:213–8.

29. Ozawa T, Hayakawa M, Takamura T, Sugiyama S, Suzuki K, Iwata M, et al.
Biosynthesis of leukotoxin, 9,10-epoxy-12 octadecenoate, by leukocytes in
lung lavages of rat after exposure to hyperoxia. Biochem Biophys Res
Commun 1986;134:1071–8.

30. Blasbalg T, Hibbeln J, Ramsden C, Majchrzak S, Rawlings R. Changes in
consumption of omega-3 and omega-6 fatty acids in the United States
during the 20th century. Am J Clin Nutr 2011;93:950–62.

31. Enos RT, Velazquez KT, McClellan JL, Cranford TL, Nagarkatti M,
Nagarkatti PS, et al. High-fat diets rich in saturated fat protect against
azoxymethane/dextran sulfate sodium-induced colon cancer. Am J
Physiol Gastrointest Liver Physiol 2016;310:G906–19.

32. Wu B, Iwakiri R, Ootani A, Tsunada S, Fujise T, Sakata Y, et al. Dietary corn
oil promotes colon cancer by inhibitingmitochondria-dependent apopto-
sis in azoxymethane-treated rats. Exp Biol Med 2004;229:1017–25.

33. Fujise T, Iwakiri R, Kakimoto T, Shiraishi R, Sakata Y,WuB, et al. Long-term
feeding of various fat diets modulates azoxymethane-induced colon car-
cinogenesis through Wnt/beta-catenin signaling in rats. Am J Physiol
Gastrointest Liver Physiol 2007;292:G1150–6.

34. Reddy BS, Tanaka T, Simi B. Effect of different levels of dietary trans fat or
cornoil on azoxymethane-induced colon carcinogenesis in F344 rats. JNatl
Cancer Inst 1985;75:791–8.

35. Pot GK, Geelen A, van Heijningen EM, Siezen CL, van Kranen HJ, Kamp-
man E. Opposing associations of serum n-3 and n-6 polyunsaturated fatty
acids with colorectal adenoma risk: an endoscopy-based case-control
study. Int J Cancer 2008;123:1974–7.

36. Panigrahy D, Edin ML, Lee CR, Huang S, Bielenberg DR, Butterfield CE,
et al. Epoxyeicosanoids stimulate multiorgan metastasis and tumor dor-
mancy escape in mice. J Clin Invest 2012;122:178–91.

37. Veith H, Southall N, Huang R, James T, Fayne D, Artemenko N, et al.
Comprehensive characterization of cytochrome P450 isozyme selectivity
across chemical libraries. Nat Biotechnol 2009;27:1050–5.

Cancer Res; 79(8) April 15, 2019 Cancer Research1830

Wang et al.

on June 18, 2019. © 2019 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst February 25, 2019; DOI: 10.1158/0008-5472.CAN-18-3221 

http://cancerres.aacrjournals.org/


2019;79:1822-1830. Published OnlineFirst February 25, 2019.Cancer Res 
  
Weicang Wang, Jun Yang, Matthew L. Edin, et al. 
  
Target of Colon Tumorigenesis
Monooxygenase Eicosanoid Pathway as a Novel Therapeutic 
Targeted Metabolomics Identifies the Cytochrome P450

  
Updated version

  
 10.1158/0008-5472.CAN-18-3221doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://cancerres.aacrjournals.org/content/suppl/2019/02/19/0008-5472.CAN-18-3221.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://cancerres.aacrjournals.org/content/79/8/1822.full#ref-list-1

This article cites 37 articles, 7 of which you can access for free at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerres.aacrjournals.org/content/79/8/1822
To request permission to re-use all or part of this article, use this link

on June 18, 2019. © 2019 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst February 25, 2019; DOI: 10.1158/0008-5472.CAN-18-3221 

http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-18-3221
http://cancerres.aacrjournals.org/content/suppl/2019/02/19/0008-5472.CAN-18-3221.DC1
http://cancerres.aacrjournals.org/content/79/8/1822.full#ref-list-1
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/79/8/1822
http://cancerres.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


