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OBJECTIVES: Telomeres and telomerase play important roles in maintaining chromosome integrity and genomic
stability. To address a lack of consensus about the association between leukocyte telomere length and

colorectal cancer, we investigated this association in the Singapore Chinese Health Study.

METHODS: Relative telomere length in white blood cells was quantified using a validated quantitative polymerase
chain reaction method in 26,761 participants, including 776 incident colorectal cancer cases. The Cox
proportional hazard regression method was used to calculate the hazard ratio and the corresponding

95% confidence interval (Cl) for colorectal cancer associated with longer telomeres.

RESULTS: Longer telomeres were significantly associated with a higher risk of colorectal cancer (Pyeng = 0.02).

Compared with the lowest quartile, subjects with the highest quartile of telomere length had a hazard
ratio of 1.32 (95% Cl: 1.08-1.62) for developing colorectal cancer. The corresponding elevation in
rectal cancerrisk for the highest quartile of telomere length was 71% (95% Cl: 22-140, Pyeng = 0.02).
There was no statistically significant association between telomere length and risk of colon cancer.

DISCUSSION: This large cohort study of Singapore Chinese, the first study using a cohort study design with more than

26,000 participants that yielded 776 incidence colorectal cancer cases during 12 years of follow-up,

provides evidence in support of longer telomeres being associated with a higher risk of colorectal

cancer, particularly rectal cancer.
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INTRODUCTION

Colorectal cancer is the second and third most common cancer
among men and women worldwide, respectively (age-
standardized incidence rates per 100,000: 20.6 in men and 14.3
in women) (1), with approximately 1,360,000 new cases and
690,000 deaths per year (2). Colorectal cancer is also ranked
among the top 20 causes of death globally, and this rank is
expected to rise in the coming decades (3). Known environmental
risk factors for colorectal cancer include consumption of red meat
and processed meat, smoking, alcohol consumption, low physical
activity, obesity, and type 2 diabetes (review by Kuipers et al. (1)).
Genetic factors have also been found to play an important role in
the development of colorectal cancer (4). Different susceptibility
genes for colorectal cancer have been identified, including Kirsten
rat sarcoma viral oncogene homolog, B-Raf murine sarcoma viral
oncogene homolog, p53, and in microsatellite-containing genes

vulnerable to mismatch repair defects (5). It is also commonly
believed that many common but low penetrance genetic variants
collectively explain a substantial proportion of colorectal cancer
burden in general populations (6).

Telomeres are repeated TTAGGG sequences at the ends of
chromosomes and are coated by shelterin proteins, involved in
the process of telomere length homeostasis to maintain chro-
mosomal integrity and stability (7). Telomerase is the enzyme
that lengthens telomeres and therefore is the primary positive
regulator of telomere length. In human telomerase, the telo-
merase RNA component serves as a template for the catalytic
component, and telomerase reverse transcriptase adds telomeric
repeats (8). Both telomeres and telomerase play important
roles in genomic stability because they protect chromosome ends
from degradation, fusion, and abnormal recombination (9,10).
Although the human telomeres are approximately 10-15 kb long,
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they shorten by approximately 30-200 bp after each cycle of cell
division (11). In addition to age being a strong predictor of
telomere length, different genetic and environmental factors
(i.e., smoking, diabetes, obesity, or physical activity) are also
predictors of telomere length (12,13). In normal circumstances,
the incomplete replication of linear DNA molecules at the end of
each chromosome results in telomere shortening, leading to cell
senescence or apoptosis (9). On the other hand, if the cells bypass
senescence due to dysfunctional checkpoint pathways, the telo-
meres will continue to shorten, driving chromosome fusions and
genomic instability. Survivors of this telomere crisis then main-
tain telomeres, a cancer hallmark, by upregulating telomerase in
most cases (14). Thus, these surviving cells with longer telomeres
have a replicative advantage (15) and consequently undergo more
cell divisions before telomere crisis, resulting in the increase of
likelihood for acquiring mutations that drive malignant trans-
formation (16).

Previous epidemiologic studies (16-21) produced inconsistent
results on the associations between leukocyte telomere length and
risk of colorectal cancer. Some studies found that shorter, while
others reported longer, leukocyte telomeres were significantly as-
sociated with higher risks of colorectal cancer (16,17,20,21). In
addition, other studies (18,19) reported a null association. This
inconsistency prompted us to investigate the association between
telomere length and colorectal cancer risk in the Singapore Chinese
Health Study, a prospective study of more than 60,000 middle-aged
or older Chinese men and women in Singapore.

METHODS
Study population
The current analysis was based on the data from the Singapore
Chinese Health Study, a population-based prospective cohort
study of Hokkien and Cantonese, the 2 major dialect groups of
Chinese in Singapore, who originated from Fujian and Guang-
dong provinces in southern China, respectively. Detailed in-
formation on designs and methods has been described elsewhere
(22). Briefly, from April 1993 through December 1998, 63,257
Chinese men and women were enrolled into the study at age
45-74 years who resided in government-built housing estates. At
baseline, a trained interviewer conducted an in-person interview
at home. The structured questionnaire asked for information on
demographics, body weight and height, current physical activity,
menstrual and reproductive history (for women only), lifetime
use of tobacco (cigarettes and waterpipe), occupational exposure,
medical history, and family history of cancer. Body mass index
(BMI) was calculated as the current weight in kilograms divided
by height in meters squared. A 165-item food frequency ques-
tionnaire was used to obtain information on current diet and
consumption of beverages. This food frequency questionnaire
was validated against a series of 24-hour dietary recall interviews
and selected biomarker studies conducted on random subsets of
cohort participants (23-25). All study participants provided
written informed consent. The Singapore Chinese Health Study
was approved by the Institutional Review Boards of the National
University of Singapore and the University of Pittsburgh.
Initially, 3% random sample of cohort participants were se-
lected for blood and urine sample collection during 1994-1999. At
the beginning of year 2000, the collection of blood and urine
samples was extended to all surviving members of the entire cohort.
The first follow-up telephone interview was conducted during
July 1999-December 2003. The follow-up I questionnaire updated

Clinical and Translational Gastroenterology

information on cigarette smoking, alcohol consumption, medical
history, and current body weight. After the telephone interviews,
participants were asked for donation of blood and urine samples
for research use, if declined, mouthwash was collected.

We consented and collected blood samples from 28,346 (57%)
of all eligible subjects. The study participants who provided blood
samples were more educated (33.6% vs 25.1% having secondary
or higher education) than those who did not, younger (mean
age = SD: 60.9 * 7.7 vs 62.4 = 8.2), more likely to be men (45.5%
vs 39.1%), and were otherwise similar in the smoking rate (ever
smokers: 32% vs 30.2%) and alcohol consumption (weekly con-
sumers of alcohol: 18.3% vs 14.8%).

Assessment of colorectal cancer cases

The Nationwide Singapore Cancer Registry and the Birth and
Death Registry were used to identify incident colorectal cancer
cases and all-cause deaths via annual record linkage analysis for
all surviving cohort participants. Cases of colorectal cancer were
determined by the International Classification of Diseases—
Oncology Second Edition Codes—C18 for colon cancer and C19-
20 for rectal cancer (26). Both cancer and death registries have
recorded all incident cancer cases and deaths with a high com-
pletion rate in Singapore. The identification of both incident
cancer and death cases among all study participants was virtually
complete, as to date, there were only 56 participants (<0.1%)
of the whole cohort lost to follow-up due to migration out of
Singapore.

In the current analysis, the total follow-up time as of
December 2015 after blood donation was 11.8 years. After ex-
cluding 1,585 subjects with a history of cancer, the present
analysis included 26,761 participants who were free of cancer at
the time of blood collection, with 776 incident colorectal cancer
cases as of December 31, 2015.

Measurements of leukocyte telomere length

Telomere length was measured in genomic DNA. The quantita-
tive polymerase chain reaction (QPCR) method for quantification
of relative telomere length was described previously (27). Briefly,
relative telomere length in genomic DNA was determined by the
ratio of telomere repeat copy number (T) to single (albumin) gene
copy number (S) in experimental samples relative to a reference
sample. We used 77 samples from a previous study in the Sin-
gapore Chinese Health Study to construct the standard curve.
Individual telomere length measurements of these samples were
within 10% of the cohort mean. The pooled DNA samples of these
77 participants were then run on all qPCR plates, of which 8
replications were performed for each of 4 concentrations: 4, 0.8,
0.16, and 0.032 ng/pL. Thermal cycling was conducted on an
Applied Biosystem 7900 HT machine according to the conditions
described previously (28). Telomere length was calculated using
real-time PCR cycle thresholds with normalization of telomere
length for each 384-well plate. The reproducibility rate of telo-
mere length was excellent, at 3.5%, for all technical sample
duplicates. Each experimental DNA sample was assayed twice,
and the mean of the 2 test values was used for statistical analysis.

Statistical analysis

The t and x? tests were used to compare the distributions of
continuous and categorical variables, respectively, between cases
and noncases, as well as across quartiles of telomere length. The
analysis of covariance method was used to examine the difference
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in geometric mean and 95% confidence intervals (Cls) of telo-
mere length by selected characteristics after adjustment for age
and sex.

In the current analysis, we further excluded 221 participants
with missing data on telomere length measurement due to failed
assays, leaving the current analysis of 26,540 total participants,
including 776 incident cases of colorectal cancer. For each par-
ticipant, we calculated person-years at risk from the date of blood
draw to earliest date of colorectal cancer diagnosis, death, mi-
gration out of Singapore, or December 31, 2015.

The Cox proportional hazard regression method was used to
estimate hazard ratios (HRs) and their corresponding 95% ClIs for
colorectal cancer associated with higher quartiles of telomere
lengths comparing with the lowest quartile. Telomere length was
grouped into 4 quartiles: Q1 (relative length: 0.19-0.87), Q2
(relative length: 0.87-1.00), Q3 (relative length: 1.00-1.15), and
Q4 (relative length: 1.15-3.24). The linear trend was done by
treating the telomere length quartiles as an ordinal variable.
Proportional hazard assumption was tested using the Schoenfeld
residuals test, and no violation was observed for telomere length.
All multivariable Cox proportional hazards models included
multiple potential confounders—age, sex, dialect group (Hokkien
or Cantonese), level of education (no formal education, primary
school, secondary, or higher education), BMI (<18.5,18.5 t0 23.0,
23.0 to <27.0, or =27 kg/m?), smoking, alcohol consumption
(nondrinkers, 1 to <7, or =7 drinks per week), weekly physical
activity (no/yes), history of diabetes (no/yes), and family history
of colorectal cancer (no/yes). The BMI categories were based on
the recommendation for Asians by the World Health Organiza-
tion (29). The status of lifetime light or heavy smoker was defined
previously (30); heavy smokers were those who started to smoke
before age 15 years and smoked 13 or more cigarettes per day,
whereas all remaining ever smokers were light smokers. The
weekly physical activity was defined as any moderate or vigorous
activity or strenuous sports lasting at least 30 minutes per week.

We performed both stratified and sensitivity analyses to ex-
amine the robustness of the association between telomere length
and risk of colorectal cancer. The analyses in subgroups stratified
by major risk factors for colorectal cancer such as the mean age
(=62 vs >62 years), sex, smoking status (ever vs never smoked),
and history of diabetes (yes vs no). The likelihood ratio test was
used to evaluate interactions between telomere length in quartile
and these main risk factors by comparing nested models with and
without the corresponding product term besides their main
variables. For sensitivity analysis, we divided colorectal cancer
cases with various number of years from blood draw to cancer
diagnosis to evaluate whether the underlying subclinical disease
progression had any impact on telomere length, and so on the
association between telomere length and risk of colorectal cancer.
P for heterogeneity in the sensitivity analysis was performed
based on the comparison of 2 HRs (31).

We performed all statistical analyses using the computing
software SAS version 9.4 (SAS Institute, Cary, NC). All P values
presented are 2 sided. P values below 0.05 were considered being
statistically significant.

RESULTS
The mean age at diagnosis for colorectal cancer cases was 72.5
(SD 8.2) years. The median time from blood collection to di-
agnosis of colorectal cancer was 7.04 years (range: <1 month to
16.6 years).
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The distribution of baseline demographics and selected
characteristics of cancer cases and noncancer cases are shown in
Table 1. Patients with blood donation who later developed in-
cident colorectal cancer were older, had lower level of education,
ever smoked cigarettes, or more likely to be male or have a history
of diabetes.

In our previous report (27), we found that shorter telomeres
were associated with older age, male sex, lower level of education,
ever cigarette smoking, daily drinkers of alcoholic beverages, and
less physical activity. We also published previously the associa-
tions of cigarette smoking and alcohol drinking (30), diabetes
(32), and physical activity (33) with the risk of colorectal cancer
within this cohort. After adjustment for these potential con-
founding factors, telomere length was positively associated with
the risk of colorectal cancer combined and rectal cancer alone
(Table 2). Compared with the lowest quartile of telomere length,
participants with the highest quartile of telomere length had
a statistically significant 32% higher risk of developing colorectal
cancer (95% CI: 8%-62%, Pye,q = 0.02). The corresponding el-
evation in rectal cancer risk associated with the highest quartile of
telomere length was 71% (95% CI: 22%-140%, P.,q = 0.02).
Although longer telomere length was associated with a higher risk
of colon cancer, the result did not reach statistical significance
(HR = 1.14, 95% CI: 0.88-1.48, P,,.,; = 0.29, compared highest
to the lowest quartile). However, we did not detect a statistically
significant heterogeneity in the association for telomere length
with the risk of colon cancer in comparison with the risk of rectal
cancer (Pheterogeneity = 0-22)-

In a stratified analysis by selected risk factors including age at
blood draw, sex, smoking status, and history of diabetes, the
highest quartile of telomere length was significantly associated
with an elevated HR of colorectal cancer combined and rectal
cancer alone for men, never smokers, and subjects without
a history of diabetes (Table 3). In addition, the quartile of telo-
mere length was significantly associated with the risk of rectal
cancer for older subjects (above the median age of 62 years)
(Table 3). However, their interaction terms with telomere length
on the risk of colorectal cancer combined or rectal cancer alone
were not statistically significant (P;,seracrion = 0.30). No significant
association between telomere length and colon cancer risk was
found in all the subgroups stratified by these factors. Further
analysis did not reveal any difference in the association for telo-
mere length with rectal cancer risk as compared to that with colon
cancer risk in these subgroups (Ppeserogeneity = 0.14).

We conducted a sensitivity analysis by various time intervals
from blood draw to cancer diagnosis. Table 4 shows the results
derived from the sensitivity analysis for cases stratified by the
median time interval (i.e., 7 years). The highest quartile of telo-
mere length was significantly associated with an elevated risk of
colorectal cancer combined and rectal cancer alone within the
first 7 years of follow-up after blood draw. There was also
amarginally elevated risk of colon cancer in the highest quartile of
telomere length (HR = 1.39, 95% CI: 0.96-1.99). There was,
however, no significant association in subjects with longer du-
ration (=7 years) of follow-up (Pheterogencity = 0.164, 0.256, and
0.428 for colorectal cancer, colon cancer, and rectal cancer,
respectively).

DISCUSSION
Our prospective analysis of 26,540 participants revealed that
participants with longer telomeres at baseline had a higher risk of
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Table 1. Distributions of baseline characteristics among study participants, the Singapore Chinese Healthy Study, 1993-2015

Characteristics Cases (n = 776), n % Noncases (n = 25,764), n % Pvalue
Mean age (=SD), yr 65.94 = 7.92 62.72 = 7.62 <0.0001
Sex (%)
Male 428 (55.15) 11,806 (45.82) <0.0001
Female 348 (44.85) 13,958 (54.18)
Dialect
Cantonese 399 (51.42) 13,069 (50.73) 0.70
Hokkien 377 (48.58) 12,695 (49.27)
Highest level of education (%)
No formal education 171 (22.04) 5,355 (20.78) 0.004
Primary school 385 (49.61) 11,647 (45.21)
Secondary school or higher 220 (28.35) 8,762 (34.01)
Mean BMI (+SD), kg/m? 23.34 = 3.40 23.25 = 3.51 0.50
Smoking index (%)
Never smoker 469 (60.44) 17,552 (68.13) <0.0001
Light smoker 260 (33.51) 6,769 (26.27)
Heavy smoker 47 (6.06) 1,443 (5.60)
Mean cigarettes per day (=SD)? 17.51 = 15.06 16.88 + 12.78 0.47
Mean years of smoking (+SD)? 35.92 + 13.93 34.06 = 14.16 0.02
Mean pack-years of smoking (=SD)? 33.00 = 34.12 30.40 = 27.28 0.19
Alcohol consumption (%)
Nondrinkers 621 (80.03) 20,956 (81.34) 0.42
1-7 drinks/wk 113 (14.56) 3,659 (14.20)
=7 drinks/wk 42 (5.41) 1,149 (4.46)
Diabetes (%)
No 646 (83.25) 22,145 (85.95) 0.03
Yes 130 (16.75) 3,619 (14.05)
Any weekly physical activity (%)
No 511 (65.85) 16,551 (64.24) 0.36
Yes 265 (34.15) 9,213 (35.76)
Family history of cancer (%)
No 745 (96.01) 25,083 (97.33) 0.22
Yes 31(3.99) 681 (2.64)
Mean time from blood collection to cancer 7.00 = 4.14 —

diagnosis (xSD), yr

BMI, body mass index.
@0nly among current and former smokers.

developing colorectal cancer, specifically rectal cancer. In sub-
group analysis, longer telomeres were associated with an in-
creased risk of colorectal cancer for men, never smokers, or those
without a history of diabetes diagnosis, although the differences in
the telomere length-colorectal cancer risk association among
subgroups were not statistically significant.

Aviv et al. (15) recently proposed a 2-stage clonal expansion
model to explain the observed differential association between
telomere length and cancer risk in healthy individuals from that
in cancer patients. The first hits of mutation at the stem-cell level

Clinical and Translational Gastroenterology

are independent of telomere length and generate a clone with
replicative advantage. The second hits of mutation occur in so-
matic cells where those with longer telomeres have greater po-
tential for cell division before telomere exhaustion and increase
the likelihood of acquiring mutations or have higher chance of
malignant transformation. This model illustrates a possible bi-
ological mechanism by which under normal circumstance,
individuals with longer telomere lengths in circulating leukocytes,
representing for other tissues in the body, are at a higher risk of
developing different cancers (i.e., lung, stomach, ovary, breast, or
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Table 2. Association between leukocyte telomere length and risk of colorectal cancer in the Singapore Chinese Health Study during

1993-2015.

Colorectal cancer

Colon cancer

Rectal cancer

Relative telomere length  Person-years  Cancer cases HR (95% CI)?
Q1 (0.19-0.87) 75,154.05 202 Ref.

Q2 (0.87-1.00) 78,139.44 209 1.17 (0.97-1.43)
Q3 (1.00-1.15) 79,294.69 174 1.09 (0.88-1.32)
Q4 (1.15-3.24) 81,630.55 191 1.32(1.08-1.62)

P trend

BMI, body mass index; Cl, confidence interval; HR, hazard ratio.

0.02

Cancer cases HR (95% CI)? Cancer cases HR (95% CI)?
136 Ref. 66 Ref.
126 1.04 (0.82-1.33) 83 1.45 (1.05-2.00)
120 1.09 (0.85-1.40) 54 1.05(0.73-1.52)
113 1.14 (0.88-1.48) 78 1.71 (1.22-2.40)

0.29

0.02

2Adjusted for age, sex, BMI levels (<18.5, 18.5 to <23.0, 23.0 to <27.0, and =27.0 kg/mz), education levels (no formal education, primary, secondary, and above),
smoking index (never smokers, light smokers, and heavy smokers), numbers of alcohol drinks per week (nondrinkers, <7 drinks/wk, and =7 drinks/wk), weekly physical

activity, family history of colorectal cancer, and diabetic status.

melanoma), as observed in our current and previous studies
(27,34,35) and in studies by others (36-39).

Previous retrospective case-control studies reported in-
consistent association between leukocyte telomere length and
colorectal cancer risk (16,17,21). The earliest retrospective case-
control study in China reported that shorter telomeres were as-
sociated with significantly elevated risk of colorectal cancer (21),
primarily in younger persons, women, nonsmokers, or non-
drinkers of alcohol. A retrospective case-control study in the
United States reported that longer telomeres were significantly
associated with a lower risk of colon cancer, but not rectal cancer
(17). A third retrospective case-control study in the United States
found that overall, patients with colorectal cancer had signifi-
cantly longer leukocyte telomeres than controls (16) and that
longer telomeres were associated with a higher risk of colorectal
cancer in younger persons (aged <50 years), but lower risk in
older persons (aged = 50 years). Because blood samples for
telomere measurement in retrospective case-control studies were
collected from patients after their cancer diagnosis and poten-
tially cancer treatment, the observed association between telo-
mere length and risk of colorectal cancer could be confounded if
the underlying disease progression and/or treatment had any
impact on leukocyte telomere length.

Prospectively designed studies, in which blood samples were
collected from subjects many years before their cancer diagnosis
and treatment, avoid such confounding effects. There have been 3
nested case-control studies within prospective cohorts, 2 in the
United States (i.e., the Women’s Health Study (18) among women
only and the Physician’s Health Study (19) among men only) and
1 in Chinese women (20). No association was found between
telomere length and risk of colorectal cancer overall or by subtype
(colon and rectal cancer) in the 2 US studies. The third nested
case-control study in Chinese women (20) found that leukocyte
telomere length at baseline was higher in rectal cancer cases, but
similar in colon or colorectal cancer cases combined compared
with controls. Further analysis revealed that both shortest and
longest quartiles of telomere lengths were associated with a sta-
tistically nonsignificant higher risk of colorectal cancer. There
were several reasons for the lack of statistically significant asso-
ciation in nested case-control studies within prospective cohorts.
Two of these studies were women only, which were consistent
with ours. The small sample size (n = 191 cases) resulted in
underpowered in at least 1 study (19). Different characteristics of
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study populations (i.e., prevalence of smoking, men, diabetes, and
obesity) may also contribute variations to the different results
observed. Furthermore, only 1 study (19) reported separately the
results for colon and rectal cancer; telomere length was higher in
rectal cancer cases than controls, and the difference reached
statistically borderline significance. Our study was the first using
a prospective study design with sufficient power and long-term
follow-up, thus providing definitive evidence in support of longer
telomeres to be associated with an increased risk of colorectal
cancer, especially rectal cancer.

The telomere length dynamic pattern before cancer onset and
during cancer progression may partially explain the different
results between studies with retrospective design and those with
prospective design. Accordingly, the telomere lengths measured in
peripheral leukocytes collected after cancer diagnosis and treat-
ment may be influenced by the disease progression, diagnostic
procedures, or treatment. Even in the prospective studies in which
blood samples are collected before cancer diagnosis, the follow-up
duration would influence the association between telomere length
and colorectal cancer risk because of the difference in the attrition
rate of telomere length in individuals who subsequently develop
cancer compared with that in cancer-free individuals. A longitu-
dinal study that measured leukocyte telomere length at multiple
time points demonstrating that the age-related attrition rate of
telomere length in subjects who subsequently developed cancer
was significantly higher than that in cancer-free persons during the
14 years of follow-up after blood draw (40). More importantly,
longer telomeres were observed among persons who developed
cancer within the first 7 years after blood collection than cancer-
free individuals because of the reverse trend in age-related telomere
length attrition in relation to the time to diagnosis. These data
support our findings that longer telomeres were significantly
associated with a higher risk of colorectal cancer within the first
7 years of follow-up after blood draw, but not associated with the
risk of colorectal cancer beyond 7 years after blood draw.

In stratified analysis, although we found that the highest
quartile of telomere length was significantly associated with an
elevated HR of colorectal or rectal cancer for men, older indi-
viduals (=62 years of median age), never smokers, or subjects
without a history of diabetes; none of these factors were effect
modifiers that achieved statistical significance in the interaction
models. Our result on the association between longer telomeres
and higher risk of colorectal cancer in persons aged 62 years or
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Table 3. Association between leukocyte telomere length and risk of colorectal cancer in the Singapore Chinese Health Study during
1993-2015, stratified by sex, smoking status, and history of diabetes

Colorectal cancer Colon cancer Rectal cancer
Relative telomere length  Person-years  Cancer cases HR (95% CI)? Cancer cases HR (95% CI)? Cancer cases HR (95% CI)?
Age at blood draw =62 yr
Ql 30,595.06 46 Ref. 26 Ref. 20 Ref.
Q2 40,672.01 68 1.12 (0.77-0.63) 43 1.25(0.77-2.04) 25 0.95 (0.53-1.72)
Q3 47,308.89 71 1.04 (0.71-1.50) 68 1.35(0.84-2.16) 18 0.62(0.33-1.17)
Q4 56,386.36 96 1.21(0.85-1.71) 55 1.20(0.75-1.91) 41 1.23(0.72-2.11)
e — 0.37 0.52 0.52
Age at blood draw >62 yr
Ql 44,558.99 156 Ref. 110 Ref. 46 Ref.
Q2 37,467.44 141 1.10(0.88-1.39) 83 0.91 (0.69-1.21) 58 1.57 (1.07-2.32)
Q3 31,985.80 103 0.96 (0.75-1.23) 67 0.86 (0.64-1.17) 36 1.19(0.77-1.84)
Q4 25,244.19 95 1.14 (0.89-1.48) 58 0.97 (0.71-1.34) 37 1.57 (1.02-2.43)
e 0.59 0.65 0.12
(Pretramatn 0.74 0.44 0.62
Female
Ql 36,036.78 83 Ref. 56 Ref. 27 Ref.
Q2 42,075.92 86 1.00 (0.74-1.35) 58 0.99 (0.69-1.43) 28 1.01 (0.60-1.72)
Q3 46,640.61 77 0.90 (0.66-1.24) 57 0.98 (0.68-1.43) 20 0.72 (0.40-1.30)
Q4 51,871.23 102 1.21 (0.90-1.63) 61 1.06 (0.73-1.54) 41 1.52 (0.92-2.52)
Prena 0.30 0.82 0.14
Male
Ql 39,117.27 119 Ref. 80 Ref. By Ref.
Q2 36,063.53 123 1.30(1.01-1.68) 68 1.08 (0.78-1.49) 55 1.78 (1.18-2.69)
Q3 32,654.09 97 1.22 (0.93-1.60) 63 1.18 (0.85-1.65) 34 1.32(0.83-2.10)
Q4 29,759.32 89 1.39 (1.05-1.84) 52 1.22 (0.85-1.75) 37 1.74 (1.09-2.76)
Prend 0.04 0.21 0.07
Bricrata 0.46 0.52 0.77
Never smokers
Ql 48,006.04 112 Ref. 80 Ref. 32 Ref.
Q2 53,815.82 122 1.12 (0.87-1.45) 81 1.05 (0.77-1.43) 41 1.32 (0.83-2.10)
Q3 57,657.62 107 1.02 (0.78-1.34) 79 1.06 (0.77-1.45) 28 0.93 (0.56-1.56)
Q4 61,804.02 128 1.32(1.01-1.72) 77 1.11 (0.80-1.54) 51 1.85(1.17-2.93)
e 0.09 0.55 0.03
Ever smokers
Ql 27,148.01 90 Ref. 56 Ref. 34 Ref.
Q2 24,323.62 87 1.25(0.93-1.68) 45 1.04 (0.70-1.54) 42 1.60 (1.02-2.53)
Q3 21,637.08 67 1.16 (0.84-1.60) 41 1.13(0.75-1.71) 26 1.21(0.72-2.03)
Q4 19,826.54 63 1.32 (0.95-1.83) 36 1.22 (0.79-1.88) 27 1.48 (0.88-2.50)
Prena 0.15 0.32 0.30
Pinteractioin 0.83 0.60 0.61
No history of diabetes
Ql 64,845.17 164 Ref. 110 Ref. 54 Ref.
Q2 68,114.26 183 1.25 (1.00-1.55) 110 1.11 (0.85-1.45) 73 1.55 (1.09-2.21)
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Table 3. (continued)

Colorectal cancer

Telomere Length and Colorectal Cancer Risk

Colon cancer Rectal cancer

Relative telomere length

Person-years

Cancer cases

HR (95% CI)?

Q3 69,471.98 138 1.03 (0.82-1.30)
Q4 71,443.46 161 1.34 (1.07-1.68)
Ptrend 0.07
Had a history of diabetes
Ql 10,308.88 38 Ref.
Q2 10,025.19 26 0.81 (0.49-1.35)
Q3 9,822.71 36 1.22 (0.78-1.98)
Q4 10,187.10 30 1.24 (0.76-2.04)
Prend 0.19
Pinteractioin 0.88

BMI, body mass index; Cl, confidence interval; HR, hazard ratio.
@Adjusted for age, sex, BMI levels (<18.5, 18.5 to <23.0, 23.0 t0<27.0, and =27.0 kg/m2), education levels (no formal education, primary, secondary, and above),
smoking index (never smokers, light smokers, and heavy smokers), numbers of alcohol drinks per week (nondrinkers, <7 drinks/wk, and =7 drinks/wk), weekly physical

Cancer cases HR (95% CI)? Cancer cases HR (95% CI)?
99 1.08 (0.82-1.42) 39 0.93(0.61-1.41)
96 1.16 (0.87-1.54) 65 1.73 (1.19-2.53)
0.38 0.06
26 Ref. 12 Ref.
16 0.74 (0.36-1.38) 10 0.95 (0.41-2.22)
21 1.13 (0.63-2.03) 15 1.53(0.71-3.31)
17 1.10 (0.59-2.06) 13 1.58(0.71-3.53)
0.56 0.15
0.59 0.68

activity, family history of colorectal cancer, and diabetic status.

older, however, was inconsistent with a previous study by
Boardman et al. (16) who reported that longer telomeres were
associated with a higher risk of colorectal cancer in younger
persons (<50 years), but lower risk in older persons (=50 years).
Difference in the study design between ours (i.e., prospective
study) and theirs (retrospective case-control study) might explain
this inconsistency.

Telomere lengths differ in different tissues, depending on their
proliferative capacities and activities. Prior studies have shown that
telomere lengths in different organs and tissue types of the same

individual are highly correlated with each other (41) reported that
leukocyte telomere length was strongly correlated with telomere
lengths in the skin cells, muscle cells, and fat cells (all P values
< 0.0001). A study by Valls-Bautista et al. (42) found that there was
a strong correlation between telomere repeat length factors of co-
lonic mucosa and that of their blood cells among control subjects.
Taken together, the leukocyte telomere length may reflect telomere
length in colonic cells despite their different proliferative rates.
Our data clearly show a stronger association for telomere
length with rectal cancer than colon cancer, an expected finding.

Table 4. Association between leukocyte telomere length and risk of colorectal cancer in the Singapore Chinese Health Study during
1993-2015, stratified by median duration from blood collection to diagnosis

Colorectal cancer

Colon cancer Rectal cancer

Relative telomere length  Person-years  Cancer cases HR (95% CI)?
<7yr
Q1 (0.19-0.87) 3,919.09 101 Ref.
Q2 (0.87-1.00) 3,088.37 103 1.36(1.03-1.79)
Q3 (1.00-1.15) 2,863.49 84 1.13(0.84-1.51)
Q4 (1.15-3.24) 2,562.66 98 1.49 (1.12-2.00)
Prend 0.03
=7 yr
Q1 (0.19-0.87) 71,205.01 101 Ref.
Q2 (0.87-1.00) 75,051.08 106 1.12 (0.85-1.47)
Q3 (1.00-1.15) 76,431.20 90 1.02 (0.77-1.36)
Q4 (1.15-3.24) 79,067.90 93 1.14 (0.85-1.52)

P trend

BMI, body mass index; Cl, confidence interval; HR, hazard ratio.
@Adjusted for age, sex, BMI levels (<18.5, 18.5 to <23.0, 23.0 to <27.0, and =27.0 kg/mZ), education levels (no formal education, primary, secondary, and above),

smoking index (never smokers, light smokers, and heavy smokers), numbers of alcohol drinks per week (nondrinkers, <7 drinks/wk, and =7 drinks/wk), weekly physical
activity, family history of colorectal cancer, and diabetic status.

American College of Gastroenterology

0.58

Cancer cases HR (95% CI)? Cancer cases HR (95% CI)?

68 Ref. 33 Ref.

61 1.21 (0.85-1.72) 42 1.69 (1.07-2.68)

51 1.02 (0.71-1.49) ES 1.37 (0.84-2.23)

61 1.39 (0.96-1.99) 37 1.86 (1.14-3.03)
0.14 0.03

68 Ref. 33 Ref.

65 1.02 (0.72-1.43) 41 1.34 (0.84-2.12)

69 1.16 (0.82-1.63) 21 0.74 (0.42-1.29)

52 0.93 (0.64-1.36) 41 1.56 (0.97-2.52)

0.95

0.30
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Our early analysis demonstrated that smoking and alcohol intake
were associated with rectal cancer risk only (30), whereas BMI
with colon cancer only (43) in this cohort. Although there is
nonexistence of biological explanation for such a differential as-
sociation with telomere length, it seems that the effect of telomere
length on rectal cancer is stronger, so we can observe a significant
association with a smaller sample size. The current evidence
cannot rule out that telomere length has no effect on colon cancer.
More studies are, therefore, needed to confirm whether telomere
length has any impact on colon cancer risk.

The current study has several strengths. The measurement
of telomere length in the entire cohort of more than 26,000
participants in a prospective study provided strong statisti-
cal power, resulting in robust risk estimates. A comprehensive
baseline questionnaire collected lifestyle factors such as smok-
ing, alcohol use, dietary factors, physical activity, and BMI and
history of diseases that may have an impact on leukocyte telo-
mere length. The simultaneous adjustment for these potential
confounders minimized their confounding effects on the asso-
ciation between telomere length and colorectal cancer risk. The
long-term follow-up of the cohort diminished the potential
impact of disease (i.e., colorectal cancer) progression and
treatment on telomere length, thus reduced the likelihood of
possible reverse causality for telomere length and colorectal
cancer risk.

Our study also has some limitations. First, telomere length was
measured in leukocytes rather than in target tissue. Second,
telomere length was measured one time point, which may not be
representative for true telomere length over a long period. Fur-
thermore, the one time-point measurement precluded our ability
to examine the telomere length attrition rate and the risk of co-
lorectal cancer development over time. It may be concerned that
multiplex qPCR used in our study measured the relative telomere
length only. This qPCR measurement accounted for 84.4% of
variation in telomere length measured by the Southern blot
method (28,44,45). Using the flow cytometric method (46), we
also quantified telomere length in peripheral lymphocytes col-
lected from approximately 1,000 participants of the Singapore
Chinese Health Study, approximately 13.7 years after initial blood
collection used in our JPCR measurement. The overall Spearman
correlation coefficient between the qPCR- and the flow
cytometry—-measured telomere lengths was 0.32 (P < 0.0001)
after adjustment for age at first blood draw, suggesting that the
baseline qPCR-measured telomere length was informative for
long-term classification of individuals into long and short telo-
mere categories (unpublished data).

In conclusion, we found that longer telomeres in white blood
cells were significantly associated with a higher risk of colorectal
cancer and particularly rectal cancer. The increasing trend of
developing colorectal cancer associated with longer leukocyte
telomeres is more apparent among men, never smokers, and
individuals without diabetes. Our findings support a potential
role of longer telomeres in the pathogenesis of colorectal cancer
and thus might have a clinical relevance to be used as a part of
aging and other biomarkers for an eventual risk prediction model.
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Study Highlights
WHAT IS KNOWN

\/ Telomeres and telomerase play important roles in maintaining
chromosome integrity and genomic stability.

There are inconsistent results with the association between
leukocyte telomere length and colorectal cancer risk.

WHAT IS NEW HERE

\/ Longer leukocyte telomere length is associated with
increased risk of colorectal cancer, particularly rectal cancer.

TRANSLATIONAL IMPACT

\/ Longer telomere length might have a clinical relevance to be
used as a part of aging and other biomarkers for an eventual
risk prediction model.
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