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Introduction: Telomeres are the repetitive nucleotide sequences capping the end of chromosomes
and are regulated by telomerase. Both telomere length and telomerase initiate carcinogenesis and
prognosis in patients diagnosed with cancer, including colorectal cancer (CRC). Genome-wide
association studies (GWAS) have identified several loci related to telomere length or telomerase
activity, but the association between those single nucleotide polymorphisms (SNPs) and survival
after CRC diagnosis remains uncertain. Smoking and sex influence telomere/telomerase, so we

also investigate the gene-smoking and gene-sex interaction with CRC survival.

Methods: We conducted large gene-wide study with 4896 invasive CRC cases from Genetics and

Epidemiology of Colorectal Cancer Consortium (GECCO). Common variants within 13 genes



involved in telomere maintenance (TERT, TERC, TERF1, TERF2, TINF2, TERF2IP,

ACD, POT1, TNKS, TNKS2, TNKS1BP1, TEP1 and PINX1) were included. Multivariate Cox
proportional hazard models were fit to analyze the association between these variants and overall
and CRC-specific survival, with additional stratification analyses according to smoking status,
smoking pack-years and sex. Likelihood ratio tests were used to test the significance of

interaction terms. P-values were adjusted for multiple comparison by Bonferroni method.

Results: Several SNPs within TERT, TERF1, TNKS, TNKS1BP1, TEP1 and TERF2 were
associated with overall and/or CRC-specific survival at the p-value threshold of 0.05. After
Bonferroni adjustment, the association between rs7200950 (ACD) and CRC-specific survival
was significantly modified by categorical smoking pack-years (adjusted P=0.049 for interaction).
The minor allele at rs74429678 (POT1) increased CRC-specific mortality in women (HR: 1.33,
95%Cl: 1.07-1.65) but not in men (HR: 0.75, 95%CI: 0.52-0.97); the minor allele at rs2975843
(TERF1) increased overall mortality in women (HR: 1.08, 95%CI: 0.99-1.18) but not in men
(HR: 0.84, 95%CI: 0.75-0.92). Gene-wide significant interaction was also detected between sex

and rs75676021 (POTL1, adjusted P=0.023 for interaction).

Conclusion: Our study reported the gene-wide statistically significant interaction between genes
involved in telomere maintenance and smoking pack-years (ACD) and sex (POT1, TERF1),
respectively. Our study also suggested an association between candidate genes and overall/CRC-
specific survival. Validation of these findings by other large studies and further functional

annotation on those SNPs may be warranted.



Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in men and women
in the United States (1). Improved treatment, and early detection have both contributed to overall
increased survival. Despite this, CRC remains a major cause of morbidity and mortality
throughout the world (2). Therefore, understanding more about prognostic factors may provide

potential approaches to CRC control.

Telomeres are relevant to human diseases (3). They cap the ends of eukaryotic chromosomes and
are comprised of repetitive nucleotide sequences (4). Telomeres act by protecting the ends of
chromosomes from deterioration or from end-to-end fusion with neighboring chromosomes (5),
thus preventing aberrant chromosomal replication and help maintain chromosomal stability and
genomic integrity. This telomere replication is regulated by telomerase complex, which is made
up of telomerase reverse transcriptase (encoded by TERT) and RNA component (encoded by
TERC) , shelterin complex (encoded by TERF1, TERF2, TINF2, TERF2IP, ACD, and POT1)
(6,7) and other associated proteins (encoded by TNKS, TNKS2, TNKS1BP1,TEP1 and PINX1)
(8). Telomeres change over time, shortening with each cell division, partly due to incomplete
replication of the 3’-end of the chromosomes (4). Age, sex and environmental factors like
cigarette smoking may also impact telomere function (9,10). Dysfunction in telomere replication
mechanisms result in accelerated genetic changes and cellular senescence. Hence, telomeres are

considered to be a hallmark of aging.

Telomeres and telomerase together play an important role in CRC carcinogenesis through the

well-characterized chromosomal instability (CIN) pathway (11,12). Functional variants in



telomere maintenance genes may affect telomerase expression and further influence cancer risk
and progression through their effect on telomerase activity and telomere length. Genome-wide
association studies (GWAS) have identified that the 5p15.33 genomic region containing TERT
and cleft lip and palate transmembrane 1-like (CLPTM1L) genes are associated with multiple
cancers, including lung, breast, bladder, prostate, cervical and CRC (13-15).Variants within the
TERC and POT1 region have been associated with CRC risk (16,17). The relationship of these

germline genetic variants with CRC survival is not yet well characterized.

Telomerase upregulation allows for cells to proliferate without limits. To support their immortal
growth, most human cancer cells express high-levels of telomerase (18), and it may also serve as
an important determinant of cancer prognosis. Indeed, genetic variation in telomere maintenance
genes have been associated with overall and cancer-specific survival in cancers of the lung,
glioma, liver, ovaries and breast (19-23). Furthermore, telomere/telomerase-based treatment
brought benefits on increasing longevity and cancer therapy in mice models and human tumor
cells and clinical trials are in process (24,25). Thus, drugs targeting on telomere/telomerases may

serve as a viable option in cancer treatment.

No published studies have investigated whether telomere maintenance genes are specifically
associated with survival after CRC diagnosis. To evaluate this association, we utilized data from
the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO) (26) to elucidate the
relationship between single nucleotide polymorphism (SNP) variation in 13 telomere
maintenance genes (TERT, TERC, TERF1, TERF2, TINF2, TERF2IP, ACD, POT1, TNKS,

TNKS2, TNKS1BP1, TEP1 and PINX1) and overall as well as CRC-specific survival after CRC



diagnosis. We also considered whether such associations are modified by smoking and sex, the

demonstrated factors in telomere erosion.

Methods

Study Participants:

Study participants were drawn from 11 case-control and nested case-control studies, including
study subjects from Colon Cancer Family Registry (Colon CFR) from US, Canada and Australia.
In this study, we used data from six cohort studies in US cohorts: Health Professionals Follow-up
Study (HPFS), Physicians’ Health Study (PHS), VITamins And Lifestyle study (VITAL);
Women'’s Health Initiative (WHI); Nurses’ Health Study (NHS) and Prostate, Lung, Colorectal
and Ovarian Cancer Screening Trial (PLCO); and two case-control studies from US, Canada and
Europe: Diet, Activity and Lifestyle Study (DALS) and Postmenopausal Hormone study-Colon

Cancer Family Registry (PMH-CCFR). Studies were describe in details previously (26).

Study subjects were restricted to participants self-reported as European descent with incident
invasive CRC and whose genotype and survival information were available. CRC diagnosis was
confirmed by medical record and pathology report. The outcome was all-cause death and CRC-
specific death. Active follow-up was used to ascertain vital status in HPFS, PHS, NHS, PLCO,
WHI, and dates and causes of deaths were confirmed by death certificate and/or medical record.
For VITAL, DALS and PMH-CCFR, vital status was confirmed through National Death Index,
cancer registries, state death records, or population registries with cause of death verified by
death certificate. All participants gave informed consent and studies were approved by their
Institutional Review Board (IRB) respectively. Characteristics of included studies are described

in Table 1.



Data collection:

All demographic and clinical characteristics data were collected through self-report using
questionnaires and/or in-person interview, and details haven been described previously (26).
Data elements considered into analysis were age at diagnosis, sex, study center, cancer site,
stage, smoking status, cigarettes smoking, pack-years and age stopped smoking. Survival related
data included all-cause death, CRC-specific death, time from diagnosis to death or last follow-
up. Principal components analysis (PCA) was used for population stratification. Details of
genotyping, quality assurance and quality control (QA/QC) and imputation are described in
supplementary material. Genomic DNA was extracted from blood sample or buccal cells by
conventional methods. Genotyping platform of each studies was summarized in Table 1. Before
imputation, genotyped SNPs were excluded based on call rate (< 98%), lack of Hardy-Weinberg
Equilibrium in controls (HWE, P < 1x10*), and minor allele frequency (MAF < 5% for WHI Set
1, DALS Set 1; MAF < 5/ # of samples for each other study). All autosomal SNPs were
imputed. Imputation was performed in HapMap Il release 24 with MaCH, with reference
population choosen from Utah residents with Northern and Western European Ancestry form the
Center d’etude du polymorphisme humain (CEPH) collection (CEU). Based on a literature
search, we included genes encoding proteins that participate in telomere length regulation.
Genetic variation in some of the included genes have previously been associated with risk of
CRC (13-17) and other cancer types as well as with cancer survival (19-23). Details on selected
genes can be found in Supplementary Table S1. A total of 6578 SNPs was included, but only
common (MAF>5%) SNPs reached the sufficient power (details can be found in supplementary
material). Finally, 1871 common SNPs were included in the analysis.

Statistical analysis:



Data were pooled from studies for statistical analysis. Within each gene, Pearson’s correlation
test was performed to check the correlation between every pairs of SNPs and principal
components analysis (PCA) was performed to obtain the effect number (Mefs ¢) of independent
tests (27). Mett_c was used for type | error control in Bonferroni correction in single-SNP model
in survival analysis. Multivariate Cox proportional hazard regression was used to estimate hazard
ration (HR) and 95% confidence intervals (95% CI) for the associations between single SNPs
and survival. Separate model was constructed for overall and CRC-specific death. Schoenfeld
residuals was examined to check the proportional hazards assumption. Log-additive models were
used to assign values based on the copies of count allele (0=0 copies of count allele, 1=1 copies
of count allele, 2=2 copies of count allele) for directly genotyped data. For imputed data, the
dosage that represented the estimated number of copies of the count allele was provided. Dosage
scaled from 0 to 2. All models were adjusted for age at diagnosis, sex (except for sex-interaction
analysis), study center and the first three principal components of genetic ancestry. Adjusted p-
values were calculated using Mess ¢ of each gene as the number of independent tests and
Bonferroni method. All estimates were from single-SNP models and the adjusted p-value <0.05
was considered as significance. Cigarette smoking history (yes/no), smoking status at the time of
completing the questionnaire (former smoker/ current smoker/ never), categorical smoking pack-
years (<12, 12-24, 25-44, >45) were environmental factors of interest in the GXE interaction. Sex
was also included in the GXE test. Likelihood ratio tests were applied to evaluate whether the
differences were significant. For the associations and/or interaction terms that reached the p-
value <0.05, we chose the SNPs with the smallest p-value as the representative SNPs in the

region of gene with high linkage disequilibrium (LD). LD was measured by Pearson correlation.



Results

This study included a total of 4896 invasive CRC cases. Among these cases there were 1098 all-
cause deaths and 1681 CRC-specific deaths. The demographic and clinical characteristics of
participants are summarized in Table 2. The majority of participants were women (62.4%) and
aged 65 years and older (72.5%). A history of cigarette smoking was common among

participants (56.3%), but only 18% were current smokers.

The association between the selected SNPs and overall and CRC-specific survival is presented in
Table 3. At uncorrected P< 0.05, we identified several SNPs located at TERT, TERF1, TNKS,
TNKS1BP1, TEP1 and TERF2. Favorable overall and CRC-specific survival was associated with
the minor allele at rs2075785 (TERT) and rs2981096 (TERF1). Increased overall mortality was
associated with the minor allele at rs10102030 (TNKS), rs4939134 (TNKS1BP1) and rs1760894
(TEPL). The increased CRC-specific mortality was associated with rs251796 (TERF2) and
rs10088969 (TNKS). None of the associations above remained significant after gene-level

multiple comparison using Bonferroni adjustment.

Genetic associations with survival were evaluated in interactions with smoking (Table 4). The
minor allele (G-allele) at rs35656875 (TNKS) was associated with favorable overall survival
(HR: 0.70, 95%CI: 0.49-0.99) and CRC-specific survival (HR: 0.63, 95%CI: 0.41-0.98) among
non-smokers, and was not associated with CRC-specific survival among smokers (HR: 1.04,
95%CI: 0.95-1.13). Neither interaction remained significant after multiple test adjustment. In the
stratification analysis of grouped smoking pack-years, with P-value < 0.05, rs251797 (TERF2)

and rs67456872 (TNKS) showed a statistically significant interaction with categorical smoking



pack-years in the association with both overall and CRC-specific survival (Table 5). Also, the
association between rs7200950 (ACD) and CRC-specific survival was significantly modified by
the categorical smoking pack-years after multiple comparison adjustment (adjusted P=0.049 for
interaction). Furthermore, we detected that the minor allele (G-allele) at rs1865493 (TERF2IP)
(adjusted P = 0.045 for interaction) was associated with favorable overall survival among
smokers reporting >45 pack-years (HR: 0.56, 95%CI: 0.36-0.77), and this association was not be
observed among non-smokers (HR: 0.98, 95%CI: 0.81-1.19) ; the minor allele (C-allele) at
rs73202875 (TNKS) (adjusted P = 0.024 for interaction) was associated with increased CRC-
specific mortality among non-smokers (HR: 1.37, 95%CI: 1.07-1.75) , while favorable CRC-
specific survival among smokers reporting more than or equal to 45 pack-years (HR: 0.46,
95%Cl: 0.19-0.74) (Table 6). There was not statistically significant interaction between genetic

variants and current smoking status (never/current/former) (Supplementary Table S2).

We evaluated the selected genetic loci and association with survival according to sex (Table 7).
Two SNPs within POT1 (rs75676021, rs74429678) showed a gene-wide significant interaction
with sex on the association with overall survival (adjusted P=0.023 for interaction) and CRC-
specific survival (adjusted P=0.019 for interaction), respectively. The association between the
minor allele (A-allele) at rs74429678 (POT1) and CRC-specific survival was poor in women
(HR: 1.33, 95%CI: 1.07-1.65) but favorable in men (HR: 0.75, 95%CI: 0.52-0.97). Such
difference between men and women was also observed in the correlation between minor allele
(A-allele) at rs75676021 (POT1) and overall survival. Another SNP within TERF1 (rs2975843)
showed a gene-wide significant interaction with sex on the association with overall survival

(adjusted P=0.002 for interaction) and CRC-specific survival (adjusted P=0.004 for interaction),



respectively. Women with the minor allele (A-allele) at rs2975843 (TERF1) had poor overall
survival (HR: 1.08, 95%CI: 0.99-1.18), while inverse association was found in men (HR: 0.84,
95%CI: 0.75-0.92). Such difference on sex was observed in CRC-specific survival. The
association between those SNPs and overall and CRC-specific survival is favorable in males but

negative in females.

Discussion

In our large gene-wide study including 4896 colorectal cancer patients, we found several SNPs
within TERT, TERF1, TERF2, TEP1, TNKS and TNKS1BP1 that were associated with overall
and/or CRC-specific survival after CRC diagnosis at the level of P<0.05. Such associations were
not modified by smoking status (ever/never, current/former/never) at gene-wide significance
level. Variants located at ACD, TERF2IP, TNKS, POT1 and TERF1 remained statistically

differentially associated with survival according to smoking pack-years and sex.

Although no study reports appeared to have examined the telomere maintenance genes and CRC
survival, some previous studies reported that some variants are associated with CRC
susceptibility and survival in other cancer types. SNPs within TERT (rs2736100, rs2736098)
(14,17,28), and TERC ( rs10936599) (16) increased CRC susceptibility, but we did not detect a
statistically significant association between these SNPs and survival. More variants within TERT,
TERF2, PINX1 and TNKS increased the overall mortality in patients with several cancers,
include glioblastoma, bladder, lung, breast and ovaries (23,29-32). However, those results did
not reach significance after multiple comparison correction and we also did not find these SNPs

to be significant in our study. Other studies were moderately sized, which also limited their



power to investigate any interaction with smoking and sex as we did. Our results are consistent
with a genome-wide study on the association between common variants and CRC prognosis. No
SNPs included in our study were identified as genome-wide significantly associated with

survival using discovery-based approach (33).

The dual roles of telomeres and telomerase are important in carcinogenesis and progression (34).
Telomere length may initiate carcinogenesis through chromosomal instability, while it prohibits
cell proliferation by inducing cell deaths; telomerase controls genetic instability and may also
facilitate tumor cell growth. Telomere length in colorectal cancer cells was observed to be
shorter than in normal mucosa (35), and telomere length in peripheral blood leukocyte appears to
be an independent prognostic factor (35-38). Several in vitro and in vivo studies demonstrate
association between high levels of telomerase/TERT and poor survival (39-41). Telomerase also
participates in gene expression regulation, NF-«B signaling, cell growth and migration, which
indicate it acts as a tumor-promoting factor, apparently independent of the elongation of
telomere length (42-44). TERT gene transcription is the key determinant of the telomerase
activity regulation, and a positive correlation was built on TERT mRNA and telomerase activity
(45). Taken together, it is biologically plausible to expect the association between telomerase
coding genes and colorectal cancer prognosis, but the evidence from the population study

supporting this hypothesis was not strong.

There is considerable evidence that smoking plays an important role in telomere function,
Cigarette smoking appeared to accelerate telomere length shortening by oxidative stress (46) and

methylation (47,48). Long telomere length is inversely associated with smoking (49) and packs



per day among current smokers (50), Sung et al. found loci of TNKS and PINX1 were associated
with blood pressure using gene-smoking interaction model, but the interaction term failed to
attain genome-wide significance (51). rs7200950 (ACD) and rs1865493 (TNKS) found by our
study were intron variants, and rs73202875 (TERF2IP) is a promoter in 5’untranslated region
(5'-UTR). ACD and TERF2IP are the shelterin complex subunit (6,52) and TNKS encodes poly
(ADP-ribose) polymerases. Those genes are indispensable for telomere length regulation,
TERF2IP regulates gene expression independently of regulation telomere length (53).
Cumulative effects of short telomere length and smoking increased the risk of CRC, gastric
cancer (GC) or esophageal squamous cell carcinoma (ESCC) in a Chinese Han population
(54,55). Previous studies reported the negative correlation between telomerase activity/TERT
expression and smoking status (56), although one study found inverse results in lung cancer (57),
it provides an explanation for more favorable survival observed on smokers,. Furthermore,
telomerase activity in non-small cell lung cancer (NSCLC) tumor cells was significantly lower in
patients smoking less than 40 pack years comparing (58) to patients smoking more than 40 pack-
years, this is consistent with our results that smokers with more than 45 pack-years had
decreased risk of CRC-specific mortality in comparison to non-smokers in addition that high
telomerase activity worsened survival outcome. So far, several polymorphisms in genes
including DNA repair pathway, metabolic enzyme -smoking interaction on the association with
colorectal cancer risk (59-61), but none of these variants related to telomerase and telomere and

study investigating survival outcome or smoking pack-years is lacking.

Our study found a statistically significant association between rs75676021(A-allele, POT1),

rs74429678(A-allele, POT1) and rs2975843 (A-allele, TERF1) with significant interaction with
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sex increased overall and CRC-specific mortality in women but decreased both mortality in men.
The results can be explained by the regulation of sex hormones on telomerase activity. Estrogen
activates telomerase via up-regulating telomerase catalytic subunit or activating c-Myc/Max that
binding to TERT promoter to increase its activity (62). Telomere length has also been found
shorter in men compared to that in similarly aged women (63,64). Thus, our results are
biologically plausible. In our study population, the percentage of non-smokers among women
was higher than men (49% vs. 40%), and 20% of men were smokers with more than 45 pack-
years compared to 10% of women only. Taking together, our finding in smokers with high
dosage pack-years have smaller effect size than non-smokers; smoking, especially smoking

dosage, may influence the gene-sex interaction.

To the best of our knowledge, this is the first study investigating the association between genetic
variants involved in telomere maintenance and survival after colorectal cancer diagnosis. Our
study has several strengths. First, the large samples size with long follow-up and complete and
validated survival outcomes data facilitated the gene-wide main effect and GxE interaction
evaluation. Second, we described smoking status by including recency and dosage to increase
sensitivity. Third, our findings were supported by previous epidemiological studies on other
cancer types and plausible biologic mechanisms. We also acknowledge some limitations. One is
that we only included common variants in our analyses because low-frequency SNPs require
larger sample sizes to reach detect true associations, so, we may have missed the fraction of
survival outcome explained by low-frequency and rare variants. More powerful statistical
methods are required to analysis those low-frequent variants. Also, we applied a candidate genes

approach instead of genome-wide analysis because we were interested in genes related to
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telomere maintenance function. We tried our best to include all genes of interest in our study, but
it is possible that we missed additional genes contributing to telomere length regulation and our
study may have had limited genetic diversity. Further, all autosomal SNPs were imputed and we
used the expected number of copies of the minor allele. However, we restricted SNPs with high
imputation accuracy in quality control procedure and previous report showed the imputed SNPs

provided unbiased inference.

In conclusion, our candidate analysis in a large gene-wide study observed suggestive
associations between genetic variation related to telomere maintenance function and overall and
CRC-specific survival. We also detected the interaction between gene involved in telomere
maintenance and smoking pack-years (ACD, TERF2IP, TNKS) and sex (POT1, TERF1) on the
association with survival after colorectal cancer diagnosis. Current results need be verified by
larger studies; further functional annotation about those statistically significant GXE variants and

stratification analysis on both smoking status and sex may be of interest.
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Tables

Table 1. Characteristics of included studies

Median

Study Célzils)e MaI(eN/F/?\lr;lale Age (years)? al\llll-gitsgsé Nbdsgtgs, follo(v(\j/;;/r;)time Platform*
DALS 1 710 403/307 65.1 (32-79) 244 (34.4%) 135 (55.3%) 1917.56 610K, 550K
DALS 2 415 220/195 65.1 (31-79) 115(27.7%) 81 (70.4%) 1674.1 300K

HPFS 168 168/0 71.5(50-90) 82 (48.8%) 47 (57.3%) 2007.5 730K

NHS 296 0/296 68.1 (46-85) 118 (39.9%) 89 (75.4%) 2296.45 730K

PHS 324 324/0 70.6 (44-92) 200 (61.7%) 131 (65.5%) 2062.25 730K
PLCO 1 531 301/230 68.9 (55-82) 180 (33.9%) 108 (60.0%) 2430 300/240S, 610K
PLCO 2 478 275/203 70.4 (55-86) 103 (21.6%) 75 (72.8%) 1237.5 300K

PMH 279 0/279 64.4 (47-74) 99 (35.5%) 54 (54.6%) 3374 300K
VITAL 285 150/135 69.9 (51-83) 117 (41.1%) 70 (59.8%) 1847 300K
WHI 1 304 0/304 71.0 (52-86) 103 (33.9%) 77 (74.8%) 1868 550K, 550K duo, and 610K
WHI 2 618 0/618 71.9 (50-91) 177 (28.6%) 132 (74.6%) 1163.5 300K

WHIWGS 488 0/488 71.4 (52-89) 143 (29.3%) 99 (69.2%) 13375 Whole genome sequencing

Abbreviation: N: number; CRC: colorectal cancer
4 mean (range)
b humber (percentage of cases)
¢ number (percentages of all-cause deaths)
* All genotyping platform, except for WHI WGS, were illumina assays
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Table 2. Patients characteristics and clinical features

Characteristics Cases Deaths, number (percentage of cases, %)
N %  all-cause, N (%) colorectal cancer, N (%)
Age, years
<65 1345 27.5% 414 (30.8) 321(23.9)
65-69 1059 21.6% 335 (31.6) 218 (20.6)
70-74 1251 25.6% 461 (36.9) 274 (21.9)
>75 1241 25.3% 471 (38.0) 285 (23.0)
Sex
male 1841 37.6% 727 (39.5) 438 (23.8)
female 3055 62.4% 954 (31.2) 660 (21.6)
Cancer site
distal 1596 32.6% 493 (30.9) 307 (19.2)
proximal 2428  49.6% 851(35.0) 556 (22.9)
rectal 726 14.8% 255 (35.1) 181(24.9)
other 146 3.0% 82 (56.2) 54 (37.0)
Cancer stage
in situ 41 0.9% 5(12.2) 1(2.4)
local 1563 34.5% 278 (17.8) 74 (4.7)
regional 2366 52.2% 745 (31.5) 461 (19.5)
distant 563 12.4% 489 (86.0) 460 (81.7)
missing 363 164 102
Smoking status
never smoker 2127  43.7% 644 (30.3) 453 (21.3)
former smoker 2245  46.1% 823 (36.7) 522 (23.3)
current smoker 494  10.1% 204 (41.3) 116 (23.5)
missing 30 10 7
Smoked cigarettes
yes 2739 56.3% 1027 (37.5) 638 (23.3)
no 2127 43.7% 644 (30.3) 453 (21.3)
missing 30 10 7
Smoking pack-years
<12 612 24.4% 184 (30.1) 128 (20.9)
12-24 645 25.7% 197 (30.5) 128 (19.8)
2544 613  24.5% 232 (37.8) 145 (23.7)
>45 635  25.4% 287 (45.2) 156 (24.6)
missing 234 127 81
Age stopped smoking
<35 517 23.5% 154 (29.8) 111 (21.5)
35-44 516  23.5% 165 (32.0) 115 (22.3)
45-55 596  27.1% 231 (38.8) 147 (24.7)
>55 569  25.9% 262 (46.0) 134 (23.6)
missing 570 215 321
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Table 3. Hazard ratio of the association between SNPs involved in telomere maintenance and survival

minor/ major

Outcome SNP Gene HR? (95% CI) P-value  adj. P-value® allele MAF
Overall survival rs2075785 TERT 0.86 (0.76-0.98) 0.018 0.736 TIC 0.123
rs2981096 TERF1 0.84 (0.70-0.99) 0.046 0.274 G/A 0.053

rs10102030 TNKS 1.09 (1.01-1.18) 0.036 >0.99 T/IA 0.230

rs4939134 TNKS1BP1 1.08 (1.02-1.17) 0.017 >0.99 G/C 0.471

rs1760894 TEP1 1.15 (1.04- 1.26) 0.004 0.224 CIT 0.222

CRC-specific survival  rs2075785 TERT 0.85 (0.73-0.99) 0.043 >0.99 T/C 0.123
rs2981096 TERF1 0.79 (0.63-0.99) 0.040 0.2418 G/A 0.053

rs10088969 TNKS 1.13 (1.02-1.25) 0.018 >0.99 C/IA 0.226

rs2229101 TEP1 0.78 (0.64-0.95) 0.013 0.6783 C/IA 0.064

rs251796 TERF2 1.13 (1.02-1.25) 0.015 0.2156 G/A 0.301

Abbreviation: CRC: colorectal cancer; HR: hazard ratio; Cls: confidence intervals; MAF: minor allele frequency

& adjustment for age at diagnosis, sex, study center and the first three principal components (pc)

b p-value is adjusted using Bonferroni method

Table 4. Hazard ratio of the association between SNPs involved in telomere maintenance and survival--- stratified by cigarette

smoking
HR 2(95% ClI . minor/major

Outcome SNP Gene Never smoKer ( )Smoker P irtest adj. P-value ° allele
Overall survival rs56963355 TERT 1.27 (0.98-1.64) 0.89(0.69-1.10)  0.045 >0.99 T/C
rs2975842 TERF1 0.86 (0.77-0.96)  1.04 (0.95-1.13)  0.01 0.059 TIG

rs35656875 TNKS 0.69 (0.49-0.98) 1.21(0.87-1.54)  0.015 >0.99 AlG

rs2409652 PINX1 0.90 (0.79-1.03)  1.08 (0.97-1.18)  0.03 0.867 CIT

CRC-specific rs35656875 TNKS 0.63 (0.41-0.98)  1.40(0.93-1.86)  0.005 >0.99 GIC
survival rs56106543  TERF2  0.74(0.51-1.09)  1.40 (1.04-1.76)  0.007 >0.99 CIT
rs13259648 PINX1 1.27 (1.07-1.50)  0.96 (0.81-1.10)  0.014 0.174 GIA

Abbreviation: CRC: colorectal cancer; HR: hazard ratio; Cls: confidence intervals; P itest: P-value of likelihood ratio test
& adjustment for age at diagnosis, sex, study center and the first three principal components (pc)

b p-value is adjusted using Bonferroni method
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Table 5. Hazard ratio of the association between SNPs involved in telomere maintenance and survival—stratified by

categorical pack-years

HR? (95% CI), smoking pack-years

0

<12

12-24

25-44

245

P.Irtest

Outcome SNP Gene
Overall rs556947195 TERT
survival rs2975842 TERF1

rs251797 TERF2
rs67456872 TNKS
rs76990680 TNKS
CRC-specific  rs2242652 TERT
survival rs2853690 TERT
rs153045 TERF2
rs10091836 PINX1
rs67456872 TNKS
rs7200950 ACD

1.00 (0.75-1.34)
0.86 (0.77-0.96)
0.99 (0.88-1.12)
0.68 (0.48-0.97)
1.15 (1.02-1.30)
0.89 (0.73-1.07)
1.12 (0.93-1.33)
1.10 (0.95-1.28)
0.88 (0.77-1.00)
0.63 (0.40-0.97)
1.11 (0.83-1.48)

1.48 (0.87-2.08)
1.13 (0.89-1.36)
1.08 (0.84-1.33)
2.42 (1.00-3.84)
0.82 (0.63-1.02)
0.76 (0.48-1.03)
1.17 (0.81-1.53)
1.16 (0.83-1.48)
0.78 (0.59-0.98)
2.67 (0.91-4.43)
1.65 (0.91-2.39)

0.82 (0.39-1.25)
1.05 (0.83-1.27)
1.06 (0.82-1.30)
0.58 (0.17-0.99)
1.24 (0.99-1.49)
1.40 (0.93-1.87)
0.65 (0.41-0.89)
1.18 (0.85-1.51)
1.19 (0.90-1.48)
0.81 (0.16-1.46)
0.69 (0.24-1.14)

0.76 (0.33-1.19)
1.16 (0.94-1.38)
1.25 (1.01-1.49)
1.59 (1.18-2.00)
0.97 (0.72-1.22)
0.82 (0.35-1.29)
1.30 (1.06-1.54)
0.74 (0.41-1.07)
1.00 (0.71-1.29)
2.16 (1.51-2.81)
1.45 (1.00-1.90)

1.90 (1.47-2.33)
0.98 (0.76-1.20)
0.78 (0.54-1.02)
0.96 (0.55-1.37)
0.95 (0.70-1.20)
1.29 (0.82-1.76)
1.05 (0.81-1.29)
1.41 (1.08-1.74)
1.26 (0.97-1.55)
0.95 (0.30-1.60)

0.013
0.033
0.019
0.002
0.096
0.025
0.042
0.024
0.011
0.002

0.52 (0.07-0.97) 0.016*

Abbreviation: CRC: colorectal cancer; HR: hazard ratio; Cl: confidence intervals; P.west: P-value of likelihood ratio test

& adjustment for age at diagnosis, sex, study center and the first three principal components (pc)

* adjusted p-value is 0.0495; other adjusted p-values are not significant (>0.05)

Table 6. Hazard ratio of the association between SNPs involved in telomere maintenance and survival — stratified by smoking

pack-years (>45 vs. 0)

HR? (95% CI), smoking pack-years

Outcome SNP Gene 0 45 Piest  adj. P-value®
Overall survival rs556947195 TERT 1.01 (0.76-1.34) 1.94 (1.20-2.68) 0.0084 0.336
rs251797 TERF2 0.99 (0.88-1.12) 0.77 (0.62-0.92) 0.0323 0.452
rs1865493 TERF2IP 0.98 (0.81-1.19) 0.57 (0.36-0.77) 0.0056 0.045*
rs2409655 PINX1 0.92 (0.81-1.04) 1.17 (0.96-1.38) 0.0279 0.809
rs17677264 TNKS 1.19 (0.95-1.51) 0.64 (0.38-0.91) 0.0078 0.624
rs79784010 TNKS2 1.02 (0.80-1.29) 0.61 (0.34-0.89) 0.0434 0.434
CRC-specific survival  rs73202875 TNKS 1.37 (1.07-1.75) 0.46 (0.19-0.74) 3.00x10* 0.024*

Abbreviation: CRC: colorectal cancer; HR: hazard ratio; CI: confidence intervals; P irest: P-value of likelihood ratio test
& adjustment for age at diagnosis, sex, study center and the first three principal components (pc)
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b p-value is adjusted using Bonferroni method

Table 7. Hazard ratio of the association between SNPs involved in telomere maintenance and survival--- stratified by sex

HR 2(95% Cls)

Outcome SNP Gene P.irest  adj. P-value®
Female Male
Overall survival rs75676021 POT1 1.21 (1.01-1.45) 0.77 (0.60-0.95) 0.002 0.023*
rs2853685 TERT 1.14 (1.03-1.26) 0.89 (0.79-1.00) 0.002 0.096
rs2975843 TERF1 1.08 (0.99-1.18) 0.84 (0.75-0.92)  3.00x10* 0.002*
1s73615082  TERF2IP 076 (0.62-0.93)  1.08(0.85-1.30)  0.019 0.154
rs4840518 PINX1 1.21 (1.02-1.43) 0.90 (0.72-1.08) 0.026 0.748
rs77103162 TNKS1BP1 0.93 (0.80-1.08) 1.17 (0.99-1.34) 0.0337 0.506
rs35259162 TEP1 0.83 (0.73-0.94) 1.02 (0.88-1.16) 0.0293 >0.99
rs3950296 TERC 0.91 (0.82-1.02) 1.09 (0.96-1.22) 0.0278 0.139
CRC-specific survival rs74429678 POT1 1.33 (1.07-1.65) 0.75 (0.52-0.97) 0.0019 0.019*
rs2736115 TERT 1.21 (1.07-1.37) 0.90 (0.76-1.04) 0.0027 0.108
rs2975843 TERF1 1.12 (1.00-1.25) 0.83(0.71-0.94)  6.00x10* 0.004*
rs73615082 TERF2IP 0.77 (0.60-0.98) 1.12 (0.83-1.42) 0.0391 0.313
rs10503412 PINX1 1.21 (1.00-1.46) 0.78 (0.58-0.97) 0.0051 0.148
rs4416825 TNKS 097 (0.83-1.14)  1.24(1.01-1.47)  0.0482 >0.99
rs1760895 TEP1 1.19 (1.02-1.40) 0.86 (0.67-1.06) 0.0195 0.995
rs9876206 TERC 0.89 (0.78-1.01) 1.12 (0.95-1.28) 0.0252 0.126

Abbreviation: CRC: colorectal cancer; HR: hazard ratio; Cl: confidence intervals; P itest: P-value of likelihood ratio test
& adjustment for age at diagnosis, study center and the first three principal components (pc)
b p-value is adjusted using Bonferroni method
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Appendix: Supplementary Material

1. Supplementary methods

1.1 Details on included study

Diet, Activity, and Lifestyle Study (DALS) (1-3)

DALS (Diet, Activity, and Lifestyle Study) was a population-based, case-control study of colon
cancer. Participants were recruited between 1991 and 1994 from 3 locations: the Kaiser
Permanente Medical Care Program of Northern California, an 8-county area in Utah, and the
metropolitan Twin Cities area of Minnesota. Eligibility criteria for cases included age at
diagnosis between 30 and 79 years; diagnosis with first primary colon cancer (International
Classification of Diseases for Oncology second edition codes 18.0 and 18.2-18.9) between
October 1, 1991, and September 30, 1994; English speaking; and competency to complete the
interview. Individuals with cancer of the rectosigmoid junction or rectum were excluded, as were
those with a pathology report noting familial adenomatous polyposis, Crohn's disease, or
ulcerative colitis. A rapid-reporting system was used to identify all incident cases of colon
cancer, resulting in the majority of cases being interviewed within 4 months of diagnosis.
Controls from the Kaiser Permanente Medical Care Program were selected randomly from
membership lists. In Utah, controls younger than 65 years of age were selected randomly through
random-digit dialing and driver's license lists. Controls, 65 years of age and older, were selected
randomly from Health Care Financing Administration lists. In Minnesota, controls were
identified from Minnesota driver's licenses or state identification lists. Controls were matched to
cases by 5-year age groups and sex. The set | scan consisted of a subset of the study designed

earlier, from Utah, Minnesota, and the Kaiser Permanente Medical Care Program, and was
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restricted to subjects who self-reported as white non-Hispanic. The set 2 scan consisted of
subjects from Utah and Minnesota who were not genotyped in set 1. Set 2 was restricted to
subjects who self-reported as white non-Hispanic and those who had appropriate consent to post

data to dbGaP.

Health Professionals Follow-up Study (HPFS)

The HPFS (Health Professionals Follow-up Study) is a parallel prospective study to the NHS
(Nurses' Health Study) (4). The HPFS cohort comprised 51,529 men who, in 1986, responded to
a mailed questionnaire. The participants were US male dentists, optometrists, osteopaths,
podiatrists, pharmacists, and veterinarians born between 1910 and 1946. Participants provided
information on health-related exposures, including current and past smoking history, age, weight,
height, diet, physical activity, aspirin use, and family history of colorectal cancer. Colorectal
cancer and other outcomes were reported by participants or next-of-kin and were followed up
through review of the medical and pathology record by physicians. Overall, more than 97% of
self-reported colorectal cancers were confirmed by medical record review. Information was
abstracted on histology and primary location. Incident cases were defined as those occurring
after the subject provided the blood sample. Prevalent cases were defined as those occurring after
enrollment in the study but before the subject provided the blood sample. Follow-up evaluation
has been excellent, with 94% of the men responding to date. Colorectal cancer cases were
ascertained through January 1, 2008. In 1993-1995, 18,825 men in the HPFS mailed blood
samples by overnight courier, which were aliquoted into buffy coat and stored in liquid nitrogen.
Between 2001 and 2004, 13,956 men in the HPFS who had not provided a blood sample
previously mailed in a swish-and-spit sample of buccal cells. Incident cases were defined as

those occurring after the subject provided a blood or buccal sample. Prevalent cases were defined
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as those occurring after enrollment in the study in 1986, but before the subject provided either a
blood or buccal sample; these prevalent cases were excluded from our analyses. After excluding
participants with histories of cancer (except non-melanoma skin cancer), ulcerative colitis, or
familial polyposis, 2 case-control sets were constructed from which DNA was isolated from
either buffy coat or buccal cells for genotyping, as follows: 1) a case-control set with cases of
colorectal cancer matched to randomly selected controls who provided a blood sample and were
free of colorectal cancer at the same time the colorectal cancer was diagnosed in the cases; and
2) a case-control set with cases of colorectal cancer matched to randomly selected controls who
provided a buccal sample and were free of colorectal cancer at the same time the colorectal
cancer was diagnosed in the case. For both case-control sets, matching criteria included year of
birth (within 1 year) and month/year of blood or buccal cell sampling (within 6 months). Cases

were pair-matched 1:1, 1:2, or 1:3 with control participant(s).

Nurses' Health Study (NHS)

The NHS cohort began in 1976 when 121,700 married female registered nurses age 30-55 years
returned the initial questionnaire that ascertained a variety of important health-related exposures
(5). Since 1976, follow-up questionnaires have been mailed every 2 years. Colorectal cancer and
other outcomes were reported by participants or next-of-kin and followed up through review of
the medical and pathology record by physicians. Overall, more than 97% of self-reported
colorectal cancers were confirmed by medical-record review. Information was abstracted on
histology and primary location. The rate of follow-up evaluation has been high: as a proportion

of the total possible follow-up time, follow-up evaluation has been more than 92%. Colorectal
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cancer cases were ascertained through June 1, 2008. In 1989-1990, 32,826 women in NHS |
mailed blood samples by overnight courier, which were aliquoted into buffy coat and stored in
liquid nitrogen. In 2001-2004, 29,684 women in NHS | who did not previously provide a blood
sample mailed a swish-and-spit sample of buccal cells. Incident cases were defined as those
occurring after the subject provided a blood or buccal sample. Prevalent cases were defined as
those occurring after enrollment in the study in 1976 but before the subject provided either a
blood or buccal sample; these prevalent cases were excluded from our analyses. After excluding
participants with histories of cancer (except non-melanoma skin cancer), ulcerative colitis, or
familial polyposis, 2 case-control sets were constructed from which DNA was isolated from
either buffy coat or buccal cells for genotyping: 1) a case-control set with cases of colorectal
cancer matched to randomly selected controls who provided a blood sample and were free of
colorectal cancer at the same time the colorectal cancer was diagnosed in the case; and 2) a case-
control set with cases of colorectal cancer matched to randomly selected controls who provided a
buccal sample and were free of colorectal cancer at the same time the colorectal cancer was
diagnosed in the cases. For both case-control sets, matching criteria included year of birth
(within 1 year) and month/year of blood or buccal cell sampling (within 6 months). Cases were

pair matched 1:1, 1:2, or 1:3 with control participant(s).

Physicians' Health Study (PHS)

The PHS (Physicians' Health Study) was established as a randomized, double-blind, placebo-
controlled trial of aspirin and B-carotene among 22,071 healthy US male physicians, between 40
and 84 years of age, in 1982 (6)(7). Participants completed 2 mailed questionnaires before being

assigned randomly, additional questionnaires at 6 and 12 months, and questionnaires annually
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thereafter. In addition, participants were sent postcards at 6 months to ascertain status. From
August 1982 to December 1984, there were 14,916 baseline blood samples collected from the
physicians during the run-in phase before randomization. When participants reported a diagnosis
of cancer, medical records and pathology reports were reviewed by study physicians who were
blinded to exposure data. Among those who provided baseline blood samples, colorectal cases
were ascertained through March 31, 2008, and controls were matched on age (within 1 year for
younger participants, up to 5 years for older participants) and smoking status (never, past,
current). Cases were pair-matched 1:1, 1:2, or 1:3 with control participant(s). Because of DNA
availability, samples were genotyped in 2 batches on the same platform at the same genotyping

center at different time points.

Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO)

The PLCO (Prostate, Lung, Colorectal Cancer, and Ovarian Cancer Screening Trial) enrolled
154,934 participants (men and women, aged between 55 and 74 y) at 10 centers into a large,
randomized, 2-arm trial to determine the effectiveness of screening to reduce cancer mortality.
Sequential blood samples were collected from participants assigned to the screening arm.
Participation was 93% at the baseline blood draw. In the observational (control) arm, buccal cells
were collected via mail using the swish-and-spit protocol; the participation rate was 65%. Details
of this study have been described previously (8-9) and are available online

(http://dcp.cancer.gov/plco).

The set 1 scan included a subset of 577 colon cancer cases self-reported as being non-Hispanic

white with available DNA samples, questionnaire data, and appropriate consent for ancillary
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epidemiologic studies. Cases were excluded if they had a history of inflammatory bowel disease,
polyps, polyposis syndrome, or cancer (excluding basal or squamous cell skin cancer). Controls
originated from the Cancer Genetic Markers of Susceptibility prostate cancer scan (10-11)(all
male) and the GWAS of Lung Cancer and Smoking (12) (enriched for smokers), along with an
additional 92 non-Hispanic white female controls. Set 1 samples have been excluded from this
analysis. For the set 2 scan, cases were individuals with colorectal cancer from both arms of the
trial who were not already included in set 1. Samples were excluded if participants did not sign
appropriate consent forms, if DNA was unavailable, if baseline questionnaire data with follow-
up evaluation were unavailable, if they had a history of colon cancer before the trial, if they had a
rare cancer, if they were already in a colon GWAS, or if they were a control in the prostate or
lung populations. Controls were frequency-matched 1:1 to cases without replacement, and cases
were not eligible to be controls. Matching criteria were age at enrollment (2-year blocks),
enrollment date (2-year blocks), sex, race/ethnicity, trial arm, and study year of diagnosis (ie,

controls must be cancer free into the case's year of diagnosis).

Postmenopausal Hormones Supplementary Study to the CCFR (PMH-CCFR)

Eligible case patients included all female residents, ages 5074 years, residing in the 13 counties
in Washington State, reporting to the Cancer Surveillance, Epidemiology and End Results
program, who were newly diagnosed with invasive colorectal adenocarcinoma (ICD-O C18.0,
C18.2-C18.9, C19.9, C20.0-C20.9) between October 1998 and February 2002 (13). Eligibility
for all individuals was limited to those who were English speaking with available telephone
numbers, through which they could be contacted. On average, cases were identified within 4

months of diagnosis. The overall response proportion of eligible cases identified was 73%.
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Community-based controls were selected randomly according to age distribution (in 5-year age
intervals) of the eligible cases by using lists of licensed drivers from the Washington State
Department of Licensing for individuals, ages 50-64 years, and rosters from the Health Care
Financing Administration (now the Centers for Medicare and Medicaid), for individuals older
than age 64. The overall response proportion of eligible controls was 66%. In GECCO, samples
with sufficient DNA extracted from blood were genotyped. Only participants who were not part

of the CCFR Seattle site were included in the sample set.

VITamins And Lifestyle (VITAL)

The VITAL (VITamins And Lifestyle) cohort comprised 77,721 Washington State men and
women aged 50-76 years, recruited from 2000 to 2002, to investigate the association of
supplement use and lifestyle factors with cancer risk. Subjects were recruited by mail, from
October 2000 to December 2002, using names purchased from a commercial mailing list. All
subjects completed a 24-page questionnaire and buccal-cell specimens for DNA were self-
collected by 70% of the participants. Subjects were followed for cancer by linkage to the western
Washington Surveillance, Epidemiology and End Results (SEER) cancer registry and were
censored when they moved out of the area covered by the registry or at time of death. Details of
this study have been described previously (14). In GECCO, a nested case-control set was
genotyped. Samples included colorectal cancer cases with DNA, excluding subjects with
colorectal cancer before baseline, in situ cases, (large cell) neuroendocrine carcinoma, squamous
cell carcinoma, carcinoid tumor, Goblet-cell carcinoid, and any type of lymphoma, including
non-Hodgkin, Mantle cell, large B-cell, or follicular lymphoma. Controls were matched on age at

enrollment (within 1 year), enrollment date (within 1 year), sex, and race/ethnicity. One control
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was selected randomly per case among all controls who matched according to the 4 factors
described earlier and for whom the control follow-up time was greater than the follow-up time of

the case until diagnosis.

Women's Health Initiative (WHI)

The WHI (Women's Health Initiative) is a long-term health study of 161,808 post-menopausal
women aged 50-79 years at 40 clinical centers throughout the United States. WHI comprised a
clinical trial arm, an observational study (OS) arm, and several extension studies. The details of
WHI have been described previously (15,16) and are available online

(https://cleo.whi.org/SitePages/Home.aspx). In GECCO, set 1 cases were selected from the

September 12, 2005, database and comprised centrally adjudicated colon cancer cases from the
OS arm who self-reported as white. Controls were first selected among controls previously
genotyped as part of a hip fracture GWAS conducted within the WHI OS arm and matched to
cases on age (within 3 years), enrollment date (within 365 days), hysterectomy status, and
prevalent conditions at baseline. For 37 cases, there was no control match in the hip fracture
GWAS. For these participants, we identified a matched control in the WHI OS arm based on the
same criteria. In the set 2 scan, cases were selected from the August 2009 database and
comprised centrally adjudicated colon and colorectal cancer cases from the OS and clinical trial
arms who were not genotyped in set 1. In addition, case and control participants were subject to
the following exclusion criteria: a prior history of colorectal cancer at baseline, institutional
review board approval not available for data submission into dbGaP, and insufficient DNA
available. Matching criteria included age (within 3 years), race/ethnicity, WHI date (within 3

years), WHI Calcium and Vitamin D study date (within 3 years), and randomization arms (OS
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flag, hormone therapy assignments, dietary modification assignments, calcium/vitamin D
assignments). In addition, study participants were matched on randomization centers, with
analytic adjustment made for the 4 regions of randomization centers. Each case was matched
with 1 control (1:1) who met the matching criteria exactly (i.e., cases and controls were matched
on trial assignments and on randomization within these trials; in the rare event that a case is in 2
trials, she was matched to a control in the same two trials). Control selection was performed in a
time-forward manner, selecting one control for each case first from the risk set at the time of the
case's event. The matching algorithm was allowed to select the closest match based on a criterion
to minimize an overall distance measure (17). Each matching factor was given the same weight.
Additional available controls who were genotyped as part of the hip fracture GWAS were

included to improve power.

1.2 Details on Genotyping Platform and Quality Assurance and Quality Control (QA/QC)

All analyses were based on genotyped data (except for WHI_WGS) generated from genome-wide
association scans and imputation to HapMap Il. We note that genotyping for some cohorts was
conducted at two different time points (i.e., sets 1 and 2) based on the availability of funds and
samples. We accounted for each set in the statistical analysis. Phase one genotyping of DALS Set
1 and WHI Set 1 was done using lllumina HumanHap 550K/610K and Illumina 550Kduo/610K,
respectively, and has been described previously (18). DALS Set 2, PMH-CCFR, PLCO Set 2, VITAL,
and WHI Set 2 were genotyped using lllumina HumanCytoSNP. HPFS, NHS, and DACHS Set 2
were genotyped using Illumina HumanOmniExpress. WHI WGS set was sequenced by whole

genome sequencing.
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DNA was extracted from blood samples or, for a subset of HPFS, NHS, and PLCO samples, and
for all VITAL samples, from buccal cells, using conventional methods. All studies included 1 to
6% blinded duplicates to monitor quality of the genotyping. All individual-level genotype data
were managed, and underwent quality assurance and quality control (QA/QC) at University of
Washington Genetics Coordinating Center (HPFS and NHS) or the GECCO Coordinating Center
at the Fred Hutchinson Cancer Research Center (all other studies). Samples were excluded based
on call rate (<97%), heterozygosity, unexpected duplicates and gender discrepancy. All analyses
were restricted to samples clustering with the Utah residents with Northern and Western
European ancestry from the CEPH collection (CEU) population in principal component analysis,
(19) including the HapMap 11 populations as reference. Single nucleotide polymorphisms (SNPs)
were excluded if they were reported or observed as not performing consistently across platforms.
Additionally, genotyped SNPs were excluded based on call rate (< 98%), lack of Hardy-
Weinberg Equilibrium in controls (HWE, P < 1x10-4), and minor allele frequency (MAF < 5%
for WHI Set 1, DALS Set 1; MAF < 5/ # of samples for each other study). As imputation of
genotypes is established as standard practice in the genetic association analysis, all autosomal
SNPs of each study were imputed to the CEU population in HapMap 1l release 24 using MACH.
(20) Imputed data were merged with genotype data such that genotype data were used if a SNP
had both types of data, unless there was a difference in terms of reference allele frequency (>
0.1) or position (> 100 base pairs), in which case imputed data were used. We calculated R? as a
measurement of imputation accuracy. After imputation and quality control (QC) analyses, a total
of about 6578 SNPs were included in the study and 1871 common SNPs were used for analysis.
In the statistical analyses, both genotyped and imputed SNPs were examined as continuous

variables ranging from 0-2. Briefly, under the log-additive model, the statistical effect of a
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homozygous variant genotype is assumed to be twice the statistical effect of a heterozygous
genotype on a logit-scale. This is equivalent to considering genotype according to dosage or
number of variant alleles (0, 1 and 2) and evaluating its contribution to the model as a continuous
covariate. For imputed genotypes, we obtained the posterior probabilities for heterozygous and
homozygous variant genotypes from the MACH imputation program to calculate the expected
dosage as 2Pr(Genotype=AA) + Pr(Genotype=Aa). Because the posterior probabilities are
constrained between 0 and 1, the expected dosage will be between 0 and 2. We have previously
shown that the expected dosage provides a valid inference of the actual number of variant alleles.

(21)
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2. Supplementary tables

Table S1. Characteristics of included genes

Gene Description Position SNPs (N) Mef e MAF, median(range) R?, mean
ACD adrenocortical dysplasia homolog 16022.1 4 3 0.099 (0.051-0.488) 0.906
PINX1 PIN2/TERF1-interacting telomerase inhibitor 1~ 8p23.1 378 29 0.234 (0.050-0.482) 0.984
POT1 protection of telomeres 1 7931.33 276 10 0.402 (0.052-0.418) 0.968
TEP1 telomerase-associated protein 1 14911.2 130 51 0.167 (0.051-0.491) 0.918
TERF1 telomeric repeat binding factor 1 8g21.11 51 6 0.308 (0.053-0.454) 0.997
TERF2 telomeric repeat binding factor 2 16922.1 23 14 0.268 (0.061-0.398) 0.897
TERF2IP  TERF2 Interacting Protein 16023.1 15 8 0.138 (0.050-0.306) 0.892
TERT telomerase reverse transcriptase 5p15.33 62 40 0.267 (0.053-0.494) 0.765
TINF2 TERF1-interacting nuclear factor 2 14912 2 2 0.144,0.192 0.954
TNKS tankyrase 8p23.1 715 80 0.172 (0.050-0.433) 0.973
TNKS1BP1 tankryase 1 binding protein 1 11g12.1 33 15 0.263 (0.051-0.480) 0.954
TNKS2 tankyrase 2 10923.32 147 10 0.182 (0.060-0.488) 0.968
TERC telomerase RNA component 3026.2 35 5 0.259 (0.050-0.478) 0.958

Abbreviation: Mefs c: effective number of SNPs used for gene-level Bonferroni correction; MAF: minor allele frequency; #: number
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Table S2. Hazard ratio of the association between SNPs involved in telomere maintenance and overall survival and CRC-
specific survival--- stratified by smoking status*

Outcome

SNP

gene

HR 2(95% ClI)

Non-smoker

Former smoker

Current smoker

P.Irtest

Overall survival

CRC-specific survival

rs56963355

rs2975842
rs2409652
rs1760899
rs56963355
rs6420019
rs13259648
rs2409652
rs13259648
rs35656875
rs1760901
rs6979

TERT
TERF1
PINX1

TEP1

TERT

TERT
TERF2
PINX1
PINX1

TNKS

TEP1

ACD

1.27 (0.98-1.64)
0.86 (0.77-0.96)
0.90 (0.79-1.03)
0.85 (0.71-1.01)
1.34 (0.99-1.80)
1.23 (0.98-1.54)
0.74 (0.51-1.09)
0.9 (0.77-1.05)

1.27 (1.07-1.50)
0.63 (0.42-0.98)
0.80 (0.65-0.99)
0.96 (0.83-1.11)

0.98 (0.75-1.22)
1.03 (0.93-1.14)
1.04 (0.92-1.16)
1.09 (0.93-1.25)
0.36 (0.64-1.44)
1.49 (0.45-1.63)
1.08 (0.40-1.67)
1.30 (0.67-1.39)
0.78 (0.75-1.32)
1.28 (0.09-1.97)
0.48 (0.78-1.29)
0.69 (0.84-1.23)

0.48 (0.12-0.84)

1.06 (0.86-1.27)
1.23 (0.97-1.49)
0.64 (0.41-0.87)
1.04 (0.73-1.34)
0.85 (0.85-1.22)
1.49 (0.61-1.46)
1.08 (0.89-1.18)
0.99 (0.87-1.19)
1.43 (0.51-1.56)
1.12 (0.83-1.24)
1.07 (0.89-1.18)

0.024

0.031
0.036
0.007
0.031
0.013
0.014
0.048
0.024
0.015
0.002
0.023

Abbreviation: HR: hazard ratio; Cls: confidence intervals; P irest: P-value of likelihood ratio test
& adjustment for age at diagnosis, sex, study center and the first three principal components (pc)
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Table S3 Hazard ratio of the association between SNPs involved in telomere maintenance and survival — stratified by

smoking pack-years (25-44 vs. Q) *

HR? (95% Cls), smoking pack-years

Outcome SNP gene 0 T P Irtest adj. P-value

Overall survival rs2975842 TERF1 0.86 (0.77-0.96) 1.15 (0.94-1.36) 0.009 0.054
rs35431644 TNKS 0.84 (0.63-1.13) 1.71 (0.99-2.42) 0.01 0.8

CRC-specific rs73202875 TERF1 1.04 (0.89-1.20) 0.73 (0.52-0.95) 0.035 0.21

survival rs153045 TERF2 110 (0.95-1.28)  0.73(0.51-0.94)  0.013 0.182
rs118104716 TERF2IP 0.76 (0.52-1.12) 1.42 (0.78-2.06) 0.044 0.352
rS67456872 TNKS 0.62(0.40-0.97)  2.17(0.76-357)  0.003 0.24
rs56343177 TEP1 0.87 (0.71-1.08) 1.32 (0.93-1.71) 0.028 >0.99

Abbreviation: HR: hazard ratio; Cls: confidence intervals; P st: P-value of likelihood ratio test

* only the most significant SNP within gene was presented

& adjustment for age at diagnosis, sex, study center and the first three principal components (pc)

b p-value is adjusted using Bonferroni methods

Table S4 Hazard ratio of the association between SNPs involved in telomere maintenance and survival — stratified by

smoking pack-years (>0-12 vs. 0) *

HR? (95% Cls), smoking pack-years

Outcome SNP gene 0 A5 P Irtest adj. P-value °
Overall survival rs2975842 TERF1 0.86 (0.77-0.96) 1.12 (0.89-1.35) 0.027 0.162
rs35656875 TNKS 0.69 (0.49-0.99) 2.32 (0.96-3.69) 0.001 0.08
rs78489201 TNKS1BP1 0.80 (0.62-1.05) 1.32 (0.81-1.82) 0.043 0.645
rs1539041 TNKS2 0.95(0.84-1.07)  1.23(0.97-1.49)  0.036 0.36
CRC-specific rs117840977 TERF1 1.18 (0.88-1.57) 0.60 (0.22-0.98) 0.044 0.264
survival rs35656875 TNKS 0.64 (0.41-0.99) 2.62 (0.89-4.36) 0.001 0.08
rs1539041 TNKS2 0.94 (0.81-1.08) 1.33 (1.00-1.66) 0.017 0.255

Abbreviation: HR: hazard ratio; Cls: confidence intervals; P st: P-value of likelihood ratio test

* only the most significant SNP within gene was presented

& adjustment for age at diagnosis, sex, study center and the first three principal components (pc)

b p-value is adjusted using Bonferroni methods
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Table S5. Hazard ratio of the association sex, smoking and overall survival and CRC-

specific survival

Overall survival

CRC-specific survival

HR (95% Cls) P-value HR (95% Cls) P-value
Male 2 1.18 (1.03-1.04) 0.023* 1.02 (1.00-1.02) 0.863
Ever smoking ® 1.22 (1.10-1.35)  9.64x 10°5*** 1.09 (0.97-1.24) 0.147
Smoking status ° 2.35x 1070*** 0.267
current smoker 1.51 (1.29-1.78) 1.16 (0.95-1.43)
former smoker 1.16 (1.05-1.29) 1.08 (0.95-1.23)
Smoking pack-years ° 6.55x 10-10%*x 0.035*

1-11
12-24
25-44
>45

1.10 (0.93-1.29)
1.04 (0.88-1.22)
1.35 (1.16-1.57)
1.62 (1.41-1.87)

1.08 (0.89-1.32)
0.96 (0.79-1.17)
1.22 (1.01-1.48)
1.28 (1.06-1.54)

Abbreviation: HR: hazard ratio; Cls: confidence intervals
& adjustment for age at diagnosis and study center; females as reference group
b adjustment for age at diagnosis, sex and study center; never smokers (0 pack-years) as

reference group

* P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001,
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3. Power calculation

Study power was calculated by using R-package survSNP: power calculation for SNP studies
with censored outcome. (22) There are 4896 study subjects, and 1681 any-cause deaths and 1098
CRC-specific deaths. The all-cause death rate was 41.04% and the CRC-specific death rate was
22.43%. MAF was set to scale continuous in the range to generate power-MAF plot. The effect
sizes were assumed as 0.8, 1.2 and 1.4, and the median in the population was 1 unit of time. The
asymptotic power was checked at the two-sided significance level (o) = 0.05/ Mefs . After
power calculation, SNPs with MAF <5% will be excluded in the analysis since underpower.

Results were shown in Figure S1, Figure S2 and Table S6.

Power estimation (any death)

ACD PIMX1 POT1 TEP1
sig=0.0167 {0.05/3) (Two-taile sig=0.0017 {0.05/29) (Two-tail sig=0.005 (0.05/10) (Two-taile sig=0.00098 (0.05/51) (Two-tai
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sig=0.0083 (0.05/6) (Two-taile sig=0.00357 (0.05/14) (Two-tai sig=0.00625 (0.05/8) (Two-tail sig=0.00125 (0.05/40) (Two-tail
1.00 1.00 1.001 1.00
075 0751 0751 0751
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TINF2 THKS THKS1BP1 TNKS2
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effect size 08— 12 1.4

minor allele frequency (MAF)
Figure S1. Power calculation for all-cause death
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power

Power estimation (CRC-specific death)

PINX1
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Figure S2. Power calculation for CEC-specific death
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Table S6. Power calculation for overall survival and CRC-specific survival

Overall survival

CRC-specific survival

Gene Effect size 0.8 1.2 1.4 0.8 1.2 1.4
MAF*
ACD 0.051 60.2% 52.3% 97.9% 37.5% 36.0% 90.4%
0.100 90.9% 80.9% >99.9% 71.0% 61.8% 99.4%
PINX1 0.050 28.8% 26.6% 91.8% 21.9% 22.9% 82.8%
0.234 98.6% 92.2% >99.9% 93.0% 81.8% >99.9%
POT1 0.050 43.8% 38.6% 95.8% 22.9% 23.7% 84.0%
0.234 >99.9% 99.1% >99.9% 98.8% 92.0% >99.9%
TEP1 0.051 23.7% 22.5% 90.1% 22.4% 23.4% 83.4%
0.167 91.2% 78.0% >99.9% 82.0% 69.4% 99.9%
TERF1 0.053 52.6% 45.7% 97.3% 23.8% 24.4% 84.9%
0.308 99.9% 98.8% >99.9% 97.2% 88.5% >99.9%
TERF2 0.061 48.3% 41.5% 97.5% 28.9% 28.3% 89.4%
0.268 99.7% 96.6% >99.9% 95.5% 85.5% >99.9%
TERF2IP 0.050 45.2% 39.8% 95.8% 21.8% 22.9% 82.7%
0.138 94.3% 84.6% >99.9% 72.8% 61.2% 99.7%
TERT 0.053 27.3% 25.3% 91.8% 23.3% 24.0% 84.4%
0.267 99.1% 93.5% >99.9% 95.4% 85.3% >99.9%
TINF2 0.144 98.6% 93.8% >99.9% 74.9% 63.0% 99.8%
0.168 99.7% 97.5% >99.9% 82.2% 69.6% 99.9%
TNKS 0.050 18.8% 18.5% 87.2% 21.6% 22.8% 82.5%
0.172 89.9% 75.6% >99.9% 83.1% 70.6% 99.9%
TNKS1BP1 0.051 36.7% 33.0% 94.1% 21.9% 23.0% 82.8%
0.263 99.6% 96.2% >99.9% 95.2% 85.0% >99.9%
TNKS2 0.060 52.5% 45.0% >99.9% 28.6% 28.0% >99.9%
0.182 98.0% 91.3% 99.0% 85.5% 72.9% 92.7%
TERC 0.050 51.7% 45.2% 96.8% 29.8% 29.6% 87.1%
0.259 99.9% 98.2% >99.9% 96.9% 89.2% 99.9%

Abbreviation: MAF, minor allele frequency; CRC, colorectal cancer
* Within each gene, minimum (above) and median (below) MAF
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