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Abstract:

Background:

Low serum 25-hydroxyvitamin D (25(OH)D) concentrations in colorectal cancer (CRC) patients have
been consistently associated with higher mortality in observational studies. It is unclear whether low
25(OH)D levels directly influence CRC mortality. To minimize bias, we use genetic variants
associated with vitamin D levels to evaluate the association with overall and CRC-specific survival.
Methods:

Six genetic variants have been robustly identified to be associated with 25(OH)D levels in genome-
wide association studies. Based on data from the International Survival Analysis in Colorectal Cancer
Consortium (ISACC) the individual genetic variants and a weighted genetic risk score were tested for
association with overall and CRC-specific survival using Cox proportional hazards models in 7 657
stage [-IV CRC patients of which 2 438 died from any cause and 1 648 died from CRC.

Results:

The 25(OH)D decreasing allele of single nucleotide polymorphism (SNP) rs2282679 (GC) was
associated with poorer CRC-specific survival, although not significant after multiple-testing
correction. None of the other five SNPs showed an association. The genetic risk score showed non-
significant associations with increased overall (HR=1.54, 95% CI:0.86-2.78) and CRC-specific
mortality (HR=1.76, 95% CI:0.86-3.58). A significant increased risk of overall mortality was observed
in women (HR=3.26, 95% CI:1.45-7.33, p-value for heterogeneity=0.01) and normal-weight individuals
(HR=4.14, 95% CI:1.50-11.43, p-value for heterogeneity=0.02).

Conclusions:

Our results provided little evidence for an association of genetic predisposition of lower vitamin D
levels with increased overall or CRC-specific survival, although power might have been an issue.
Impact:

Further studies are warranted to investigate the association in specific subgroups.
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Introduction:
Colorectal cancer (CRC) belongs to the most common cancer types (third) and is the second leading
cause of cancer related death globally (1). Despite improved therapy regimens which have led to

increased survival after diagnosis, survival time is still limited for advanced stages (2).

One of the factors with potential prognostic relevance is 25(OH)D levels since the vitamin D receptor
is highly expressed in the colon (3.4). The most stable and therefore most reliable indicator of
circulating vitamin D is 25(OH)D; it is influenced by both dietary intake and skin synthesis by sun
exposure (5). Low levels of 25(OH)D have been consistently found associated with reduced overall
(hazard ratio (HR): 0.68, 95% confidence interval (CI): 0.55-0.85) and CRC-specific survival (HR:
0.67, 95% CI: 0.57-0.78), as evidenced in a recent meta-analysis (6). Therefore, vitamin D status

could be a potential modifiable factor for improving prognosis in CRC patients.

It is unclear whether a genetic predisposition of higher/lower vitamin D levels is involved in
mechanisms leading to better survival or whether low vitamin D levels are primarily an indicator for
poor health (7). Studies assessing post-diagnostic vitamin D concentrations need to be interpreted with
caution as lower vitamin D levels in patients with poorer health could also be due to behavior changes
after diagnosis and treatment e.g. less sun exposure. The association between postdiagnostic vitamin D

and survival after CRC in observational studies could thus reflect confounding or reverse causation.

Previous genome-wide association studies (GWAS) have identified six single nucleotide
polymorphisms (SNPs) associated with circulating 25(OH)D levels at genome-wide significance (p-
value<5x10™) (8,9). The four SNPs with the strongest influence on vitamin D levels have been
replicated by several studies (8,9,32). As genetic variants are randomly allocated during gamete
formation independent of environmental factors, confounding should not play a role. Therefore,
determining associations using vitamin D-related genetic variants could help minimize confounding

bias and reverse causation.
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We aimed to estimate the relationship of these six vitamin D related genetic variants with overall and
CRC-specific survival in studies collaborating in the International Survival Analysis in Colorectal

Cancer Consortium (ISACC).



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112
113
114
115

116

Materials and Methods:

Study population and genotype data:

This analysis is based on 7 657 CRC patients from 10 studies with available genotyping and follow-up
data participating in the ISACC Consortium. The studies are Darmkrebs: Chancen der Verhuetung
durch Screening (DACHS) (10,11), Diet, Activity and Lifestyle Study (DALS) (12), Cancer
Prevention Study II Nutrition cohort (CPSII) (13), Health Professionals Follow-up Study (HPFS) (14),
Nurses’ Health Study (NHS) (15-17), Physicians® Health Study (PHS) (18); Prostate, Lung, Colorectal
and Ovarian Cancer Screening Trial (PLCO) (19,20), Post-Menopausal Hormone- Seattle Colon
Cancer Family Registry Study (PMH-CCFR), VITamins And Lifestyle Study (VITAL) (21) and
Woman's Health Initiative (WHI) (22) (Supplementary Table 1). Nine of the ten studies are also
included in the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO) (23) and one
study, CPS 1I, is part of the Colorectal Cancer Transdisciplinary consortium (CORECT) (24). Details
on the consortia and studies have been described previously (13,23,24) and study descriptions are
provided in the supplementary information (Supplementary Table 1). Participant overlap between the
studies has been excluded. All participants provided written, informed consent and studies were
approved by their respective institutional review boards. Demographic and lifestyle factors were
queried by in-person interviews or self-filled questionnaires. A multistep data harmonization
procedure was carried out centrally for pooled analyses (25). Details of assessment of survival in the
individual studies have been previously published (10,12-14,17,21,26-29). In short, vital status was
obtained either using active follow-up with confirmation of death by review of death certificates or
medical records or the studies used linkage to state death records or state cancer registries. Alive

patients were censored at the date of last follow-up or data linkage.

Genotype data and imputation

All included studies provided genotype information. See previously published reports for details on
genotyping, quality assurance and imputation (23,24,30). Imputation was conducted using the
imputation panel of the Haplotype Reference Consortium (31). Exclusion of SNPs was based on call

rate (<98% in GECCO; <95% in CORECT), Hardy-Weinberg equilibrium in controls (p-value<Ix10
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*) or low minor allele frequency (<1%). Patients were assigned values of 0, 1, or 2 for having 0 (wild-
type homozygous), 1 (heterozygous) or 2 (homozygous for the risk allele) alleles associated with
lower vitamin D levels for each SNP. For imputed SNPs, patients received continuous values between

0 and 2.

SNP selection and Genetic Risk Score

Six SNPs, which were found associated with 25(OH)D levels at genome-wide significance (p-
value<5x10-8) in a GWAS of European populations, were selected (8,9,32) (Table 1). Two of these
SNPs have been recently discovered by the SUNLIGHT Consortium (8), which also confirmed the
other four previously identified SNPs (9). The six SNPs explain around 2.8% of the variance in
circulating 25(OH)D levels (8).

Linkage disequilibrium between the individual SNPs was checked, and no strong correlation was
detected (R?<0.01). A weighted genetic risk score (GRS) consisting of the six SNPs was calculated for
each person as the sum of the number of vitamin D decreasing alleles weighted by their effect on
vitamin D levels as reported in Jiang et al. (8). As Jiang et al. used natural log transformed vitamin D
levels as outcome in their GWAS, units of the GRS are not easily interpretable. The risk score ranges

between 0 and 0.432. Results are reported per one unit increase in risk score.

According to Milaneschi et al. (33) a one unit increase in this risk score is associated with a change of

5.29nmol/l (95% Cl:4.18-6.39).

Statistical analysis:

The association of the individual SNPs with overall survival and CRC-specific survival was assessed
using cox proportional hazard models. Analyses were adjusted for age, sex and principal components
(PCs) of genetic ancestry to control for potential confounding due to population substructure (PCs
were calculated using the EIGENSTRAT method (https://reich.hms.harvard.edu/software)). Three PCs
were used for Analysis of GECCO studies used three PC and 10 PCs were used for CPSII from the
CORECT consortium. Analyses were conducted for GECCO and CORECT studies separately. Fixed-
effects meta-analysis was employed to get summary results for GECCO and CORECT. Bonferroni
correction was used to account for multiple testing of six single SNP tests (p<0.05/6=0.0083).

7
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Additional stratified analyses were carried out by sex, cancer site (colon/rectum), stage (stage 1-local,
stage 2,3-regional, stage 4-distant) and BMI categories (self-reported pre-diagnostic BMI) in kg/m?
(BMI 18.5-24.9 for normal weight, 25-30 for overweight, >30 for obese, excluding the 1% with
BMI<18.5). Heterogeneity was assessed using likelihood ratio tests which compare the models

including / excluding interaction term.

To calculate time-to-event, date of diagnosis was considered as the starting point and follow-up time
was censored at death or end of follow-up, whichever occurred first. For calculation of CRC-specific
survival, censoring was done at the time of death for all patients who died from other causes than CRC

The reverse Kaplan-Meier method was employed for calculation of median follow-up time (34).
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Results:
Of 7 657 CRC patients included for this analysis, 2 438 died from any cause and 1 648 died from CRC

after a median follow-up time of 54.8 month (interquartile range: 27.7-73.6 months). Supplementary
Table 2 shows selected characteristics of the study population and numbers per GECCO/CPSII.

Among patients included, 54.6% were women and 45.4% were men.

The association of the vitamin D associated SNPs with overall and with CRC-specific survival were
similar, see Table 2. None of the six SNPs were statistically significantly associated with overall
survival. There was a significant association between SNP rs2282679 and CRC specific survival (HR:
1.08, 95% CI: 1.00-1.16) (Table 2), which did not remain significant when applying a Bonferroni
corrected p-value of <0.0083. None of the other five SNPs showed significant associations with CRC
specific survival. Results per GECCO/CPSII studies are shown in Supplementary Table 3 for overall

survival and CRC-specific survival.

The GRS representing genetically determined lower levels of vitamin D was not significantly
associated with risk of death after CRC diagnosis (HR per one unit of GRS: 1.54, 95% CI: 0.86-2.78)
(Table 3). For CRC-specific survival, a similar non-significant association was found for lower

genetically determined levels of vitamin D (HR per one unit of GRS: 1.76, 95% CI: 0.86-3.58).

Exploration of effect heterogeneity yielded differential associations for overall survival according to
sex and BMI (Table 3). A higher GRS was significantly associated with increased overall mortality
(HR: 3.26, 95% CI: 1.45-7.33) in women and not in men (HR: 0.68, 95% CI: 0.29-1.62). In addition,
the association of higher GRS with increased overall mortality was only significant in normal weight
patients (HR: 4.14, 95% CI: 1.50-11.43) but not obese patients (HR: 1.67, 95% CI: 0.53-5.26). In
overweight patients the SNP association was in the opposite direction (HR: 0.55, 95% CI: 0.21-1.45).
No significant differential associations were found for CRC-specific survival, but associations in the

subgroups were generally similar to that for overall survival in magnitude and direction (Table 3).
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Discussion

In this large study, we investigated the association between six genetic variants and a GRS associated
with vitamin D levels and overall and CRC-specific survival. The single SNPs and GRS were not
significantly associated with overall/CRC-specific survival. We found significant effect heterogeneity

by sex and BMI in the association of GRS for vitamin D and overall survival.

Recent large observational studies reported inverse associations between serum 25(OH)D levels and
survival after CRC (4,35,36). Except for one study that used pre-diagnostic 25(OH)D levels (35) all
studies used post-diagnostic vitamin D levels which could already have been influenced by the disease
or a poor health status after treatment (4,36). We and others have thus employed vitamin D related
genetic variants as instrumental variables to evaluate the association with CRC mortality in order to

minimize bias due to reverse causation and confounding.

A recent study that investigated only rs2282679 (GC gene) found a non-significant association with
reduced overall survival in 489 CRC patients, corroborating our findings. Additionally, they reported a
significant association of the vitamin D lowering allele with poorer disease-free survival (37),
however, CRC-specific survival was not investigated. A further study that investigated three SNPs
1s2282679 (GC), rs10741657 (CYP2RI) and rs12785878 (DHCR7) in association with time to
recurrence in patients with stages Il and III colon cancer found only rs2282679 to be significantly
associated with decreased time to recurrence in the subgroup of patients who underwent only surgery

(38).

Mendelian randomization (MR) studies on vitamin D levels have also been conducted. These MR
studies were not conducted specifically in CRC patients and CRC-specific death was not investigated
as outcome in any of these studies. A former large MR study of 95 766 participants investigated the
association of SNPs associated with lower vitamin D levels (using a GRS score of two SNPs in the
DHCR?7 gene and two SNPs in the CYP2RI gene explaining around 1% in variation in vitamin D
levels) with all-cause mortality and cancer-specific mortality and found that the genetic instrument
was associated with increased all cause and cancer-specific mortality (39). In contrast to that, a study

in women of 33 682 participants and 3 985 cancer cases found no significant association of a five SNP

10
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instrument and overall or cancer mortality (40). A recent study using UK Biobank data (438 870
participants and 6 998 cancer-specific deaths) did not find evidence for genetically determined low
vitamin D levels (using five vitamin D related variants, four of them overlapping with the variants
used in our study) and increased cancer mortality (41). The variance in vitamin D levels explained by
a genetic instrument using the previously known four SNPs, which were confirmed by Jiang et al., was
estimated to be approximately 5% (42). Jiang et al. estimated that the six SNPs used in our study
explain around 2.8% of genetic variation; 7.5% of variation was explained by all common GWAS

variants (8).

We found sex-differences in the association of the GRS with overall survival. Some observational
studies have also observed differences by sex (43) or significant associations of vitamin D levels with
cancer incidence (44) or mortality only in women (45) but not in men. In the present study, the GRS
conferring lower vitamin D levels was found associated with worse prognosis only in women. One
reason for this could be stronger associations of vitamin D levels with diseases that are more common
in women than in men, like breast cancer (46) and osteoporosis (47). But whether the vitamin D
related SNPs are also associated with breast cancer mortality or mortality after osteoporosis (e.g. as
consequence of fractures) is unclear. A lookup in the BCAC consortium including 42 124 patients with
3 733 breast cancer-specific deaths showed that rs2282679 is not associated with breast cancer specific
mortality (http://bcac.ccge.medschl.cam.ac.uk/). A SNP in the vitamin D receptor gene, which was
previously reported to be significantly associated with higher breast cancer specific mortality in 498
breast cancer patients (48), has not been found associated with vitamin D levels in GWAS. In addition,
our finding of higher mortality with a GRS for lower 25(OH)D levels only in normal weight people is
interesting and it is consistent with results of a recent RCT in the VITAL study of vitamin D
supplementation and all cancer incidence (49) which found lower all-cancer incidence only in normal
weight participants receiving vitamin D compared to placebo and not in overweight or obese
participants. It is known that overweight and obese people have lower levels of vitamin D compared to
normal weight people (7) which could be due to sequestration of vitamin D in adipose tissues or
dilution of ingested vitamin D (7). In this case higher levels of 25(OH)D would be needed for

protection in overweight/obese individuals. Also there is a difference in direction of point estimates

11
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when comparing the overweight and obese groups. Since the confidence intervals are large, these
differences could be due to chance because of power issues for the subgroup analyses and therefore

needs to be investigated in further larger studies.

Regarding mortality after CRC diagnosis, RCTs of vitamin D supplementation are also being
conducted. Two recent meta-analysis reported that vitamin D supplementation reduced all-cancer
death by 16% (50) and 13% (51), CRC death was not specifically investigated. One small RCT has
been published (52) on vitamin D supplementation in CRC patients which was conducted in Croatia
and randomized 71 metastatic CRC patients to either standard chemotherapy or standard
chemotherapy plus 2000IU vitamin D. No difference in overall or progression-free survival between
groups was observed (52). A further RCT of 139 metastatic CRC patients reported in a conference
abstract a longer progression-free survival in patients who received high vitamin D supplementation
compared to low vitamin D supplementation (53). A more recent RCT found suggestive evidence that
high dose compared to standard-dose vitamin D supplementation combined with chemotherapy could
improve survival for patients with advanced or metastatic CRC (54). Supplementation for CRC
patients might have a different effect on mortality after CRC compared to genetically determined
differences in vitamin D levels. And this RCT suggests that higher than physiologic levels may lead to

improvement in survival.

Strengths of our study include the large sample size, which is the largest published sample size among
CRC survivors to date for investigation of the association of vitamin D related genetic variants with
overall and CRC-specific survival. We used the latest published set of SNPs discovered in GWAS to
be associated with vitamin D levels. The association of vitamin D related SNPs with CRC-specific
survival has been investigated for the first time. Moreover, all included studies carried out a
comprehensive follow-up with long follow-up duration. Our study has also some limitations. As this
study is based on populations of European descent, the generalizability to other populations is limited.
The advantage is that we were able to minimize bias due to confounding by population stratification.
We did not have serum measurements of vitamin D levels available for all included studies; therefore

we were not able to analyze the strength of the association of the SNPs with vitamin D levels in our
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study. Although our study has a large sample size, power to conduct a Mendelian randomization study

is still limited due to the moderate association of the SNPs with decreasing vitamin D levels.

In conclusion, this is the first study to examine the most recent set of vitamin D related SNPs
discovered in GWAS with respect to overall and also CRC-specific mortality among CRC patients. We
did not find evidence for an association of genetically determined lower vitamin D levels and higher
mortality. The potential effect heterogeneity by sex and BMI requires confirmation. Further larger
studies are warranted to investigate the association of vitamin D levels and survival after CRC also in

specific subgroups.

13



268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301

302
303
304
305
306
307
308
309
310
311
312
313
314
315
316

Acknowledgements

CPS-II: The authors thank the CPS-II participants and Study Management Group for their
invaluable contributions to this research. The authors would also like to acknowledge the
contribution to this study from central cancer registries supported through the Centers for
Disease Control and Prevention National Program of Cancer Registries, and cancer registries
supported by the National Cancer Institute Surveillance Epidemiology and End Results
program.

DACHS: We thank all participants and cooperating clinicians, and Ute Handte-Daub, Utz
Benscheid, Muhabbet Celik and Ursula Eilber for excellent technical assistance.

Harvard cohorts (HPFS, NHS, PHS): The study protocol was approved by the institutional
review boards of the Brigham and Women’s Hospital and Harvard T.H. Chan School of
Public Health, and those of participating registries as required. We would like to thank the
participants and staff of the HPFS, NHS, and PHS for their valuable contributions as well as
the following state cancer registries for their help: AL, AZ, AR, CA, CO, CT, DE, FL, GA,
ID, IL, IN, IA, KY, LA, ME, MD, MA, MI, NE, NH, NJ, NY, NC, ND, OH, OK, OR, PA,
RI, SC, TN, TX, VA, WA, WY. The authors assume full responsibility for analyses and
interpretation of these data.

PLCO: The authors thank the PLCO Cancer Screening Trial screening center investigators
and the staff from Information Management Services Inc and Westat Inc. Most importantly,
we thank the study participants for their contributions that made this study possible.

PMH-SCCFR: The authors would like to thank the study participants and staff of the
Hormones and Colon Cancer and Seattle Cancer Family Registry studies (CORE Studies).

WHI: The authors thank the WHI investigators and staff for their dedication, and the study
participants for making the program possible. A full listing of WHI investigators can be found
at:
http://www.whi.org/researchers/Documents%20%20Write%20a%20Paper/ WHI1%20Investiga
tor%20Long%20List.pdf”

Financial support:
Fred Hutch core grant: This research was funded in part through the NIH/NCI Cancer Center
Support Grant P30 CA015704.

Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO): National Cancer
Institute, National Institutes of Health, U.S. Department of Health and Human Services (U01
CA137088; R0O1 CA059045, RO1 CA176272).

CPSII: The American Cancer Society funds the creation, maintenance, and updating of the
Cancer Prevention Study-II (CPS-II) cohort. This study was conducted with Institutional
Review Board approval.

DACHS: This work was supported by the German Research Council (BR 1704/6-1, BR

1704/6- 3, BR 1704/6-4, CH 117/1-1, HO 5117/2-1, HE 5998/2-1, KL 2354/3-1, RO 2270/8-1
and BR 1704/17-1), the Interdisciplinary Research Program of the National Center for Tumor

14



317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

Diseases (NCT), Germany, and the German Federal Ministry of Education and Research
(0IKHO0404, 01ER0814, 01ERO0815, 01ER1505A and 01ER1505B).

DALS: National Institutes of Health (RO1 CA48998 to M. L. Slattery).

Harvard cohorts (HPFS, NHS, PHS): HPES is supported by the National Institutes of Health
(PO1 CA055075, UMI1 CA167552,U01 CA167552,R01 CA137178, RO1 CA151993, and
R35CA197735), NHS by the National Institutes of Health (RO1 CA137178, P01 CA087969,
UMI CA186107, R0O1 CA151993, and R35 CA197735) and PHS by the National Institutes of
Health (RO1 CA042182).

PLCO: Intramural Research Program of the Division of Cancer Epidemiology and Genetics
and supported by contracts from the Division of Cancer Prevention, National Cancer Institute,
NIH,

PMH-SCCFR: National Institutes of Health (R0O1 CA076366 to P.A. Newcomb and U0O1
CA074794 to J. Potter).

VITAL: National Institutes of Health (K05 CA154337).

WHI: The WHI program is funded by the National Heart, Lung, and Blood Institute, National
Institutes of Health, U.S. Department of Health and Human Services through contracts
HHSN268201100046C, HHSN268201100001C, HHSN268201100002C,
HHSN268201100003C, HHSN268201100004C, and HHSN271201100004C.

15



341

342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391

References:

10.

11.

12.

13.

14.

15.

16.

Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries.
CA: a cancer journal for clinicians 2018 doi 10.3322/caac.21492.

Arnold M, Sierra MS, Laversanne M, Soerjomataram |, Jemal A, Bray F. Global patterns and
trends in colorectal cancer incidence and mortality. Gut 2017;66(4):683-91 doi
10.1136/gutjnl-2015-310912.

Barbachano A, Fernandez-Barral A, Ferrer-Mayorga G, Costales-Carrera A, Larriba MJ, Munoz
A. The endocrine vitamin D system in the gut. Molecular and cellular endocrinology
2017;453:79-87 doi 10.1016/j.mce.2016.11.028.

Maalmi H, Walter V, Jansen L, Chang-Claude J, Owen RW, Ulrich A, et al. Relationship of very
low serum 25-hydroxyvitamin D3 levels with long-term survival in a large cohort of colorectal
cancer patients from Germany. European journal of epidemiology 2017;32(11):961-71 doi
10.1007/s10654-017-0298-z.

Ng K, Meyerhardt JA, Wu K, Feskanich D, Hollis BW, Giovannucci EL, et al. Circulating 25-
hydroxyvitamin d levels and survival in patients with colorectal cancer. Journal of clinical
oncology : official journal of the American Society of Clinical Oncology 2008;26(18):2984-91
doi 10.1200/jco.2007.15.1027.

Maalmi H, Walter V, Jansen L, Boakye D, Schottker B, Hoffmeister M, et al. Association
between Blood 25-Hydroxyvitamin D Levels and Survival in Colorectal Cancer Patients: An
Updated Systematic Review and Meta-Analysis.  Nutrients 2018;10(7) doi
10.3390/nu10070896.

Autier P, Boniol M, Pizot C, Mullie P. Vitamin D status and ill health: a systematic review. The
lancet Diabetes & endocrinology 2014;2(1):76-89 doi 10.1016/s2213-8587(13)70165-7.

Jiang X, O'Reilly PF, Aschard H, Hsu YH, Richards JB, Dupuis J, et al. Genome-wide association
study in 79,366 European-ancestry individuals informs the genetic architecture of 25-
hydroxyvitamin D levels. Nature communications 2018;9(1):260 doi 10.1038/s41467-017-
02662-2.

Wang TJ, Zhang F, Richards JB, Kestenbaum B, van Meurs JB, Berry D, et al. Common genetic
determinants of vitamin D insufficiency: a genome-wide association study. Lancet
2010;376(9736):180-8 doi 10.1016/S0140-6736(10)60588-0.

Brenner H, Chang-Claude J, Seiler CM, Rickert A, Hoffmeister M. Protection from colorectal
cancer after colonoscopy: a population-based, case-control study. Ann Intern Med
2011;154(1):22-30 doi 10.7326/0003-4819-154-1-201101040-00004.

Lilla C, Verla-Tebit E, Risch A, Jager B, Hoffmeister M, Brenner H, et al. Effect of NAT1 and
NAT2 genetic polymorphisms on colorectal cancer risk associated with exposure to tobacco
smoke and meat consumption. Cancer epidemiology, biomarkers & prevention : a
publication of the American Association for Cancer Research, cosponsored by the American
Society of Preventive Oncology 2006;15(1):99-107 doi 10.1158/1055-9965.epi-05-0618.
Slattery ML, Potter J, Caan B, Edwards S, Coates A, Ma KN, et al. Energy balance and colon
cancer--beyond physical activity. Cancer research 1997;57(1):75-80.

Calle EE, Rodriguez C, Jacobs EJ, Almon ML, Chao A, McCullough ML, et al. The American
Cancer Society Cancer Prevention Study Il Nutrition Cohort: rationale, study design, and
baseline characteristics. Cancer 2002;94(9):2490-501 doi 10.1002/cncr.101970.

Rimm EB, Giovannucci EL, Willett WC, Colditz GA, Ascherio A, Rosner B, et al. Prospective
study of alcohol consumption and risk of coronary disease in men. Lancet
1991;338(8765):464-8.

Belanger CF, Hennekens CH, Rosner B, Speizer FE. The nurses' health study. The American
journal of nursing 1978;78(6):1039-40.

Belanger C, Speizer FE, Hennekens CH, Rosner B, Willett W, Bain C. The nurses' health study:
current findings. Am J Nurs 1980;80(7):1333.

16



392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

Colditz GA, Manson JE, Hankinson SE. The Nurses' Health Study: 20-year contribution to the
understanding of health among women. J Womens Health 1997;6(1):49-62.

Final report on the aspirin component of the ongoing Physicians' Health Study. Steering
Committee of the Physicians' Health Study Research Group. N Engl J Med 1989;321(3):129-35
doi 10.1056/nejm198907203210301.

Prorok PC, Andriole GL, Bresalier RS, Buys SS, Chia D, Crawford ED, et al. Design of the
Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial. Controlled clinical trials
2000;21(6 Suppl):273S-309S.

Gohagan JK, Prorok PC, Hayes RB, Kramer BS. The Prostate, Lung, Colorectal and Ovarian
(PLCO) Cancer Screening Trial of the National Cancer Institute: history, organization, and
status. Controlled clinical trials 2000;21(6 Suppl):251S-72S.

White E, Patterson RE, Kristal AR, Thornquist M, King |, Shattuck AL, et al. VITamins And
Lifestyle cohort study: study design and characteristics of supplement users. American
journal of epidemiology 2004;159(1):83-93.

Design of the Women's Health Initiative clinical trial and observational study. The Women's
Health Initiative Study Group. Control Clin Trials 1998;19(1):61-109.

Peters U, Jiao S, Schumacher FR, Hutter CM, Aragaki AK, Baron JA, et al. Identification of
Genetic Susceptibility Loci for Colorectal Tumors in a Genome-Wide Meta-analysis.
Gastroenterology 2013;144(4):799-807 e24 doi 10.1053/j.gastro.2012.12.020.

Schumacher FR, Schmit SL, Jiao S, Edlund CK, Wang H, Zhang B, et al. Genome-wide
association study of colorectal cancer identifies six new susceptibility loci. Nature
communications 2015;6:7138 doi 10.1038/ncomms8138.

Hutter CM, Chang-Claude J, Slattery ML, Pflugeisen BM, Lin Y, Duggan D, et al
Characterization of gene-environment interactions for colorectal cancer susceptibility loci.
Cancer research 2012;72(8):2036-44 doi 10.1158/0008-5472.can-11-4067.

Chan AT, Ogino S, Fuchs CS. Aspirin use and survival after diagnosis of colorectal cancer.
JAMA 2009;302(6):649-58 doi 10.1001/jama.2009.1112.

Curb JD, McTiernan A, Heckbert SR, Kooperberg C, Stanford J, Nevitt M, et al. Outcomes
ascertainment and adjudication methods in the Women's Health Initiative. Ann Epidemiol
2003;13(9 Suppl):S122-8.

Miller AB, Yurgalevitch S, Weissfeld JL. Death review process in the Prostate, Lung, Colorectal
and Ovarian (PLCO) Cancer Screening Trial. Control Clin Trials 2000;21(6 Suppl):400s-6s.
Hoffmeister M, Jansen L, Rudolph A, Toth C, Kloor M, Roth W, et al. Statin use and survival
after colorectal cancer: the importance of comprehensive confounder adjustment. J Natl
Cancer Inst 2015;107(6):djv045 doi 10.1093/jnci/djv045.

Schmit SL, Edlund CK, Schumacher FR, Gong J, Harrison TA, Huyghe JR, et al. Novel Common
Genetic Susceptibility Loci for Colorectal Cancer. Journal of the National Cancer Institute
2018 doi 10.1093/jnci/djy099.

McCarthy S, Das S, Kretzschmar W, Delaneau O, Wood AR, Teumer A, et al. A reference panel
of 64,976 haplotypes for genotype imputation. Nat Genet 2016;48(10):1279-83 doi
10.1038/ng.3643.

Ahn J, Yu K, Stolzenberg-Solomon R, Simon KC, McCullough ML, Gallicchio L, et al. Genome-
wide association study of circulating vitamin D levels. Hum Mol Genet 2010;19(13):2739-45
doi 10.1093/hmg/ddqg155.

Milaneschi Y, Peyrot WJ, Nivard MG, Mbarek H, Boomsma DI, B WJHP. A role for vitamin D
and omega-3 fatty acids in major depression? An exploration using genomics. Translational
psychiatry 2019;9(1):219 doi 10.1038/s41398-019-0554-y.

Schemper M, Smith TL. A note on quantifying follow-up in studies of failure time. Control
ClinTrials 1996;17(4):343-6 doi 0197-2456(96)00075-X [pii].

Fedirko V, Riboli E, Tjonneland A, Ferrari P, Olsen A, Bueno-de-Mesquita HB, et al.
Prediagnostic 25-hydroxyvitamin D, VDR and CASR polymorphisms, and survival in patients
with colorectal cancer in western European ppulations. Cancer epidemiology, biomarkers &

17



444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

36.

37.

38.

39.

40.

41.

42.

43,

44.

45.

46.

47.

48.

49,

prevention : a publication of the American Association for Cancer Research, cosponsored by
the American Society of Preventive Oncology 2012;21(4):582-93 doi 10.1158/1055-9965.epi-
11-1065.

Zgaga L, Theodoratou E, Farrington SM, Din FV, Ooi LY, Glodzik D, et al. Plasma vitamin D
concentration influences survival outcome after a diagnosis of colorectal cancer. Journal of
clinical oncology : official journal of the American Society of Clinical Oncology
2014;32(23):2430-9 doi 10.1200/jco.2013.54.5947.

Zhu Y, Wang PP, Zhai G, Bapat B, Savas S, Woodrow JR, et al. Association of rs2282679 A>C
polymorphism in vitamin D binding protein gene with colorectal cancer risk and survival:
effect modification by dietary vitamin D intake. BMC cancer 2018;18(1):155 doi
10.1186/s12885-018-4026-1.

Szkandera J, Absenger G, Pichler M, Stotz M, Langsenlehner T, Samonigg H, et al. Association
of common gene variants in vitamin D modulating genes and colon cancer recurrence.
Journal of cancer research and clinical oncology 2013;139(9):1457-64 doi 10.1007/s00432-
013-1461-x.

Afzal S, Brondum-Jacobsen P, Bojesen SE, Nordestgaard BG. Genetically low vitamin D
concentrations and increased mortality: Mendelian randomisation analysis in three large
cohorts. BMJ (Clinical research ed) 2014;349:g6330 doi 10.1136/bmj.g6330.

Chandler PD, Tobias DK, Wang L, Smith-Warner SA, Chasman DI, Rose L, et al. Association
between Vitamin D Genetic Risk Score and Cancer Risk in a Large Cohort of U.S. Women.
Nutrients 2018;10(1) doi 10.3390/nu10010055.

Ong JS, Gharahkhani P, An J, Law MH, Whiteman DC, Neale RE, et al. Vitamin D and overall
cancer risk and cancer mortality: a Mendelian randomization study. Human molecular
genetics 2018;27(24):4315-22 doi 10.1093/hmg/ddy307.

Hiraki LT, Major JM, Chen C, Cornelis MC, Hunter DJ, Rimm EB, et al. Exploring the genetic
architecture of circulating 25-hydroxyvitamin D. Genetic epidemiology 2013;37(1):92-8 doi
10.1002/gepi.21694.

Rohrmann S, Braun J, Bopp M, Faeh D. Inverse association between circulating vitamin D and
mortality--dependent on sex and cause of death? Nutrition, metabolism, and cardiovascular
diseases : NMCD 2013;23(10):960-6 doi 10.1016/j.numecd.2013.05.005.

McCullough ML, Zoltick ES, Weinstein SJ, Fedirko V, Wang M, Cook NR, et al. Circulating
Vitamin D and Colorectal Cancer Risk: An International Pooling Project of 17 Cohorts. Journal
of the National Cancer Institute 2019;111(2):158-69 doi 10.1093/jnci/djy087.

Yin L, Ordonez-Mena JM, Chen T, Schottker B, Arndt V, Brenner H. Circulating 25-
hydroxyvitamin D serum concentration and total cancer incidence and mortality: a
systematic review and meta-analysis. Preventive medicine 2013;57(6):753-64 doi
10.1016/j.ypmed.2013.08.026.

Kim Y, Je Y. Vitamin D intake, blood 25(0OH)D levels, and breast cancer risk or mortality: a
meta-analysis. British journal of cancer 2014;110(11):2772-84 doi 10.1038/bjc.2014.175.
Browner WS, Seeley DG, Vogt TM, Cummings SR. Non-trauma mortality in elderly women
with low bone mineral density. Study of Osteoporotic Fractures Research Group. Lancet
(London, England) 1991;338(8763):355-8.

Perna L, Butterbach K, Haug U, Schottker B, Muller H, Arndt V, et al. Vitamin D receptor
genotype rs731236 (Taql) and breast cancer prognosis. Cancer epidemiology, biomarkers &
prevention : a publication of the American Association for Cancer Research, cosponsored by
the American Society of Preventive Oncology 2013;22(3):437-42 doi 10.1158/1055-9965.epi-
12-0970-t.

Manson JE, Cook NR, Lee IM, Christen W, Bassuk SS, Mora S, et al. Vitamin D Supplements
and Prevention of Cancer and Cardiovascular Disease. The New England journal of medicine
2019;380(1):33-44 doi 10.1056/NEJM0a1809944.

18



494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511

512

50.

51.

52.

53.

54,

Zhang Y, Fang F, Tang J, Jia L, Feng Y, Xu P, et al. Association between vitamin D
supplementation and mortality: systematic review and meta-analysis. BMJ (Clinical research
ed) 2019;366:14673 doi 10.1136/bmj.14673.

Keum N, Lee DH, Greenwood DC, Manson JE, Giovannucci E. Vitamin D supplementation and
total cancer incidence and mortality: a meta-analysis of randomized controlled trials. Annals
of oncology : official journal of the European Society for Medical Oncology 2019;30(5):733-43
doi 10.1093/annonc/mdz059.

Antunac Golubic Z, Barsic |, Librenjak N, Plestina S. Vitamin D Supplementation and Survival
in  Metastatic Colorectal Cancer. Nutrition and cancer 2018;70(3):413-7 doi
10.1080/01635581.2018.1445766.

Ng K, Nimeiri HS, McCleary NJ, Abrams TA, Yurgelun MB, Cleary JM, et al. SUNSHINE:
Randomized double-blind phase Il trial of vitamin D supplementation in patients with
previously untreated metastatic colorectal cancer. Journal of Clinical Oncology
2017;35(15_suppl):3506- doi 10.1200/JC0O.2017.35.15_suppl.3506.

Ng K, Nimeiri HS, McCleary NJ, Abrams TA, Yurgelun MB, Cleary JM, et al. Effect of High-Dose
vs Standard-Dose Vitamin D3 Supplementation on Progression-Free Survival Among Patients
With Advanced or Metastatic Colorectal Cancer: The SUNSHINE Randomized Clinical Trial.
Jama 2019;321(14):1370-9 doi 10.1001/jama.2019.2402.

19



Tables

Table 1: Single nucleotide polymorphisms identified in genome-wide association analyses for
circulating 25-hydroxyvitamin D concentrations

SNP Chr Gene Effect allele®  beta® Standard
error
rs2282679 4 GC G -0.089 0.0023
rs10741657 11 CYP2R1 G -0.031 0.0022
rs12785878 11 DHCRY7 G -0.036 0.0022
rs6013897 20 CYP24A1 A -0.026 0.0027
rs10745742 12 AMDHD1 C -0.017 0.0022
rs8018720 14 SEC23A C -0.017 0.0029

Abbreviations: Chr, chromosome; SNP, single nucleotide polymorphism.

%effect allele of the vitamin D level decreasing allele.

® beta value and standard error as reported in Jiang et al. (8) for the association of the genetic variants with natural log
transformed vitamin D levels.

Table 2: Association between the vitamin D decreasing allele of vitamin D
related genetic variants and overall and CRC-specific mortality after CRC diagnosis

SNP No (total) No (events®) HR® 95% ClI p-value
Overall mortality

rs2282679 7657 2438 1.06 1.00-1.13 0.07
rs10741657 7657 2438 0.99 0.93-1.05 0.75
rs12785878 7657 2438 1.05 0.98-1.11 0.17
rs6013897 7657 2438 0.95 0.89-1.02 0.19
rs10745742 7657 2438 1.00 0.95-1.06 0.94
rs8018720 7657 2438 0.98 0.91-1.05 0.57
CRC-specific mortality

rs2282679 7657 1648 1.08 1.00-1.16 <0.05
rs10741657 7657 1648 0.99 0.92-1.06 0.73
rs12785878 7657 1648 1.04 0.96-1.13 0.31
rs6013897 7657 1648 0.97 0.88-1.05 0.44
rs10745742 7657 1648 1.00 0.93-1.07 0.97
rs8018720 7657 1648 0.97 0.89-1.07 0.57

Abbreviations: CI, confidence interval, GRS, genetic risk score; HR, hazard ratio; No, number; SNP, single nucleotide
polymorphism.

*Median follow-up time: 54.8 months (interquartile range: 27.7-73.6)

"Adjusted for age, sex, genotyping phase and 3 PC for GECCO, and 10 PC for CPSII, respectively.
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Table 3: Association between GRS for vitamin D levels and mortality after CRC diagnosis stratified according subgroups

Overall mortality” CRC-specific mortality®
N a o p. N a o d
Group N (total) (events) HR 95% CI het (total) N (events) HR 95% CI p. het
GRS 7657 2438 1.54 0.86-2.78 7657 1648 1.76 0.86-3.58
Sex
Female 4182 1278 3.26 1.45-7.33 0.01 4179 912 3.32 1.28-8.60 0.15
Male 3473 1160 0.68 0.29-1.62 3466 736 0.78 0.27-2.29
Cancer site
Colon 5824 1870 1.49 0.76-2.92 0.98 5816 1230 1.34 0.58-3.06 0.64
Rectum 1755 535 1.46 0.41-5.16 1753 395 3.16 0.74-13.20
Stage
Stage 1/ local 2325 356 3.88 0.79-19.00 0.39 2324 95 11.07 0.56-217.56 0.65
Stage 2,3 / regional 4010 1124 1.27 0.54-3.01 4004 710 1.52 0.52-4.48
Stage 4 / distant 939 788 2.04 0.69-6.02 936 735 1.67 0.55-5.13
BMI
Normal 2549 824 414 1.50-11.43  0.02 2545 563 3.78 1.12-12.78  0.51
Overweight 3190 961 0.55 0.21-1.45 3185 645 0.93 0.28-3.01
Obese 1771 594 1.67 0.53-5.26 1770 306 1.32 0.33-5.28

Abbreviations: CI, confidence interval, GRS, genetic risk score; HR, hazard ratio; No, number; p.het, p-value for heterogeneity; SNP, single nucleotide polymorphism.
“Adjusted for age, sex, genotyping phase and 3 PC for GECCO, and 10 PC for CPSII, respectively.

weighted genetic risk score for overall survival is computed out of the sum of vitamin D decreasing alleles of the six vitamin D associated SNPs multiplied by their effect on vitamin D levels (e.g.
beta from Table 1). The HR indicates risk of death per 1 unit change in GRS. The risk score ranges between 0 and 0.432. One unit change in GRS is associated to a change in vitamin D levels of
5.29nmol/l according to Milaneschi et al (33).
¢ weighted genetic risk score for CRC-specific survival is computed out of the sum of vitamin D decreasing alleles of the six vitamin D associated SNPs multiplied by their effect on vitamin D levels
(e.g. beta from Table 1). The HR indicates risk of death per 1 unit decrease in GRS. The risk score ranges between 0 and 0.432. One unit change in GRS is associated to a change in vitamin D levels
of 5.29nmol/l according to Milaneschi et al. (33).
4 p-value calculated using likelihood ratio tests comparing the model with and without interaction term.
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Data and Materials Availability

Genotyping data of the GECCO studies are available at the database of Genotypes and
Phenotypes (dbGaP) for download at the accession number: phs001078.v1.pl.
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