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Abstract: Salicylic acid (SA) has observationally been shown to decrease colorectal cancer (CRC)

risk. Aspirin (acetylsalicylic acid, that rapidly deacetylates to SA) is an effective primary and sec-

ondary chemopreventive agent. Through a Mendelian randomization (MR) approach, we aimed to

address whether levels of SA affected CRC risk, stratifying by aspirin use. A two-sample MR anal-
ysis was performed using GWAS summary statistics of SA (INTERVAL and EPIC-Norfolk, N =
14,149) and CRC (CCFR, CORECT, GECCO and UK Biobank, 55,168 cases and 65,160 controls). The
DACHS study (4410 cases and 3441 controls) was used for replication and stratification of aspirin-



Nutrients 2021, 13, 4164

40f21

use. SNPs proxying SA were selected via three methods: (1) functional SNPs that influence the ac-
tivity of aspirin-metabolising enzymes; (2) pathway SNPs present in enzymes’ coding regions; and
(3) genome-wide significant SNPs. We found no association between functional SNPs and SA levels.
The pathway and genome-wide SNPs showed no association between SA and CRC risk (OR:1.03,
95% CI: 0.84-1.27 and OR: 1.08, 95% CI:0.86-1.34, respectively). Results remained unchanged upon
aspirin use stratification. We found little evidence to suggest that an SD increase in genetically pre-
dicted SA protects against CRC risk in the general population and upon stratification by aspirin use.

Keywords: salicylic acid; aspirin; colorectal cancer; Mendelian randomization

1. Introduction

Colorectal cancer (CRC) is the fourth most common cancer in the UK and worldwide
[1,2]. Although incidence rates among the over 50s have remained relatively stable, rates
in younger age groups have increased in both the UK and US populations [3,4]. This high-
lights a need to find better and complementary prevention strategies to reduce risk of
cancer.

Salicylic acid (SA) is a dietary metabolite that can be found in various fruits, vegeta-
bles, herbs, and spices [5-7]. Results from a meta-analysis of 19 cohort studies found that
combined intake of fruits and vegetables reduced the risk of colorectal cancer (summary
relative risk (RR): 0.90, 95% CI: 0.83-0.98) [8]. Whilst dietary fibre obtained from fruits and
vegetables indicates a possible mechanism for decreased risk [9], it has also been sug-
gested that increased levels of SA obtained through their consumption may play a role
[7]. In addition, salicylates can be obtained through pharmacological intervention in the
form of aspirin (acetylsalicylic acid), a well-known analgesic used to treat fever, inflam-
mation, and acute pain [10], which is rapidly deacetylated to form SA [11,12] (Figure 1),
the active form of the aspirin metabolic pathway [13,14]. Whilst SA can be obtained from
the diet, the concentrations achieved (male and female median intake from diet 4.4
mg/day and 3.2 mg/day, respectively [6]) are much lower than through aspirin ingestion
(aspirin doses ranging between 75 mg to 2325 mg given daily/alternate days) [15]. There-
fore, it is unclear whether concentrations achieved from the diet alone are sufficient to
protect against cancer or whether larger doses obtained through pharmacological inter-
vention are required.

Aspirin
Erythrocytes Plasma
BChE and BChE
PAFAH1b2/PAFAH1b3 heterodimer. | And PAFAH1b2 homodimer.
90%
. . i UGT1A6 o ACSM2B _ L
Salicyl phenolic glucuronide « Salicylic acid (SA) > Salicyluric acid
7% 63%
©
oF CYP2C9
R 4%
Salicyl acyl glucuronide Gentisic Acid

Figure 1. Aspirin metabolism pathway. Roughly 10% of aspirin remains unchanged and is excreted
in the urine as aspirin. Aspirin is broken down into various metabolites, the most active of them
being salicylic acid [14,16]. Various enzymes are involved in the metabolism pathway. The percent-
ages indicate how much of the drug is being metabolised in that pathway. Abbreviations: BChE,
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butyrylcholinesterase; PAFAH1b2, platelet-activating factor acetylhydrolase 2; PAFAH1b3, plate-
let-activating factor acetylhydrolase 3; UGT1A6, UDP-glucuronosyltransferase 1-6; ACSM2B, Acyl-
CoA Synthetase Medium-Chain Family Member 2B and CYP450, cytochrome P450.

As of yet, no primary prevention trials have been carried out to assess the effect of
SA intervention on CRC risk, but the evidence of aspirin as a chemopreventive agent is
clear [17]. A long-term follow up of a randomised controlled trial (RCT) in the Women’s
Health Study (WHS) showed that alternate day aspirin intake reduced the risk of CRC
after a median of 17.5 years follow up (HR: 0.80, 95% confidence intervals (CI): 0.67-0.97)
[18] and a meta-analysis of observational studies showed that aspirin is protective against
CRC (relative risk (RR): 0.79, 95% CI: 0.74-0.85) [19]. Further evidence comes from RCTs
for primary and secondary prevention of vascular events. These showed that aspirin re-
duces the risk of CRC incidence and mortality (HR: 0.76, 95% CI: 0.60-0.96 and odds ratio
(OR): 0.79, 95% CI: 0.68-0.92, respectively) [20,21]. Considering aspirin is rapidly deacety-
lated to form SA in under 30 min [22], and that evidence in the form of in vivo and in vitro
experiments have previously shown SA to be an antiproliferative and antitumour agent
[23-25], it may be that metabolism of aspirin leading to increased circulating SA levels
may partially explain aspirin’s chemopreventive mode of action.

Although many observational studies have shown an inverse association between
aspirin use and CRC risk, few have directly assessed the association between SA itself and
CRC. In order to identify the true effect of SA on CRC risk, conducting an RCT would be
the ideal study design. However, RCTs for cancer primary prevention are lengthy and
costly, therefore it would be helpful to test this association using statistical methods such
as Mendelian Randomization (MR). MR uses genetic variants (mostly single nucleotide
polymorphisms (SNPs)) related to modifiable factors (such as metabolite levels) to inves-
tigate the causal role of these factors on risk of disease [26-28]. Through this method, MR
has been likened to RCTs in that genetic variants are randomly allocated at conception the
same way that an intervention is randomly allocated at the start of a trial [29,30]. This
lends many advantages such as overcoming the issues of confounding and reverse causa-
tion, which are commonly encountered in observational epidemiology [29]. MR has pre-
viously been useful in predicting trial outcomes such as the case of selenium and prostate
cancer in The Selenium and Vitamin E Cancer Prevention Trial (SELECT) [31]. Results
from an MR study mimicked the findings of this RCT and may have been useful to inform
whether to conduct a trial that cost $114 million and that was weakly associated with in-
creasing high-grade prostate cancer risk [32].

For this reason, we applied an MR approach using genetic “instruments” or proxies
for SA to assess the causal effect of this metabolite on the risk of CRC. Since aspirin is
rapidly deacetylated to SA [22], and therefore a plausible proxy of increased SA levels, we
also stratified our analysis between aspirin users and non-users to test the hypothesis of
whether diet-derived levels of SA alone would affect risk of CRC or whether higher con-
centrations achieved through pharmacological intervention in the form of aspirin was re-
quired to identify an effect. Based on previous observational evidence, we hypothesise
that a genetically predicted increase in SA levels would reduce the risk of CRC, with a
stronger effect observed in aspirin users.

2. Materials and Methods
2.1. Genetic Variants for Salicylic Acid

We applied a two-sample MR study design to test for the association of SA levels
(sample 1) with risk of CRC (sample 2). GWAS and meta-analysis of salicylate levels were
performed using 5841 participants from the EPIC-Norfolk study [33] and 8455 from the
INTERVAL study [34]. The percentage of samples with missing salicylate measurements
was low (0.43% and 1.44% in EPIC-Norfolk and INTERVAL respectively), providing a
total sample size of 14,149. Salicylate was measured independently in each study as one



Nutrients 2021, 13, 4164

6 of 21

of many metabolites measured using the Metabolon DiscoveryHD4® platform (Metabo-
lon, Inc., Durham, NC, USA), from non-fasted plasma samples (predominantly non-fasted
samples in EPIC-Norfolk) collected at baseline. Measures that were median normalised
for run day were natural log transformed, winsorised to 5 standard deviations from the
mean, before being regressed against age, sex, and study-specific variables (measurement
consignment in EPIC-Norfolk and measurement consignment, INTERVAL centre, plate
number, appointment month, lag time between blood donation appointment and sample
processing, and the first 5 ancestry principal components in INTERVAL) using linear re-
gression. Residuals from this regression were standardised (mean 0, standard deviation
1) and used for further analysis. Genotyping was performed in both studies using the
Affymetrix Axiom UK Biobank genotyping array. In INTERVAL, genotype imputation
was performed using the combined UK10K+1000 Genomes Phase 3 reference panel. In
EPIC-Norfolk, imputation was performed using the Haplotype Reference Consortium ref-
erence panel, with additional variants imputed using the UK10K+1000 Genomes Phase 3
reference panel. Genome-wide association analyses were performed using BOLT-LMM
(version 2.2) [35], and variants with a MAF < 0.01% and INFO < 0.3 were excluded. Asso-
ciations from the two studies were pooled using inverse variance weighted fixed effect
meta-analysis implemented in METAL [36], applying a minor allele count threshold in
each study of >10.

The causal effect of SA on risk of CRC was assessed using 3 sets of genetic variants
(SNPs) related to SA: (1) functional SNPs that influence aspirin and SA metabolising en-
zymes’ activity (derived from Figure 1)—termed “functional SNPs”; (2) pathway SNPs,
those that are present in the coding regions of genes that are involved in aspirin and SA
metabolism (based on the NCBI Build 37/UCSC hg19 from https://grch37.ensembl.org/in-
dex.html (14.12.2016), Supplementary Table S1) termed “pathway SNPs”; (3) genome-
wide significant SNPs associated with levels of circulating aspirin metabolites —termed
“genome-wide SNPs”. Pathways SNPs were defined as having a Bonferroni threshold of
association (p value 0.05/2701 = 1.85 x 10-5), a MAF > 0.01%, as well as a consistent direction
of effect in both EPIC-Norfolk and INTERVAL. Genome-wide signals were defined as
having an association p value <5 x 10-% in the meta-analysis, a MAF > 0.01%, consistent
direction of effect across the two studies, and association p value < 0.01 in both studies

To account for genetic correlation, linkage disequilibrium (LD) clumping at an R? <
0.001 and 10,000 kb window was performed to retain the SNP most strongly associated
with the metabolite for downstream analysis. Since an R? < 0.001 is considered highly
stringent, we also used an R?< 0.8 to incorporate more variants while accounting for re-
sidual correlation in the model (see Statistical Analysis). An F-statistic for each SNP-ex-
posure association was calculated to reflect the strength of the genetic instrument and
indicate any possibility of weak instrument bias, usually inferred when F <10 [37]. Power
calculations were conducted using the mRnd online calculator to identify the OR in both
directions that could be detected with the sample size available [38].

2.2. Genetic Variants for CRC Incidence

SNP-outcome associations were obtained from the Colon Cancer Family Registry
(CCFR), Colorectal Cancer Transdisciplinary Study (CORECT), Genetics and Epidemiol-
ogy of Colorectal Cancer (GECCO) consortia, and the UK Biobank (55,168 cases and 65,160
controls), hereafter collectively termed as GECCO [39-41]. Genetic data from a popula-
tion-based case-control study from southwestern Germany (Darmkrebs: Chancen der
Verhiitung durch Screening (DACHS)) was used to assess replication of the findings, and
to run an MR analysis stratified by aspirin intake, since this study recorded aspirin use
(defined as twice per week for at least a year) [42—44]. This study comprised 4410 cases, of
which 810 (18.37% of cases) were aspirin users and 3340 (75.74%) were non-users, and 260
cases (5.90%) were excluded as they had reported use of other non-aspirin NSAIDs. This
study also contained 3441 controls, of which 779 (22.64%) had recorded aspirin use and



Nutrients 2021, 13, 4164

7 of 21

2320 (67.42%) were recorded as non-users, and 342 controls (9.94%) were excluded as they
had reported use of other non-aspirin NSAIDs.

To assess the causal effect of SA on CRC risk, we tested for association in GECCO,
and also stratified the analysis between aspirin users and non-users in DACHS to investi-
gate whether increased SA levels via pharmacological intervention is required to see an
effect. We obtained summary association statistics from GECCO and also conducted lo-
gistic regression analyses adjusting for age and sex in the DACHS study for all the partic-
ipants. We then stratified the participants of the DACHS study to aspirin users and non-
users before repeating the logistic regression analyses again. Genetic instruments that had
a MAF < 0.01 in both GECCO and DACHS (all participants) were excluded from further
analyses.

2.3. Statistical Analyses

Analyses were carried out in R version 3.2.3 using the “Two-Sample MR” package
[45]. This package allows the formatting, harmonisation, and analysis of summary data
from genetic association studies in a semi-automated manner. The Two-Sample MR pack-
age automatically assigns effect alleles so that SNP associations with the exposure are pos-
itive i.e., so the effect allele is “metabolite-increasing”. The SNPs identified as associated
with SA can then be extracted from the outcome datasets. Allele harmonization ensures
that the effect (metabolite-increasing) allele in the exposure dataset is also treated as the
effect allele in the outcome dataset. When only one SNP was associated with the metabo-
lite, Wald ratios (SNP-outcome estimate + SNP-exposure estimate) were calculated to as-
sess the change in log OR per SD increase in the metabolite. When more than one SNP
was available, a weighted mean weighted by the inverse variance of the Wald ratio esti-
mates (inverse-variance weighted (IVW) method) was used to assess the causal effect of
increased metabolite levels on risk of CRC incidence [46]. To assess the quality of our in-

struments, we calculated the variance in SA levels explained by the SNPs and the F statis-

2 (1—
tic. The variance explained for each SNP was calculated using the formula: ZbiT(:p),

where p is the minor allele frequency, b is the SNP effect on the exposure (beta) and var is
r2(n-1-k

((i—rz)k))
where r is the sum of the variance explained by the set of SNPs,  is the sample size of the
exposure GWAS and k is the number of SNPs used to proxy the exposure. In the presence
of weak instruments, we conducted an MR robust adjusted profile score (MR RAPS),
which is a method that provides robust inference when many weak instruments are pre-
sent [47].

Furthermore, the presence of one invalid instrument, e.g., one that is associated with
exposures other than the exposure of interest (horizontal pleiotropy), may bias the results
from the IVW method [48]. For this reason, alternative methods that produce an unbiased
estimator even when some of the genetic instruments are invalid were used as a sensitivity
analysis when more than 2 SNPs were used as exposure instruments (weighted mode,
weighted median, and MR Egger) [45,49-51]. The MR Egger test is not constrained to pass
through an effect size of 0, unlike the IVW method, allowing the assessment of the pres-
ence of directional pleiotropy through the y intercept [48,51]. We also measured the Q
statistic to measure the presence of pleiotropy between our instruments. If all the SNPs
are valid instruments, then the individual MR estimates for each SNP will only vary by
chance. A larger amount of heterogeneity would indicate that one or more of the SNPs are
pleiotropic [52].

Due to the presence of a small number of independent SNPs associated with the me-
tabolite, we also conducted a weighted generalised linear regression (WGLR), whereby
SNPs in LD (R? < 0.8) could be used with the incorporation of their correlation as weights
in the regression analysis [53]. This was performed using the “LDIlinkR” and “Mendelian-
Randomization” packages in R (version 3.5.1). The use of multiple SNPs explains more of
the variance in the metabolite levels and therefore improves power to detect an effect [53].

the variance of the exposure. The F statistic was calculated using the formula:
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We also assessed the possibility of reverse causation through the use of the MR Stei-
ger test, found in the “TwoSampleMR” package, which does so by comparing the variance
explained by the SNPs for the exposure and the outcome [45].

3. Results
3.1. Functional SNPs and CRC Risk

To interrogate the effect of SA on CRC risk, we used three methods to select our ex-
posure instruments (Figure 2). In our first approach, we identified four functional SNPs
that have been shown to affect enzyme efficiency in the aspirin metabolic pathway (Figure
1). For BChE (rs6445035), the presence of an A allele increase has been associated with a
decrease in aspirin hydrolysis by around 1.2 nmol/mL/min [54]. The UGT1A6 variants,
rs2070959 and rs1105879, predict a higher metabolic activity of the enzyme than the wild
type [55,56]. Furthermore, a variant in CYP2C9 (rs1799853) encodes an enzyme with re-
duced activity [57].

Exposure instruments

SNPs with functional
effect

SNPs associated with metabolite
P value = 5x10*

SNPs within genetic
coding regions of
metabolism enzymes

Functional analysis Pathway analysis Genome-wide associated

N SNPs = 4 analysis
P value = 0.05

N SNPs =0 N SNPs = 2701 N SNPs =72
BF 5 EAF = 0.01
P value < 1.85x10 Same direction of
EAF 20.01 effect in Epic-Norfolk
Same direction of effect in and INTERVAL
Epic-Norfolk and INTERVAL

N SNPs = 45

N SNPs = 58

R?=0.001 R?=0.8 R?=0.001 R?=0.8

Allele
harmenization with
outcome dataset

Allele
harmonization with
outcome dataset

N SNPs N SNPs N SNPs N SNPs
2 6 1 4

Figure 2. Instrument selection for functional, pathway, and genome-wide SNPs. Abbreviations: SA,
salicylic acid; EAF, effect allele frequency; BF, Bonferroni.

These SNPs were tested for association with SA in the INTERVAL and (EPIC)-Nor-
folk study, however none of the SNPs reached nominal significance with the metabolite
(Figure 3A) (Supplementary Table S2). For this reason, these SNPs were therefore not
taken forward in an MR analysis.
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Figure 3. Functional SNP metabolite associations and two-sample pathway MR analysis. (A) Forest plot of single SNP
associations with salicylic acid for the functional SNPs. (B) Forest plot of one SD increase in SA and its effect on CRC risk,
instrumented by pathway SNPs and applying three methods: IVW after applying an LD threshold of R?< 0.001 (black),
MR RAPS after applying an LD threshold of R? < 0.001 (grey), IVW after applying an LD threshold of R?< 0.8 (red) and a
WGLR after applying an LD threshold of R? < 0.8 (green). (C) Forest plot of one SD increase in SA and its effect on CRC
risk, instrumented by genome-wide SNPs and applying three methods: WR after applying an LD threshold of R? < 0.001
(black), MR RAPS after applying an LD threshold of R? <0.001 (grey), IVW after applying an LD threshold of R?<0.8 (red)
and a WGLR after applying an LD threshold of R? < 0.8 (green). Abbreviations: OR, odds ratio; IVW, inverse variance
weighted; WGLR, weighted generalised linear regression; WR, Wald ratio; LD, linkage disequilibrium.
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3.2. Pathway SNPs and CRC Risk

We investigated genetic variants within the coding regions of the enzymes involved
in aspirin and SA metabolism (Figure 1). These were BChE, PAFAH1b2, PAFAH1b3,
UGT1A6, ACSM2B and CYP2C9.

We obtained summary statistics for 2701 SNPs within the genetic coding regions of
the enzymes for SA. We applied a Bonferroni threshold of association (P value 0.05/2701
=1.85 x 10-%) for SNPS and restricted to SNPs with a consistent direction of effects in both
studies and a minor allele frequency of 20.01 in the exposure and outcome studies. This
identified 45 SNPs that could be used to instrument SA. These SNPs were then clumped
at an R?<0.001 and 0.8, providing two and six SNPs, respectively, to instrument SA levels
(Figure 2). These explained 0.03% and 0.09% of the variance in SA levels, and had an F
statistic of 1.74 and 2.16, respectively (Table 1).

Table 1. Exposure instruments used in the MR analysis.

. OR Detected at 80%
Outcome Percentage Cases N Variance F Statis Power
SNP Set Study Sample 28 LD R? Explained =,
Size (%) SNPs R* (%) tics  Decreased Increased
? Risk Risk
45.85
GECCO 120,328 2 0.90 1.11
55,168/120,328)
DACHS 7851 56.17 2 0.68 1.51
DACH: irin us- 001 02 1.74
S S:rzplrm U™ 1589 (4410/7851) , 0001 0025 0.43 2.38
DACHS aspirin
Pathway SNPs omisens 5660 50.98 2 0.64 1.64
GECCO 120,328 (810/1589) 6 0.95 1.06
DACHS 7851 59.01 6 0.81 1.24
DACHS aspirin us-
:rsspm“ UST 1589 (3340/5660) 6 08  0.092 216 0.63 1.58
DACHS aspirin 45.85
Vs 1.
non-users 5660 (55,168/120,328) 6 0.78 30
45.85
GECCO 120328 o) o0 30 ) 2 0.93 1.07
DACHS 7851 56.17 2 0.76 1.32
DACHS;ZPIHH us- 1589 (4410/7851) ) 0.001 0.053 7.44 0.55 183
DACHS aspirin
Genome-wide SNPs non-users 5660 50.98 2 0.73 142
GECCO 120,328 (810/1,589) 6 0.95 1.06
DACHS 7851 59.01 6 0.81 1.24
DACHS:;pm“ U5 1589 (3340/5660) 6 0.8  0.090 3.18 0.63 1.59
DACHS aspirin 45.85
7 1.
non-users 5660 (55,168/120,328) 6 0.78 30

Abbreviations: SA, salicylic acid; LD, linkage disequilibrium; NA, not applicable; OR, odds ratio.

After LD clumping at an R? <0.001, 2 SNPs were taken forward in an IVW analysis.
We found little evidence of an association between an SD increase in SA and CRC risk
(GECCO OR: 1.03, 95% CI: 0.84-1.27 and DACHS OR: 1.10, 95% CI: 0.58-2.07) (Figure 3B).
Since aspirin is rapidly deacetylated to form SA [22] and therefore a plausible proxy for
increased SA levels, we stratified our analysis between aspirin users and non-users in the
DACHS study. Our power calculations show that after stratification, we had 80% power
to detect an effect of an SD increase in SA on CRC risk with an OR of <0.43 and >2.38 in
the reciprocal direction for aspirin users (1 = 1,589). For non-users (1 = 5,660), we had 80%
power to detect an OR of <0.64 and >1.64 in the reciprocal direction (Table 1). However,
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our MR analysis showed little evidence of an association between SA and CRC risk (OR:
0.93, 95% CI: 0.23-3.73 and OR: 1.24, 95% CI: 0.57-2.69, respectively) (Figure 3B).

The variance explained by these two instruments and their F statistics indicate the
possibility of weak instrument bias. For this reason, we conducted MR RAPS, a method
that provides robust inference even in the presence of weak instruments [47]. Through
this method, no association was found between an SD increase in SA and CRC risk
(GECCO OR: 1.04, 95% CI: 0.87-1.23 and DACHS OR:1.10, 95% CI: 0.57-2.12). Results re-
main unchanged, even after stratification between aspirin users and non-users (OR: 0.93,
95% CI: 0.22-3.87 and OR: 1.24, 95% CI: 0.56-2.76).

Since this LD threshold is known to be very stringent, we used a more relaxed thresh-
old (R2< 0.8) to increase the number of SNPs available to instrument the metabolite and
therefore explain more of the variance in SA levels. This provided six SNPs associated
with SA shown in Supplementary Table S3, of which SNP associations with the outcome
are also provided in Supplementary Table S4. These SNPs showed no association between
SA and CRC risk (GECCO OR: 1.01, 95% CI: 0.91-1.12 and DACHS OR:1.14, 95% CI: 0.77-
1.68). Stratification between aspirin use and non-use found no association between the
metabolite and CRC risk in aspirin users or non-users (OR: 1.02, 95% CI: 0.44-2.40 and
OR: 1.26, 95% CI: 0.78-2.01, respectively).

Using the alternative MR methods (weighted mode, weighted median, and MR Eg-
ger), no other association between SA and CRC in both GECCO and DACHS was ob-
served, regardless of stratification (Supplementary Table S5).

Since all the SNPs were found to be on chromosome 16 (Supplementary Table S3), a
WGLR method was carried out to account for the SNP correlations and include them as
weights into the regression. Through this method, there was no association between SA
and CRC risk in DACHS (OR: 0.81, 95% CI: 0.36-1.83) but a positive association in the
GECCO sample (OR: 1.11, 95% CI: 1.01-1.21). No association was observed between SA
and CRC risk in aspirin users or non-users (OR: 0.35, 95% CI: 0.05-2.47 and OR: 1.10, 95%
CI: 0.55-2.16, respectively) (Figure 3B). As a sensitivity analysis, the heterogeneity of the
results was appraised through a Q statistic, but no evidence of pleiotropy was observed-
i.e, no evidence that the instruments may also be associated with another phenotype
(Supplementary Table S6).

To identify whether the causal pathway was in the direction from SA to CRC and not
the reverse, we performed the MR Steiger method using the functional SNPs [58]. This
method suggested that the causal direction was indeed from SA to CRC, because the SNPs
explained more variation in SA levels than CRC risk (Supplementary Table 57).

3.3. Genome-Wide Significant SNPs and CRC Risk

Initially, 72 SNPs were associated with SA at genome-wide significance. We re-
stricted our analysis to SNPs with a MAF threshold of 20.01 in the exposure and outcome
studies, and only included those with a consistent direction of effect in both studies. This
resulted in 58 SNPs that were available to instrument SA. After removing SNPs in LD at
an R2< 0.001 and R2 < 0.8, one SNP and four SNPs were available to instrument SA, re-
spectively (Figure 2). These explained 0.05% and 0.09% of the variance in SA levels and
had an F statistic of 7.44 and 3.18, respectively (Table 1).

Using the one independent SNP associated with SA at genome-wide significance,
WR results showed no association between the genetically predicted metabolite levels and
cancer risk (GECCO OR: 1.08, 95% CI: 0.86-1.34 and DACHS OR: 1.01, 95% CI: 0.44-2.31).
Our power calculations show that after stratification between aspirin users and non-users
in the DACHS study, we had 80% power to detect an effect of an SD increase in SA on
CRC risk with an OR of <0.55 and >1.83 in the reciprocal direction for aspirin users (n =
1589). For non-users (1 = 5660), we had 80% power to detect an OR of <0.73 and >1.42 in
the reciprocal direction (Table 1), however, we found no association between SA levels
and CRC in aspirin users (OR: 0.66, 95% CI: 0.11-4.12) and non-users (OR: 1.12, 95% CI:
0.42-2.97) (Figure 3C).
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Due to the possibility of weak instrument bias, we also conducted an MR RAPS ap-
proach, but results remained unchanged (GECCO OR: 1.08, 95% CI: 0.86-1.36, DACHS
OR: 1.01, 95% CI: 0.44-2.36, DACHS aspirin users OR: 0.66, 95% CI: 0.10—-4.33 and DACHS
aspirin non-users OR: 1.12, 95% CI: 0.41-3.04).

To explain more of the variance, we used a less stringent LD threshold of R2 < 0.8,
and therefore four SNPs to instrument SA (Supplementary Table S8, associations with
CRC are also found in Supplementary Table S9). IVW results also showed no association
between the metabolites and CRC risk (GECCO OR: 1.03, 95% CI: 0.92-1.15, and DACHS
OR: 1.06, 95% CI: 0.69-1.63) and no association was found upon stratification by aspirin
use (users OR: 0.99, 95% CI: 0.38-2.57, non-users OR: 1.10, 95% CI: 0.66—1.84).

Using the alternative MR methods (weighted mode, weighted median, and MR Eg-
ger), no association between SA and CRC in both GECCO and DACHS was seen, regard-
less of stratification (Supplementary Table 510).

Since these four SNPs were all found on chromosome 16 (Supplementary Table S8),
a WGLR method was applied to account for their correlation. We found a positive associ-
ation between SA and CRC risk in the GECCO sample (OR: 1.13, 95% CI: 1.05-1.22) but
no association in the DACHS sample (OR: 0.51, 95% CI: 0.16-1.67), DACHS aspirin users
(OR: 0.12, 95% CI: 0.01-2.67) and DACHS aspirin non-users (OR: 0.70, 95% CI: 0.30-1.65)
(Figure 3C). As a sensitivity analysis, the heterogeneity of the results was assessed
through a Q statistic, but no evidence of heterogeneity was seen (Supplementary Table
S11).

We repeated the MR Steiger method using the genome-wide significant SNPs, and
results again suggested that the causal direction was indeed from SA to CRC, as the SNPs
explained more variation in SA levels than CRC risk (Supplementary Table S6).

4. Discussion

In this study, we aimed to assess whether increasing levels of SA affected risk of CRC,
using an MR approach, and whether higher levels of SA proxied by pharmacological in-
tervention in the form of aspirin use was required to identify an effect. Our analysis fo-
cused on aspirin, since 90% of the drug is rapidly deacetylated to form SA [16], which is
the active metabolite of the drug [13,14], and therefore increases SA levels more than
would be achieved through the diet. Three different approaches were applied to identify
genetic variants (instrument variables) which could serve as proxies for SA and under-
stand the causal nature of their role in determining CRC risk. The three approaches in-
volved selecting (i) functional, (ii) pathway and (iii) genome-wide SNPs each associated
with SA. The functional genetic variants were selected through the established role of the
genes in aspirin metabolism from various sources of evidence. With regards to the path-
way and genome-wide significant SNPs, all were found on chromosome 16, either within
or near the coding region for the enzyme ACSM2B, which is the enzyme involved in
breaking down SA into its metabolite salicyluric acid, thereby providing a plausible bio-
logical link between these SNPs and levels of SA.

We found no association between the functional SNPs and levels of SA, therefore did
not take them forward to instrument SA levels. Using pathway and genome-wide SNPs,
we identified two and one independent SNPs (R2 < 0.001) to proxy for SA levels, respec-
tively, and found no association between increasing metabolite levels and CRC risk using
an IVW and MR RAPS approach, regardless of aspirin stratification. Furthermore, due to
the small number of instruments, we applied a less stringent LD threshold (R? < 0.8) and
identified six pathway SNPs and four genome-wide SNPs to proxy for an SD increase in
SA levels. Using these SNPs, we found consistent null results using the IVW method and
alternative MR methods (weighted median, weighted mode, and MR Egger). However,
after accounting for SNP correlation using a WGLR method, we found that an SD increase
in SA increased the risk of CRC in GECCO (OR: 1.11, 95% CI: 1.01-1.21, p-value: 0.03 and
OR: 1.13, 95% CI: 1.05-1.22, p-value: 1.42 x 103, respectively). We acknowledge that when
the LD clumping threshold was relaxed to 0.8, there may have been some overlap with
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SNPs used in both the functional and the genome-wide analysis. We also acknowledge
that the sensitivity analyses used were limited in detecting heterogeneity due to the low
number of SNPs. The Cochran Q statistic also requires a large number of SNPs, otherwise
there is little power to detect heterogeneity [59]. Overall, we found little evidence to sug-
gest that SA affects risk of CRC, regardless of stratification.

It is thought that one reason why fruit and vegetable consumption may prevent CRC
[8] is due to the presence of SA [60], although no formal RCTs have been carried out to
confirm this. In vitro studies have also shown that salicylic acid inhibits the growth of
colorectal cancer cells [61]. SA is the primary metabolite of aspirin, of which both obser-
vational and RCT evidence have shown aspirin as a chemopreventive agent [18-21]. Our
MR results show little evidence of an association between the metabolite and CRC risk,
regardless of aspirin use. However, we discuss some of the possible reasons why below.

Whilst we found no association between functional SNPs known to affect aspirin me-
tabolism enzymes’ activity and levels of SA, this may be due to a more complex relation-
ship between genotype and metabolite levels, rather than the assumed linear additive
model. For example, with regards to the functional SNPs, Nagar et al. (2004) identified
that whilst individuals with homozygous mutant alleles of UGT1A6 had the highest met-
abolic activity, those that were heterozygous for alleles in three SNPs (including rs1105879
and rs2070959) were actually less active than homozygous wildtype enzymes [56], indi-
cating a non-linear association between the alleles and the metabolites, which is a common
assumption made in regression analyses [62]. This non-linear association between alleles
and enzyme activity needs to also be addressed between alleles and metabolite levels to
derive instrumental variables.

To our knowledge, our GWAS for SA is the largest performed for this metabolite (n
=14,149), with others having much smaller sample sizes and not being publicly available.
By using a much larger sample size, we were able to identify genome-wide significant
associations that would have otherwise been missed in smaller studies. However, the var-
iance explained and the strength of the instruments still indicated weak instruments de-
spite strong associations with the metabolite. In order to improve the results and conclu-
sions observed in this study, ideally we would need to identify the SNP associations with
SA levels stratified between aspirin users and non-users, similar to what was carried out
in our CRC outcome sample. However, to our knowledge, metabolite, genotype, and phe-
notype data (of aspirin use) are not currently large enough to run this analysis. If a
stronger association exists between the SNPs and SA levels in aspirin users, this would
provide more strength of the appropriateness of the genetic instruments used to proxy for
SA levels.

We also acknowledge another limitation in this study is that the measurement of me-
tabolites was through an untargeted metabolomics approach, and so the variables gener-
ated are assessed in units of measurement called “ion counts” which are calculated from
the area under the curve of the corresponding peak in the mass spectrum. This means that
metabolite measurements are quantitative values of relative changes as opposed to the
absolute quantification of metabolite concentrations that can be achieved through tar-
geted metabolomics [63]. For this reason, it is important to focus on the direction of effect
and strength of association (p-values) in this study, as opposed to the magnitude of effect.
This may have also impacted on the calculation of variance explained and the F statistics,
which mostly indicate that the instrumental variables used in the MR were weak as they
explain little of the variance, and the F-statistic is below the conventionally applied indic-
ative threshold of 10 [64]. However, without carrying out a more targeted metabolomic
approach and quantifying the exact effect of these SNPs on the metabolite levels, it is dif-
ficult to draw firm conclusions about the strength of the instruments used for MR.

Furthermore, larger sample sizes of recorded aspirin use are required as currently,
our study may have been underpowered to detect an effect, hence explaining the null
results using the IVW approach. Our power calculations show that in aspirin users, we
had sufficient power to detect an effect of SA on CRC risk with an OR of <0.43 and 22.38,
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whereas observationally, the effect of aspirin on CRC risk is RR: 0.79 (95% CI: 0.74-0.85)
[19], and in a long-term observational follow-up of a trail, the hazard ratio was 0.80 (95%
CI: 0.67-0.97) [18]. Therefore, it would be useful to repeat this analysis in a larger sample
with comprehensive data on aspirin use.

5. Conclusions

Overall, the analyses presented have shown that dietary levels of SA, as well as in-
creased levels proxied by aspirin use, may be insufficient at reducing risk of CRC, alt-
hough based on the variance explained in SA levels by our SNPs and the F statistic, we
acknowledge that the analysis needs to be repeated again with stronger instruments that
proxy the metabolite levels.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/nu13114164/s1, Table S1: Enzyme genomic regions based on NCBI Build 37/UCSC hg19,
Table S2: Associations of the 4 functional SNPs with salicylic acid, Table S3: Pathway SNP associa-
tions with salicylic acid, Table S4: Pathway SNP associations with colorectal cancer, Table S5: Path-
way SNP associations with CRC using the other MR methods, Table S6: Results of the Q statistic
heterogeneity test for pathway SNPs, Table S7: MR Steiger test results, Table S8: Genome-wide SNP
associations with salicylic acid, Table S9: Genome-wide SNP associations with colorectal cancer,
Table S10: Genome-wide SNP associations with CRC using the other MR methods, and Table 511:
Results of the Q statistic heterogeneity test for genome-wide SNPs.
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(MCR) cancer data was provided by the Maryland Cancer Registry, Center for Cancer Prevention
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and Control, Maryland Department of Health, with funding from the State of Maryland and the
Maryland Cigarette Restitution Fund. The collection and availability of cancer registry data is also
supported by the Cooperative Agreement NU58DP006333, funded by the Centers for Disease Con-
trol and Prevention. Its contents are solely the responsibility of the authors, and do not necessarily
represent the official views of the Centers for Disease Control and Prevention or the Department of
Health and Human Services. ColoCare: This work was supported by the National Institutes of
Health (grant numbers R01 CA189184 (Li/Ulrich), U01 CA206110 (Ulrich/Li/Siegel/Figueireido/Col-
ditz, 2P30CA015704- 40 (Gilliland), R01 CA207371 (Ulrich/Li)), the Matthias Lackas Foundation, the
German Consortium for Translational Cancer Research, and the EU TRANSCAN initiative. The Co-
lon Cancer Family Registry (CCFR, www.coloncfr.org, accessed on Date Month Year) is supported
in part by funding from the National Cancer Institute (NCI), National Institutes of Health (NIH)
(award U01 CA167551). The CCFR Set-1 (Illumina 1M/1M-Duo) and Set-2 (Illumina Omnil-Quad)
scans were supported by NIH awards U01 CA122839 and R01 CA143247 (to GC). The CCFR Set-3
(Affymetrix Axiom CORECT Set array) was supported by NIH award U19 CA148107 and RO1
CAB81488 (to SBG). The CCFR Set-4 (Illumina OncoArray 600K SNP array) was supported by NIH
award U19 CA148107 (to SBG) and by the Center for Inherited Disease Research (CIDR), which is
funded by the NIH to the Johns Hopkins University, contract number HHSN268201200008I. The
SCCFR INlumina HumanCytoSNP array was supported through NCI award R01 CA076366 (to
PAN). Additional funding for the OFCCR/ARCTIC was through award GL201-043 from the Ontario
Research Fund (to BWZ), award 112746 from the Canadian Institutes of Health Research (to TJH),
through a Cancer Risk Evaluation (CaRE) Program grant from the Canadian Cancer Society (to SG),
and through generous support from the Ontario Ministry of Research and Innovation. The content
of this manuscript does not necessarily reflect the views or policies of the NCI, NIH, or any of the
collaborating centers in the Colon Cancer Family Registry (CCFR), nor does mention of trade names,
commercial products, or organizations imply endorsement by the US Government, any cancer reg-
istry, or the CCFR. COLON: The COLON study is sponsored by Wereld Kanker Onderzoek Fonds,
including funds from grant 2014/1179 as part of the World Cancer Research Fund International Reg-
ular Grant Programme, by Alpe d’"Huzes and the Dutch Cancer Society (UM 2012-5653, UW 2013-
5927, UW2015-7946), and by TRANSCAN (JTC2012-MetaboCCC, JTC2013-FOCUS). The Nqplus
study is sponsored by a ZonMW investment grant (98-10030); by PREVIEW, the project PREVention
of diabetes through lifestyle intervention and population studies in Europe and around the World
(PREVIEW) project which received funding from the European Union Seventh Framework Pro-
gramme (FP7/2007-2013) under grant no. 312057; by funds from TI Food and Nutrition (cardiovas-
cular health theme), a public—private partnership on precompetitive research in food and nutrition;
and by FOODBALL, the Food Biomarker Alliance, a project from JPI Healthy Diet for a Healthy
Life. Colorectal Cancer Transdisciplinary (CORECT) Study: The CORECT Study was supported by
the National Cancer Institute, National Institutes of Health (NCI/NIH), U.S. Department of Health
and Human Services (grant numbers U19 CA148107, R01 CA81488, P30 CA014089, R01 CA197350;
P01 CA196569; R01 CA201407) and National Institutes of Environmental Health Sciences, National
Institutes of Health (grant number T32 ES013678). CORSA: “Osterreichische Nationalbank Jubi-
laumsfondsprojekt” (12511) and Austrian Research Funding Agency (FFG) grant 829675. CPS-II:
The American Cancer Society funds the creation, maintenance, and updating of the Cancer Preven-
tion Study-II (CPS-II) cohort. This study was conducted with Institutional Review Board approval.
CRCGEN: Colorectal Cancer Genetics & Genomics, Spanish study was supported by Instituto de
Salud Carlos III, co-funded by FEDER funds—a way to build Europe (grants PI14-613 and PI09-
1286), Agency for Management of University and Research Grants (AGAUR) of the Catalan Gov-
ernment (grant 2017SGR723), and Junta de Castilla y Leon (grant LE22A10-2). Sample collection of
this work was supported by the Xarxa de Bancs de Tumors de Catalunya sponsored by Pla Director
d’Oncologia de Catalunya (XBTC), Plataforma Biobancos PT13/0010/0013 and ICOBIOBANC, spon-
sored by the Catalan Institute of Oncology. Czech Republic CCS: This work was supported by the
Czech Science Foundation (20-03997S) and by the Grant Agency of the Ministry of Health of the
Czech Republic (grants NV18/03/00199 and NU21-07-00247). 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 Diseases (NCT), Germany, and the German Federal Ministry of Educa-
tion and Research (01KHO0404, 01ER0814, 01ER0815, 01ER1505A, 01ER1505B and 01GL1712). The
sponsors had no role in the study design and the collection, analysis, and interpretation of data.
DALS: National Institutes of Health (R01 CA48998 to M. L. Slattery). EDRN: This work is funded
and supported by the NCI, EDRN Grant (U01 CA 84968-06). EPIC: The coordination of EPIC is fi-
nancially supported by the European Commission (DGSANCO) and the International Agency for
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Research on Cancer. The national cohorts are supported by Danish Cancer Society (Denmark); Ligue
Contre le Cancer, Institut Gustave Roussy, Mutuelle Générale de 'Education Nationale, Institut Na-
tional de la Santé et de la Recherche Médicale INSERM) (France); German Cancer Aid, German
Cancer Research Center (DKFZ), Federal Ministry of Education and Research (BMBF), Deutsche
Krebshilfe, Deutsches Krebsforschungszentrum and Federal Ministry of Education and Research
(Germany); the Hellenic Health Foundation (Greece); Associazione Italiana per la Ricerca sul Can-
cro-AIRCltaly and National Research Council (Italy); Dutch Ministry of Public Health, Welfare and
Sports (VWS), Netherlands Cancer Registry (NKR), LK Research Funds, Dutch Prevention Funds,
Dutch ZON (Zorg Onderzoek Nederland), World Cancer Research Fund (WCRF), Statistics Neth-
erlands (The Netherlands); ERC-2009-AdG 232997 and Nordforsk, Nordic Centre of Excellence pro-
gramme on Food, Nutrition and Health (Norway); Health Research Fund (FIS), PI13/00061 to Gra-
nada, PI13/01162 to EPIC-Murcia, Regional Governments of Andalucia, Asturias, Basque Country,
Murcia and Navarra, ISCIII RETIC (RD06/0020) (Spain); Swedish Cancer Society, Swedish Research
Council and County Councils of Skdne and Vasterbotten (Sweden); Cancer Research UK (14136 to
EPIC-Norfolk; C570/A16491 and C8221/A19170 to EPIC-Oxford), Medical Research Council
(1000143 to EPIC-Norfolk, MR/M012190/1 to EPICOxford) (United Kingdom). The EPIC-Norfolk
study (https://doi.org/10.22025/2019.10.105.00004) has received funding from the Medical Research
Council (MR/N003284/1, MC-UU_12015/1 and MC_UU_00006/1) and Cancer Research UK
(C864/A14136). The genetics work in the EPIC-Norfolk study was funded by the Medical Research
Council (MC_PC_13048). Metabolite measurements in the EPIC-Norfolk study were supported by
the MRC Cambridge Initiative in Metabolic Science (MR/L00002/1) and the Innovative Medicines
Initiative Joint Undertaking under EMIF grant agreement no. 115372. EPICOLON: This work was
supported by grants from Fondo de Investigacién Sanitaria/FEDER (PI08/0024, PI08/1276,
PS09/02368, PI11/00219, PI11/00681, PI14/00173, PI14/00230, PI17/00509, 17/00878, PI20/00113,
P120/00226, Accién Transversal de Cancer), Xunta de Galicia (PGIDIT07PXIB9101209PR), Ministerio
de Economia y Competitividad (SAF07-64873, SAF 2010-19273, SAF2014-54453R), Fundacion
Cientifica de la Asociacién Espanola contra el Cancer (GCB13131592CAST), Beca Grupo de Trabajo
“Oncologia” AEG (Asociacion Esparfiola de Gastroenterologia), Fundacién Privada Olga Torres, FP7
CHIBCHA Consortium, Agéncia de Gestié d’Ajuts Universitaris i de Recerca (AGAUR, Generalitat
de Catalunya, 2014SGR135, 2014SGR255, 2017SGR21, 2017SGR653), Catalan Tumour Bank Network
(Pla Director d’Oncologia, Generalitat de Catalunya), PERIS (SLT002/16/00398, Generalitat de Cata-
lunya), CERCA Programme (Generalitat de Catalunya) and COST Actions BM1206 and CA17118.
CIBERehd is funded by the Instituto de Salud Carlos III. ESTHER/VERDI. This work was supported
by grants from the Baden-Wiirttemberg Ministry of Science, Research and Arts and the German
Cancer Aid. Harvard cohorts (HPFS, NHS, PHS): HPFS is supported by the National Institutes of
Health (P01 CA055075, UM1 CA167552, U01 CA167552, R01 CA137178, R01 CA151993, R35
CA197735, K07 CA190673, and P50 CA127003), NHS by the National Institutes of Health (RO1
CA137178, P01 CA087969, UM1 CA186107, R01 CA151993, R35 CA197735, KO7CA190673, and P50
CA127003) and PHS by the National Institutes of Health (R01 CA042182). Hawaii Adenoma Study:
NCI grants R01 CA72520. HCES-CRC: the Hwasun Cancer Epidemiology Study-Colon and Rectum
Cancer (HCES-CRC; grants from Chonnam National University Hwasun Hospital, HCRI15011-1).
Interval: Participants in the INTERVAL randomised controlled trial were recruited with the active
collaboration of NHS Blood and Transplant England (www.nhsbt.nhs.uk, accessed on Date Month
Year), which has supported field work and other elements of the trial. DNA extraction and geno-
typing was co-funded by the National Institute for Health Research (NIHR), the NIHR BioResource
(http://bioresource.nihr.ac.uk, accessed on Date Month Year) and the NIHR [Cambridge Biomedical
Research Centre at the Cambridge University Hospitals NHS Foundation Trust] [*]. Metabolon
Metabolomics assays were funded by the NIHR BioResource and the NIHR [Cambridge Biomedical
Research Centre at the Cambridge University Hospitals NHS Foundation Trust] [*]. The academic
coordinating centre for INTERVAL was supported by core funding from: NIHR Blood and Trans-
plant Research Unit in Donor Health and Genomics (NIHR BTRU-2014-10024), UK Medical Re-
search Council (MR/L003120/1), British Heart Foundation (SP/09/002; RG/13/13/30194;
RG/18/13/33946) and the NIHR (Cambridge Biomedical Research Centre at the Cambridge Univer-
sity Hospitals NHS Foundation Trust). The views expressed are those of the authors and not neces-
sarily those of the NHS, the NIHR or the Department of Health and Social Care. This work was
supported by Health Data Research UK, which is funded by the UK Medical Research Council, En-
gineering and Physical Sciences Research Council, Economic and Social Research Council, Depart-
ment of Health and Social Care (England), Chief Scientist Office of the Scottish Government Health
and Social Care Directorates, Health and Social Care Research and Development Division (Welsh
Government), Public Health Agency (Northern Ireland), British Heart Foundation and Wellcome.
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Kentucky: This work was supported by the following grant support: Clinical Investigator Award
from Damon Runyon Cancer Research Foundation (CI-8); NCI R01CA136726. LCCS: The Leeds Col-
orectal Cancer Study was funded by the Food Standards Agency and Cancer Research UK Pro-
gramme Award (C588/A19167). Melbourne Collaborative Cohort Study (MCCS) cohort recruitment
was funded by VicHealth and Cancer Council Victoria. The MCCS was further augmented by Aus-
tralian National Health and Medical Research Council grants 209057, 396414 and 1074383 and by
infrastructure provided by Cancer Council Victoria. Cases and their vital status were ascertained
through the Victorian Cancer Registry and the Australian Institute of Health and Welfare, including
the National Death Index and the Australian Cancer Database. Multiethnic Cohort (MEC) Study:
National Institutes of Health (R37 CA54281, P01 CA033619, R01 CA063464 and U01 CA164973).
MECC: This work was supported by the National Institutes of Health, U.S. Department of Health
and Human Services (R01 CA81488 to SBG and GR). MSKCC: The work at Sloan Kettering in New
York was supported by the Robert and Kate Niehaus Center for Inherited Cancer Genomics and the
Romeo Milio Foundation. Moffitt: This work was supported by funding from the National Institutes
of Health (grant numbers R01 CA189184, P30 CA076292), Florida Department of Health Bankhead-
Coley Grant 09BN-13, and the University of South Florida Oehler Foundation. Moffitt contributions
were supported in part by the Total Cancer Care Initiative, Collaborative Data Services Core, and
Tissue Core at the H. Lee Moffitt Cancer Center & Research Institute, a National Cancer Institute-
designated Comprehensive Cancer Center (grant number P30 CA076292). NCCCS I & II: We
acknowledge funding support for this project from the National Institutes of Health, R01 CA66635
and P30 DK034987. NFCCR: This work was supported by an Interdisciplinary Health Research
Team award from the Canadian Institutes of Health Research (CRT 43821); the National Institutes
of Health, U.S. Department of Health and Human Services (U01 CA74783); and National Cancer
Institute of Canada grants (18223 and 18226). The authors wish to acknowledge the contribution of
Alexandre Belisle and the genotyping team of the McGill University and Génome Québec Innova-
tion Centre, Montréal, Canada, for genotyping the Sequenom panel in the NFCCR samples. Funding
was provided to Michael O. Woods by the Canadian Cancer Society Research Institute. NSHDS:
Swedish Research Council; Swedish Cancer Society; Cutting-Edge Research Grant and other grants
from Region Visterbotten; Knut and Alice Wallenberg Foundation; Lion’s Cancer Research Foun-
dation at Umeé University; the Cancer Research Foundation in Northern Sweden; and the Faculty
of Medicine, Umed University, Umea, Sweden. OFCCR: The Ontario Familial Colorectal Cancer
Registry was supported in part by the National Cancer Institute (NCI) of the National Institutes of
Health (NIH) under award U01 CA167551 and award U01/U24 CA074783 (to SG). Additional fund-
ing for the OFCCR and ARCTIC testing and genetic analysis was through and a Canadian Cancer
Society CaRE (Cancer Risk Evaluation) program grant and Ontario Research Fund award GL201-
043 (to BWZ), through the Canadian Institutes of Health Research award 112746 (to TJH), and
through generous support from the Ontario Ministry of Research and Innovation. OSUMC: OCCPI
funding was provided by Pelotonia and HNPCC funding was provided by the NCI (CA16058 and
CA67941). PLCO: Intramural Research Program of the Division of Cancer Epidemiology and Ge-
netics and supported by contracts from the Division of Cancer Prevention, National Cancer Insti-
tute, NIH, DHHS. Funding was provided by National Institutes of Health (NIH), Genes, Environ-
ment and Health Initiative (GEI) Z01 CP 010200, NIH U01 HG004446, and NIH GEI U01 HG 004438.
SCCER: The Seattle Colon Cancer Family Registry was supported in part by the National Cancer
Institute (NCI) of the National Institutes of Health (NIH) under awards U01 CA167551, U01
CA074794 (to JDP), and awards U24 CA074794 and R01 CA076366 (to PAN). SEARCH: The Univer-
sity of Cambridge has received salary support in respect of PDPP from the NHS in the East of Eng-
land through the Clinical Academic Reserve. Cancer Research UK (C490/A16561); the UK National
Institute for Health Research Biomedical Research Centres at the University of Cambridge. SELECT:
Research reported in this publication was supported in part by the National Cancer Institute of the
National Institutes of Health under Award Numbers U10 CA37429 (CD Blanke), and UM1
CA182883 (CM Tangen/IM Thompson). The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of Health. SMS: This work
was supported by the National Cancer Institute (grant P01 CA074184 to ].D.P. and P.A.N., grants
RO1 CA097325, R03 CA153323, and K05 CA152715 to P.A.N., and the National Center for Advancing
Translational Sciences at the National Institutes of Health (grant KL2 TR000421 to A.N.B.-H.). The
Swedish Low-Risk Colorectal Cancer Study: The study was supported by grants from the Swedish
research council; K2015-55X-22674-01-4, K2008-55X-20157-03-3, K2006-72X-20157-01-2 and the
Stockholm County Council (ALF project). Swedish Mammography Cohort and Cohort of Swedish
Men: This work is supported by the Swedish Research Council /Infrastructure grant, the Swedish
Cancer Foundation, and the Karolinska Institute’s Distinguished Professor Award to Alicja Wolk.
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UK Biobank: This research has been conducted using the UK Biobank Resource under Application
Number 8614. 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. Depart-
ment of Health and Human Services through contracts HHSN268201100046C,
HHSN268201100001C, HHSN268201100002C, HHSN268201100003C, HHSN268201100004C, and
HHSN271201100004C.

Institutional Review Board Statement: All participants for INTERVAL, CCFR, CORECT, GECCO
and UK Biobank provided written informed consent, and each study was approved by the relevant
research ethics committee or institutional review board. The EPIC-Norfolk study was approved by
the Norwich Local Ethics Committee (previously known as Norwich District Ethics Committee)
(REC Ref: 98CNO1); all participants gave their informed written consent before entering the study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Summary data is available upon request by contacting the respective
studies
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