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Abstract

There is considerable biologic plausibility to the hypothesis that genetic variability in pathways
involved in insulin signaling and energy homeostasis may modulate dietary risk associated with
colorectal cancer. We utilized data from 2 population-based case-control studies of colon (7=
1,574 cases, 1,970 controls) and rectal (7= 791 cases, 999 controls) cancer to evaluate genetic
variation in candidate SNPs identified from 9 genes in a candidate pathway: PDK1, RP6KA1,
RPS6KAZ, RPS6KB1, RPS6KBZ2, PTEN, FRAP1 (mTOR), TSC1, TSCZ, Akt1, PIK3CA, and
PRKAGZ2 with dietary intake of total energy, carbohydrates, fat, and fiber. We employed SNP,
haplotype, and multiple-gene analysis to evaluate associations. PDK1 interacted with dietary fat
for both colon and rectal cancer and with dietary carbohydrates for colon cancer. Statistically
significant interaction with dietary carbohydrates and rectal cancer was detected by haplotype
analysis of PDK1. Evaluation of dietary interactions with multiple genes in this candidate pathway
showed several interactions with pairs of genes: At and PDK1, PDK1and PTEN, PDK1 and
75C1, and PRKAGZand PTEN. Analyses show that genetic variation influences risk of colorectal
cancer associated with diet and illustrate the importance of evaluating dietary interactions beyond
the level of single SNPs or haplotypes when a biologically relevant candidate pathway is
examined.

The association between diet and colon and rectal cancer remains to be fully elucidated.
Attempts to resolve differences observed across studies through the incorporation of genetic
susceptibility data has had limited success. Most studies have focused on single nutrients
such as dietary folate, vitamin D, or calcium and have taken a candidate-gene or candidate-
pathway approach but have often evaluated only single polymorphisms to determine
interactions with diet (1-7). Pathways involved in metabolic signaling, insulin sensitivity,
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and cellular energy balance may influence colon and rectal cancer risk and may be modified
by dietary behaviors. Some studies of candidate genes and polymorphisms support these
mechanisms (8-12). Many other genes and many other relevant polymorphisms associated
with metabolic signaling and insulin sensitivity have not been studied, despite their
plausibility (13). Assessment of associations beyond the single polymorphism has not
generally been attempted.

One pathway of importance has been outlined (13) and focuses on the convergence of 3
critical elements associated with colon and rectal cancer risk: inflammation, hormones
(including both sex steroid and growth hormones), and energy-related factors. The hormone
and energy-related factors may be influenced by dietary components that contribute to
energy consumption and insulin signaling. Key elements identified as central to the pathway
include phosphatase tensin homolog deleted on chromosome 10 (PTEN), which acts as a
negative regulator of cell growth in the insulin/IGF pathway by modulating signaling via
phosphatidylinositol 3-kinase (P13K) and v-akt murine thymoma viral oncogene homolog 1
(Akt1, also known as protein kinase B or PKB). PI3K and Aktl are downstream of the
insulin receptor. Akt also regulates the functioning of the tuberous sclerosis complex
(TSC1 and TSC2), 2 other components of the pathway. TSC1 and TSC2 have been shown to
be involved in the regulation and proliferation of cell size and may have other roles given
their links to insulin signaling.

In cells with altered energy homeostasis, adenosine monophosphate (AMP)-dependent
kinase (PRKAG2) is involved through phosphorylation of TSC1 and TSC2 (14-17). FK506
binding protein 12-rapamycin associated protein 1 (FRAP1, alias mTOR) ultimately
represses anabolic processes (ATP utilization) and enhances catabolic processes (ATP
generation). PDKZ1, another important component of the pathway, mediates the cellular
influence of growth factors and insulin and plays a role in the activation of PKB/Akt1 (18)
in response to insulin levels. PDK1 also regulates both RPS6KA1L and A2 (RSK1 and
RSK2) and RPS6KB1 and B2 (S6K1 and S6K2). RSK has been identified as a component in
the regulation of gut inflammation and apoptosis (19,20), and it is weakly activated by
insulin (21); whereas S6K is involved in cell growth and regulation through growth factors
such as EGF, PDGF, and insulin as well as mTOR. PDK1 mediates the cellular influence of
growth factors and insulin by activating both RSK and S6K and is essential for activation of
PKB/Akt1 (18). Genetic variation in this pathway may work with dietary consumption to
alter colon and rectal cancer risk. In our previous work, we have discussed how these genes
and genetic variation of these genes influence colon and rectal cancer risk (22,23).

Given the importance of this candidate pathway in regulation of metabolic signaling and
insulin sensitivity, it is reasonable to hypothesize that genetic variation in this pathway—in
conjunction with dietary factors, especially those related to energy consumption and insulin
—would influence colon and rectal cancer risk beyond that observed for genetic variation
alone. In this study, we evaluated the interaction between total energy intake, dietary fat,
dietary carbohydrate, and dietary fiber on the one hand and genetic variation in this
candidate pathway on the other. We evaluated candidate SNPs, haplotypes, and multiple-
gene analysis to characterize these associations more comprehensively.

METHODS

Data for the study come from 2 case-control studies conducted in Utah, the Northern
California Kaiser Permanente Medical Care Program (KPMCP), and the Twin Cities
Metropolitan area of Minnesota (colon cancer study only). Eligibility criteria included being
between 30 and 79 yr of age at time of diagnosis, English speaking, mentally competent to
complete the interview, no previous history of colorectal cancer, and no known (as indicated
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on the pathology report or by self-report) familial adenomatous polyposis, ulcerative colitis,
or Crohn’s disease. Controls were frequency matched to cases by sex and 5-yr age groups.
Controls were randomly selected from membership lists (KPMCP) or from a driver’s license
list (Minnesota). In Utah, controls 65 or older were randomly selected from lists provided by
the Centers for Medicare and Medicaid Services and controls younger than 65 were
randomly selected from driver’s license lists. Study eligibility and recruitment details of the
study have been published previously (24,25). Cooperation rates were 83% at KPMCP, 76%
at Utah and 67% Minnesota (colon cases); 73% at KPMCP, 53% at Minnesota and 69% at
Utah (colon controls); 75.4% at KPCMP and 69.7% at Utah (rectal cases) and 69.9% at
KPMCP and 67.2% at Utah (rectal controls).

The current analysis is restricted to subjects who provided a blood sample. The colon cancer
study population consists of non-Hispanic White cases (7= 1444) and controls (7= 1841),
Hispanic or American Indian cases (7= 60) and controls (/7= 75), and African American
cases (n7=70) and controls (n7=54). The rectal cancer study population consists of non-
Hispanic white cases (n = 657) and controls (n7=856), Hispanic or American Indian cases (7
= 63) and controls (7= 69), African American cases (1= 31) and controls (1= 44), and
Asian cases (n7=40) and controls (7= 30). Numbers vary slightly by data available for each
genotype.

Trained and certified interviewers collected diet and lifestyle data as previously described
(26,27) using the same data questionnaire and study procedures for both the colon and rectal
studies. The referent year for the study was the calendar year approximately 2 yr prior to
date of diagnosis (cases) or selection (controls). Information was collected on demographic
factors such as age, sex, and study center, and on exposures including diet, physical activity,
aspirin and non-steroidal drug use, body size, and other lifestyle factors including medical,
family, and reproductive history. Dietary intake data were obtained using a detailed diet
history questionnaire that captured frequency of consumption, serving size, and details on
added fat and sugar (27,28).

DNA was extracted from blood drawn from study participants. Tagging SNPs were
identified using HapMap and the Illumina Platform tagSNP database. We have previously
described methods used for tagSNP selection and gene coverage (22,23). Based on previous
analyses, we include those SNPs that appear to be most important for the genes of interest.
Table 1 shows the candidate SNPs included in these analyses.

STATISTICAL ANALYSIS

Candidate SNPs previously identified as being associated with colon and rectal cancer were
targeted as interacting with dietary factors (22,23). Where 2 or more candidate SNPs were
from the same gene and had similar associations, only the SNP with the most significant
association as determined by level of significance was carried on for further analysis with
dietary factors. We evaluated interactions based on single SNPs, haplotypes, and by
multiple-gene analysis based on allele copies from different genes in a similar manner as
would be done for haplotype analysis. All statistical analysis was performed using SAS v.
9.2 (SAS Institute, Cary, NC). The odds ratios (ORs) and corresponding 95% confidence
intervals (Cls) presented here were generated using multiple logistic regression models for
colon and rectal separately. PROC HAPLOTYPE was used to estimate haplotypes and
combined genotype frequencies using the EM algorithm and assuming linkage equilibrium.

Based upon biologically informed hypotheses, we evaluated interactions between dietary
intake of fat, carbohydrates, fiber, and energy on the one hand and SNPs from the candidate
genes on the other, using a chi-square goodness-of-fit test that compared the maximum
likelihood ratios of a model with and without an interaction term. Based on initial
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assessment from these dietary factors, a high-risk and low-risk diet score was developed that
considered high intake of fat and low intake of carbohydrates and fiber as high risk and the
opposite characteristics low risk. SNPs for assessment were determined by examining
hypothesized dietary interactions with SNPs and groups of SNPs based on known biologic
pathways. All possible pairwise haplotypes and combined genotypes were examined with
dietary factors and only the SNPs involved in haplotypes that were statistically significant at
the 0.01 level are shown; supplemental data are available for other less significant
associations online. Additional adjustment of BMI, cigarette smoking, dietary energy, fiber,
calcium, physical activity, aspirin/NSAIDs, and family history of colorectal cancer did not
appreciably alter the risk estimates; therefore, data are presented for the minimally adjusted
model. We do not present data where the P for interaction is >0.01, given the number of
comparisons made; see Supplemental Data online.

PDK1 rs11904366 interacted statistically significantly with dietary fat for both colon and
rectal cancer: having a copy of the T allele and a low-fat intake was associated with a
reduced risk of cancer (Table 2). For colon cancer, the increased risk from having a T allele
and a high-fat intake was more evident than for rectal cancer. The PDKZ rs4972842 SNP
also interacted with dietary carbohydrate and risk of colon cancer: The risk declined with
increasing presence of the A allele at low carbohydrate but showed no difference at high
carbohydrate intake, itself associated with reduced risk. A haplotype analysis of both of
these PDK1 SNPs together, showed statistically significant interaction with both dietary fat
and carbohydrate for colon cancer and dietary carbohydrate (data not shown in Table 2) for
rectal cancer. Dietary fiber, although not reaching statistical significance at the 0.01 level,
showed trends of importance for rectal cancer. Combining these dietary variables, dietary
fat, and carbohydrates for colon cancer and dietary fat, carbohydrates, and fiber for rectal
cancer into a high- and low-risk diet score showed even stronger results with the P
interaction being 0.0002 for colon cancer and 0.008 for rectal cancer. These results are
shown in Fig. 1, with the risk estimate per copy of the haplo-type. The risk of cancer
increases with the high-risk diet and is most evident when the T-T haplotype is present. The
interaction between dietary carbohydrate and individual SNPs was not detected.

Assessment of combined genes and dietary factors showed several important interactions
with low- and high-risk diet and risk of colon cancer (Table 3). Associations are for a single
copy of the combined alleles from the genes listed. The pattern of interactions in colon
cancer shows that risk decreases (or is flat) with low-risk diet and increases (or is flat) with
high-risk diet in the presence of variation in the following pairs of genes: Akt1/PDK1
rs11904366; PDK1/PTEN, PDK1/TSCI, and PRKAGZ/PTEN. Additionally, energy in-take
interacted significantly with PRKAG2and PTEN (Pinteraction = 0.0017). Although we
have only shown associations where the Pinteraction was 0.01 or less, associations with P
interaction values between 0.05 and 0.01 were detected for several dietary factors and
combined genes, including FRAPI (rs1057079), PDKZ2 (rs1063647 and rs4794096),
PIK3CA (rs7651265 and rs7640662), 75C1 (rs13295634 and rs11243940), and 75C2
(rs3087631). For rectal cancer (Table 4), the patterns are essentially similar. Other
associations at the 0.05 to 0.01 level of significance that are not shown in the tables include
all the SNPs in the list presented above for colon cancer.

DISCUSSION

Our assessment of dietary intake with genetic variation in a proposed candidate pathway that
involves metabolic signaling, insulin sensitivity, and cellular energy balance showed
numerous associations. Although dietary factors were associated with only one gene when
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assessed with independent SNPs, assessment of genetic factors that include multiple SNPs
within a gene and across multiple genes, showed numerous associations. The analysis
supports the role of diet in this candidate pathway but also points to issues where the
analysis involves the interpretation of gene—diet interaction.

There is a biologically plausible mechanism for the hypothesized and observed associations.
PDK1 mediates the cellular influence of growth factors and insulin by activating both RSK
and S6K and is essential for activation of PKB/AKkt1 (18). PTEN acts as a metabolic
regulator by modulating signalling via the PI3K and the Aktl pathway, downstream of the
insulin receptor. Aktl-dependent phosphorylation negatively regulates the functioning of
TSC1 and TSC2 (29), 2 other factors involved in insulin signaling. FK506 binding protein
12-rapamycin associated protein 1 (FRAP1, alias mTOR) ultimately represses anabolic
processes (ATP utilization) and enhances catabolic processes (ATP generation), restoring
the system toward normal energy homeostasis (30). In cells with excess AMP due to altered
energy homeostasis, phosphorylated AMP-dependent kinase (PRKAAL and PRKAG?2)
(14-17) alters TSC1 and TSC2. These candidate genes were selected based on their known
function within the pathway (13).

A challenge to the analysis of genetic data within a candidate pathway, when unknown
functional polymorphisms have been identified, is to capture the representation of the
genetic variation that is most meaningful. In this study, we used 3 methods to explore
dietary factors associated with genetic variability that may influence energy and insulin
signaling and ultimately colon and rectal cancer risk. We analyzed individual SNPs,
haplotypes, and multiple genes. Each level of exploration contributed to our understanding
of these associations and illustrated shortcomings of the other methods. A major assumption
regarding the mechanisms of action of low-penetrance genes, such as those studied here, is
that risk associated with such genes is influenced by exposures such as diet. As
demonstrated in our analyses, associations would be missed if we limited our assessment to
only those genes and SNPs where independent associations were detected. PDK illustrates
these findings. In single-SNP analyses, we observed no association between PDK1 SNPs
and either colon or rectal cancer. However, individual PDKZ SNPs interacted with several
dietary components that comprise a high- and low-risk diet for both colon and rectal cancer.
Similarly, haplotypes of multiple PDK1 SNPs, and the combined PDKZ SNPs in
combination with other genes, influenced disease risk. The consistency of associations from
the multiple levels of analysis adds to the likelihood of these being true associations.

Although our data support the utility of several approaches to analysis, differences in
interpretation of associations between assessment of genotype and haplotype and across
gene allele analysis exist. The association with a specific genotype is simply the risk
associated with a given genotype. For both the multiple-gene-SNP analyses and the
haplotype analyses, the interpretation is based on having one copy of the allele combination
and assumes a dose effect. However, if a recessive genotype is most importantly related to
the outcome of interest, an assumption of a linear association may be inappropriate. We
have presented combinations of 2 SNPs in determining risk. However, combinations of 3
and 4 SNPs also were important in many instances, although not presented here because of
the number of potential combinations and the increasing lack of precision with the
increasing number of individual loci evaluated. From our 3- and 4-locus analyses, we
selected SNPs that appeared to drive most of the associations and then focused on the 2-
locus analyses. We have thus undoubtedly missed potentially important associations.
Additionally, it is possible that other dietary factors are important and may impact the
associations observed for fat and carbohydrates.
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Although candidate pathways are often hypothesized as being important, appropriate
analytic methods are often lacking to characterize the genetic variation in the pathway. Our
analysis of haplotypes and multigenes helped encompass different components of the
pathway, although methods to integrate all components are needed. Despite this limitation,
our data illustrate the importance of dietary components to this pathway. Although many of
these SNPs did not interact independently with dietary factors, haplotypes and/or gene
combinations often gave clues to important interactions and to the genetic variability that
influences dietary risk.

Our findings suggest that dietary factors associated with energy and insulin are influenced
by a set of genes involved in insulin sensitivity. PDK1, in combination with dietary fat and
carbohydrate, appears to be important for both colon and rectal cancer. PDK1 is a key
regulator within the pathway and its importance is seen as it relates in combination with
other genes and diet to alter risk. These findings need replication in other large studies. Our
analysis emphasizes the complexity of diet and gene associations and the need of a more
comprehensive analytical approach to understanding disease associations.
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FIG. 1.
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