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Abstract
Telomerase reverse transcriptase (TERT) is one of the main functional subunits of the telomerase
enzyme, which functions to increase telomere length. Studies have suggested that TERT may be
important to the etiology of colorectal cancer. In this study we evaluate seven TERT SNPs in 1555
incident colon cancer cases and 1956 matched controls and in 754 incident rectal cancer cases and
959 matched controls. We observed that two TERT SNPs were associated with colon cancer.
TERT rs2736118 was associated with increased risk of colon cancer (OR =1.31, 95% CI
1.02,1.69) and TERT-CLPTM1L rs2853668 was inversely associated with colon cancer (OR =
0.71, 95% CI 0.55,0.92). TERT-CLPTM1L rs2853668 also was inversely associated with rectal
cancer (OR 0.62 95% CI 0.43,0.90). BMI interacted significantly with three TERT SNPs to alter
risk of colon cancer. Those with the variant allele and who were obese had the greatest risk of
colon cancer. TERT-CLPTM1L rs2853668 interacted significantly with aspirin/NSAID use,
where those with the AA genotype had a much lower risk of colon cancer when using aspirin/
NSAIDs than those with the other genotypes. Several TERT SNPs were uniquely associated with
CIMP+ and MSI tumors. These data confirm earlier reports of the association between TERT-
CLPTM1L and colon and rectal cancer. Our detection of a significant interaction with BMI for
multiple TERT SNPs and unique associations with CIMP+ tumors enhance our understanding of
TERT’s role in colon carcinogenesis.
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Introduction
Colorectal cancer is among the most common types of cancer, with an estimated one million
newly diagnosed cases per year [1]. Recent studies have examined the role played by
telomeres and the telomerase enzyme in carcinogenesis, including colorectal carcinogenesis
[1–4]. Telomeres are located on the ends of chromosomes and help protect genomic
integrity and stability [5]. They achieve this by preventing chromosomal shortening and the
loss of genetic material, and preventing chromosomal rearrangements. A recent genome-
wide association study (GWAS) found that the single nucleotide polymorphism (SNP)
rs2853668 was significantly associated with colorectal cancer risk [6]. This SNP is 5.1KB
upstream of telomerase reverse transcriptase (TERT) which is a catalytic subunit of the
telomerase enzyme.
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TERT is one of the main functional subunits of the telomerase enzyme, which functions to
increase telomere length. TERT uses the telomeric RNA subunit of telomerase as a template
for the synthesis of single stranded DNA within the telomere, thereby producing
(TTAGGG)n tandem nucleotide repeats. Through the functions of its two subunits,
telomerase maintains telomere length as a cell undergoes division. However, most
differentiated cells lack telomerase activity so that telomeres shorten with aging. Research
has suggested that telomerase activity, and therefore TERT activity, could be present in
cancer cells preventing them from undergoing senescence [7, 8].

In this study we examine seven TERT SNPs, including TERT-CLPTM1L rs2853668, in a
large case-control study of colon and rectal cancer. SNPs were selected to capture the
genetic variability across the TERT gene. We evaluate tumor molecular phenotype to
determine if TERT is associated with specific colorectal cancer tumor mutations and
epigenetic changes. This builds upon earlier reports of a link between carcinogenesis and
genomic instability and the accumulation of genetic errors [9]. We hypothesize that tumor
molecular phenotype associated with genomic instability or epigenetic changes, such as MSI
or CIMP, are more likely associated with TERT polymorphisms. We also evaluate if TERT
interacts with lifestyle factors such as aspirin/NSAID use, cigarette smoking, and body mass
index (BMI) to alter cancer risk. These lifestyle factors were evaluated because of their
association with colon and rectal cancer as well as their association with telomere length
(TL) (unpublished data). Given these factors were associated with TL, it is possible that they
modify associations between genetic factors that may influence TL.

Methods
The study population comes from the Diet, Activity, and Lifestyle Study of colorectal
cancer. Two populations were used for this study. The first, a population-based incident
case-control study of colon cancer with cases (n=1,555) and controls (n=1,956) identified
between October 1, 1991 and September 30, 1994. The sample population was composed of
individuals living in the Kaiser Permanente Medical Care Program of Northern California
(KPMCD), a seven-county area of Utah, and the Twin Cities Metropolitan Area [10]. The
second was a population-based incident case-control study of rectal cancer with cases
(n=754) and controls (n=959) identified between May 1997 and May 2001. The sample
population was composed of individuals from the KPMCD and the state of Utah. To be
included in the study, cases had to be between 30 and 79 years of age at the time of
diagnosis, English speaking, and competent to give informed consent. Additionally, eligible
cases must have no previous history of colorectal cancer, ulcerative colitis, Crohn’s disease,
or familial adenomatous polyposis. Controls were matched to cases by sex and 5-year age
groups [11].

Data collection
Data were collected by trained and certified interviewers using laptop computers [12].
Detailed information was collected on diet, physical activity, medical history, cigarette
smoking history, regular use of aspirin/NSAIDs, and body size [13].

Genetic Analysis
Six tagSNPs for TERT were selected using the following parameters: LD blocks were
defined using a Caucasian LD map and an r2=0.8; minor allele frequency (MAF) >0.1;
range= −1500 bps from the initiation codon to +1500 bps from the termination codon; and 1
SNP/LD bin. TagSNPs were genotyped using a multiplexed bead-array assay format based
on GoldenGate chemistry (Illumina, San Diego, California)[14]. A genotyping call rate of
99.85% was attained. Blinded internal replicates represented 4.4% of the sample set; the
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duplicate concordance rate was 100%. TERT-CLPTM1L rs2853668 was run using a taqMan
assay. We have previously evaluated tumors for CpG island methylator phenotype (CIMP),
microsatellite instability (MSI), TP53 mutations, and KRAS2 mutations [15–18]. Details of
methods used to evaluate epigenetic and genetic changes have been described [15–18].
Given the rarity of MSI+ rectal tumors [19] we were unable to evaluate that small subset of
tumors.

Statistical Methods
Statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC). We
report odds ratios (ORs) and 95% confidence intervals (95%CIs) assessed from adjusted
multiple logistic regression models adjusting for age, center, race/ethnicity (approximately
90% Caucasian, 5% African American and 5% Hispanic), and sex which were matching
variables for the original study. Inheritance models were selected based on initial review of
results from the additive model. When risk estimates indicated that a recessive or dominant
model was more appropriate that model was used. We present Wald p values of association
for SNPs with colorectal cancer and a p value for linear trend with the additive model are
shown. Adjusted multiple-comparison p values (pACT), taking into account tagSNPs within
the gene, were estimated using the methods by Conneely and Boehnke [20] via R version
2.11.0 (R Foundation for Statistical Computing, Vienna, Austria using the Wald p value.
Lifestyle variables were selected because of their biological plausibility and included factors
associated with inflammation and oxidative stress (i.e. recent aspirin or NSAID use) and
cigarette smoking (recent or not recent smoker), or BMI. Aspirin/NSAID use and cigarette
smoking were categorized into two levels to maximize power. P values for interaction were
determined using a likelihood-ratio test comparing a full model that included an interaction
term with a reduced model without an interaction term.

Results
The study population was mainly non-Hispanic white, male, and over 60 years of age (Table
1). All SNPs except rs2853668 were in Hardy Weinberg Equilibrium (HWE) among
controls. SNP rs2853668 was in HWE among cases. Of the seven SNPs evaluated in this
study, TERT rs2736118 was associated with colon cancer and rs2853668 were associated
with colon and rectal cancer (Table 2). TERT rs2736118 showed a significant unadjusted
association with colon cancer (p=0.048; multiple comparison adjusted p value 0.07). TERT-
CLPTM1L rs2853668 was inversely associated with both colon cancer (OR 0.71 95% CI
0.55, 0.92) and rectal cancer (OR 0.62 95% CI 0.43, 0.90) with similar magnitudes of
association.

In addition to evaluating associations between TERT SNPs and overall risk for colon and
rectal cancer we evaluated associations between these SNPs and risk for specific tumor
molecular phenotypes (data not shown in table). Individuals with a CT or TT genotype for
TERT rs2242652 were at significantly higher risk of developing a CIMP+ colon tumor (OR
for CT/TT vs. CC=1.33 95% Cl 1.05,1.68); individuals who are GG for TERT rs2736118
were more likely to develop an MSI colon tumor (OR for GG vs. AA=1.64 95% Cl 1.05,
2.58). Individuals with the GG genotype of TERT rs2736100 were at significantly lower risk
of developing a CIMP+ rectal tumor (OR for GG vs. TT = 0.30 95% Cl 0.12, 0.72).

Three TERT SNPs show a significant interaction with BMI to influence risk of colon cancer
(Table 3). TERT rs10069690 (p=0.0013), TERT rs2242652 (p=0.0119), and TERT
rs4246742 (p=0.0179) interacted with BMI to influence risk of colon but not rectal cancer.
For three of these SNPs, rs10069690 and rs2242652 those who were obese (BMI>30) had a
greater risk of colon cancer in the presence of the variant allele. For rs2853668, recent
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aspirin/NSAID use had its greatest protective effect among those with the AA genotype. No
significant interactions were observed between any of our other six TERT SNPs and aspirin/
NSAIDs or cigarette smoking. Likewise, we observed no meaningful significant interactions
between TERT SNPs and rectal cancer.

Discussion
The TERT protein functions within the telomerase enzyme to maintain TL. Therefore, if
TERT polymorphisms cause missense mutations that alter protein function, TL can be
affected and the SNPs can influence cancer risk. Our findings that TERT polymorphisms
alter risk of colon cancer risk, but not rectal cancer, parallels those observed for TL and
colorectal cancer. Shorter TL has been associated with increased risk of colon cancer but not
rectal cancer (unpublished data). We observed that TERT rs2736118 was associated a 30%
increased risk of developing colon cancer and that TERT-CLPTM1L rs2853668 was
inversely associated with both colon and rectal cancer. Our data suggest that genetic
variation in TERT was more likely to result in a CIMP+ or MSI colon tumors. Assessment
of interaction with lifestyle factors showed that three of the six TERT SNPs evaluated
interacted significantly with BMI to alter risk of colon cancer, while TERT-CLPTM1L
rs2853668 interacted with aspirin/NSAID use to alter colon cancer risk.

Other studies have evaluated TERT SNPs and risk of colorectal cancer. A recent GWAS
study found that rs2853668 showed a significant association with risk of colorectal cancer
[7]. That study suggested that the TERT-CLPTM1L is a general cancer susceptibility locus
with a critical impact on cancer development. This study replicates the earlier finding that
this locus is associated with both colon and rectal cancer carcinogenesis. Another study
evaluated the association between TERT-CLPTM1L rs401681 and various forms of cancer:
including breast cancer, colorectal cancer, and melanoma [21]. That study by Pooley and
colleagues found no association between that particular SNP and either colorectal cancer
risk or TL, and concluded that any association with this SNP and cancer was not mediated
through TL. Our data support an association between TERT-CLPTM1L rs2853668 and both
colon and rectal cancer. However, the mechanism may not be through TL since we observed
that this SNP was not associated with TL (unpublished data),

We evaluated the association between interactions of lifestyle factors associated with TL
and genetic variation in TERT. We show that TERT polymorphisms interacted with BMI
and NSAIDs to alter risk of colon cancer; this has not been examined in earlier studies. We
observed that multiple TERT polymorphisms interacted with BMI to alter risk of colon
cancer but not rectal cancer, adding somewhat to the likelihood of a non-spurious
association. BMI has been shown to increase risk of colon, but not rectal cancer [22]. A
large BMI has been linked to increased levels of insulin and inflammation [23, 24] which
are considered elements in pathways of importance to colon carcinogenesis. Likewise,
shorter TL has been associated with higher levels of insulin and inflammation [25] as well as
with larger BMIs [26]. Our data suggest that having the variant TERT genotypes in
combination with a large BMI increases risk of colon cancer. While the mechanism may
involve both insulin and inflammation, our data imply that when both TERT genotypes and
obesity are present, the combination of the two have a greater impact than either
independently. This may imply that among obese individuals with variant genotypes, TL is
shorter than when each situation exists alone.

We also observed that the association between TERT-CLPTM1L rs2853668 and colon
cancer is modified by use of aspirin/NSAIDs, where the greatest protection is observed from
the combination of recent aspirin/NSAID use and having the homozygote variant genotype.
This suggests a possible inflammation-related mechanism for this SNP given the reduced
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risk associated with aspirin/NSAIDs and colon cancer is thought to stem from reduced
inflammation in the gut. Statin therapy has been associated with longer TL with the
proposed mechanism being that statins reduce inflammation and the associated oxidative
stress [27]. Furthermore, telomere dysfunction has been shown to cause sustained
inflammation [28] and shorter telomeres have been associated with pro-inflammatory
activity [29, 30]. While the functionality of TERT-CLPTM1L rs2853668 is not fully
understood, the stronger inverse association with the homozygote variant genotype among
aspirin/NSAID users may be from reduced inflammation given what we know about
telomeres and inflammation.

It has been suggested by others that TERT may influence tumor molecular phenotype [31,
32]. Rampazzo and colleagues observed that shorter TL was associated with MSI tumors
although not with TP53-mutated tumors. They concluded that erosion of telomeres could
lead to genetic instability, which is a mechanism in the neoplastic process. Rampazzo and
others also have shown that TL shortening is more common for proximal versus rectal
tumors [31, 33]. Both MSI and CIMP+ tumors are more common for colon tumors,
especially proximal colon cancer tumors [19]. Our findings in a large sample of both colon
and rectal cancers support those previously reported. We add to the earlier findings by
demonstrating that TERT polymorphisms which could regulate TL length also are
associated with MSI+ tumors. We further show that CIMP+ tumors are associated with these
polymorphisms, suggesting that erosion of telomeres leading to genetic instability may also
be associated with epigenetic changes in tumors.

There are several limitations to the study. First we limited our analysis to only seven TERT
SNPs and other SNPs in TERT may be important. Furthermore, we do not include other
genes that have been shown to be related to TL in these analyses. TERT-CLPTM1L
rs2853668 was not in HWE among controls, although it was in HWE among cases.
Genotyping analyses were completed with case and control samples intermixed. Also, a
small subset of our data were included in the GWAS and showed virtually identical
genotyping results, suggesting that lack of HWE is not from genotyping error. A strength of
our study is our extensive data which enables us to evaluate interaction with key lifestyle
variables as well as to assess associations with specific tumor molecular phenotype.

In summary, our data support an association between TERT polymorphisms and risk of
colon cancer. We add to the previous reports by showing that several associations are
modified by body size. Additionally, we validate the association of TERT-CLPTM1L
rs2853668 which was previously associated with colorectal cancer and show that this SNP
interacts significant with aspirin/NSAID use to modify colon cancer risk. Assessment of
tumor molecular phenotype suggests that TERT may operate through CIMP+ and MSI+
pathways.
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