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Summary
Accurate colorectal cancer (CRC) risk predictionmodels are critical for identifying individuals at low and high risk of developing CRC, as

they can then be offered targeted screening and interventions to address their risks of developing disease (if they are in a high-risk group)

and avoid unnecessary screening and interventions (if they are in a low-risk group). As it is likely that thousands of genetic variants

contribute to CRC risk, it is clinically important to investigate whether these genetic variants can be used jointly for CRC risk prediction.

In this paper, we derived and compared different approaches to generating predictive polygenic risk scores (PRS) from genome-wide as-

sociation studies (GWASs) including 55,105 CRC-affected case subjects and 65,079 control subjects of European ancestry. We built the

PRS in three ways, using (1) 140 previously identified and validated CRC loci; (2) SNP selection based on linkage disequilibrium (LD)

clumping followed by machine-learning approaches; and (3) LDpred, a Bayesian approach for genome-wide risk prediction. We tested

the PRS in an independent cohort of 101,987 individuals with 1,699 CRC-affected case subjects. The discriminatory accuracy, calculated

by the age- and sex-adjusted area under the receiver operating characteristics curve (AUC), was highest for the LDpred-derived PRS (AUC

¼ 0.654) including nearly 1.2 M genetic variants (the proportion of causal genetic variants for CRC assumed to be 0.003), whereas the

PRS of the 140 known variants identified fromGWASs had the lowest AUC (AUC¼ 0.629). Based on the LDpred-derived PRS, we are able

to identify 30% of individuals without a family history as having risk for CRC similar to those with a family history of CRC, whereas the

PRS based on known GWAS variants identified only top 10% as having a similar relative risk. About 90% of these individuals have no

family history andwould have been considered average risk under current screening guidelines, butmight benefit from earlier screening.

The developed PRS offers a way for risk-stratified CRC screening and other targeted interventions.
Introduction

Colorectal cancer (CRC) is a leading cause of cancer death,

yet it is among the most preventable cancers in part
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because CRC screening is effective for both early detection

of treatable cancers and for reducing cancer risk by

removing pre-cancerous lesions.1 Despite improvements

in screening and treatment, about 50,000 fatal CRC cases
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occurred in the United States (US) in 2019.2 Better treat-

ments have improved survival rates but achieving higher

uptake and adherence to CRC screening could more

rapidly reduce morbidity and mortality.2,3 US 5-year rela-
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100%. The guidelines for initiating CRC screening are

currently based mainly on two risk factors: attained age

and family history of CRC.4 Use of these criteria results

in substantial under- and over-utilization of CRC screening

with associated harms, because more than 80% of all CRC

cases occur in those without a positive family history in

first-degree relatives. It is therefore important to improve

risk prediction to inform screening and other prevention

strategies. Risk prediction using data from genome-wide as-

sociation studies (GWASs) has been proposed in Kooper-

berg et al.5 Polygenic risk scores (PRS), such as those based

on LDpred,6 have shown great promise in improving pre-

diction for complex disease risk. The study from Khera

et al.7 is part of an emerging corpus considering the plausi-

bility of incorporating genome-wide PRS into disease

screening within health care systems.8 For coronary artery

diseases, the PRS was able to identify 10 times more people

at the same or higher risk than the conventionally used

monogenic test that identifies about 2 out of 100 individ-

uals with an OR > 3. They showed similar results for other

diseases, such as type 2 diabetes or breast cancer. Those at

high risk can potentially benefit from targeted interven-

tions, such as lipid-lowering drugs, dietary interventions,

or screening.7

Models have been developed and evaluated for

prediction of CRC risk using known genetic susceptibility

variants identified by GWASs.9–13 The area under the

receiver operating characteristics curve (AUC) has

improved as more susceptibility variants are included

with the most recent model that includes 63 known vari-

ants and family history yielding AUC ¼ 0.59 for both men

andwomen.9However,we foundknownvariants identified

to date explain only about 10% of the heritable fraction of

CRC risk.14 This suggests that substantial improvement in

prediction could be achieved by using a genome-wide

approach that includes many more single-nucleotide poly-

morphisms (SNPs) that, individually, may not reach the

stringent threshold for genome-wide significance.15

Machine-learning techniques, such as support vector

machines, penalized regression, neural networks, random

forests, and the extreme gradient tree boosting approaches,

have been applied to GWAS data.16–20 Typically, these ap-

proaches require first reducing the number of genetic var-

iants from millions to thousands and then building a

risk-prediction model from selected variants with various

machine-learning methods. For example, a widely used

approach for dimension reduction involves linkage

disequilibrium (LD)-based marker pruning or clumping21

and applying a p value threshold to association statistics.

As some of the familial aggregation of CRC is explained

by a polygenic component, such dimension reduction

based on p values may discard variants that individually

have little predictive power but collectively have substan-

tial predictive power. To account for this possibility, the

LDpred method employs a Bayesian framework to jointly

model all genetic variants of the genome in building the

PRS without a priori dimension reduction.6
434 The American Journal of Human Genetics 107, 432–444, Septem
Using statistical and machine-learning techniques on

GWAS data from more than 120,000 CRC-affected case

subjects and control subjects of European ancestry, we

address the question of whether a PRS that uses variants

beyond known CRC risk-associated variants can improve

discriminatory accuracy between CRC-affected case

subjects and control subjects. We developed PRS using

three different approaches, based on: (1) 140 known

GWAS variants as the baseline model; (2) SNP selection fol-

lowed by machine learning; and (3) LDpred. We then eval-

uated the performance of these scores externally in an in-

dependent contemporary community-based cohort of

101,987 study participants, including 72,791 of European

ancestry.
Material and Methods

Datasets
Derivation Datasets

To develop an accurate CRC risk prediction model, we used GWAS

data on 55,105 case subjects and 65,079 control subjects of Euro-

pean ancestry from large-scale research studies (�120,000 partici-

pants with genotype data on more than 40 million variants),

including the Genetics and Epidemiology of CRC Consortium

and Colon Cancer Family Registry (GECCO) with 29,864 case sub-

jects and 31,629 control subjects, the CRC Transdisciplinary Study

(CORECT) with 19,885 case subjects and 12,043 control subjects,

and United Kingdom Biobank (UKB) with 5,356 case subjects and

21,407 control subjects. For more details such as study participant

characteristics, genotyping, imputation, quality control, and sin-

gle-variant association analyses, readers are referred to the Supple-

mental Material and Methods (Section 3 and Table S1) and

Huyghe et al.14 Briefly, the average age was 62 years (standard de-

viation [SD]¼ 11 years). About 52%were men and 11% had a pos-

itive family history of CRC in first-degree relatives. Our primary

analysis was focused on individuals of European ancestry due to

insufficient numbers of CRC cases among other ancestral groups.

Evaluation Dataset

The risk prediction models were externally evaluated in the Ge-

netic Epidemiology Research on Adult Health and Aging (GERA)

cohort, an independent contemporary cohort including 101,987

genotyped participants (R18 years old) nested within the Kaiser

Permanente Northern California (KPNC) integrated healthcare de-

livery system.22 Participants provided a saliva sample and broadly

consented to the research use of their DNA and mailed survey

data, which was then linked to selected data from electronic

health records. Of note, this cohort was not used in any prior dis-

covery of CRC risk variants and, hence, provides the opportunity

for an independent evaluation. Details on the genotyping array,

quality control, and imputation have been described previ-

ously23 and in the Supplemental Material and Methods (Section

4 and Table S3).

As the model building was limited to case and control subjects

of European descent defined by genetic clustering with Euro-

peans from HapMap, we also restricted the primary analysis to

the genetically defined European subsets (n ¼ 72,791, 42,520

men and 30,271 women), which included 1,311 CRC cases,

3,949 advanced adenoma cases (AA), 13,472 adenoma cases,

and 10,730 individuals with hyperplastic polyps. A personal his-

tory of cancer was determined from cancer-registry data and
ber 3, 2020



Figure 1. Description of Three Approaches to Derive Polygenic Risk Scores (PRS) for Colorectal Cancer
electronic-health-record data. A family history of CRC was ascer-

tained by integrating data from baseline surveys and electronic

health records (i.e., diagnosis codes, family history documenta-

tion). About 9.6% of participants (n ¼ 7,029) had a positive fam-

ily history in first-degree relatives. Hyperplastic polyps, AA, and

non-AA were identified using Systematized Nomenclature of

Medicine (SNOMED) pathology codes and validated using natu-

ral language processing.24 We defined an AA as any adenoma

with villous histology or which was 10 mm in size or greater.

The cohort was unselected for any disease phenotype and

GERA participants were not asked to engage in specific medical

or screening tests for research purposes. However, given the age

distribution of the GERA participants (median age at baseline ¼
52 years with median follow-up 21 years), 70% of population

has undergone screening for CRC as part of their usual care,

either by fecal immunochemical testing (FIT, 38%) or endoscopy

(sigmoidoscopy or colonoscopy, 58%). All study participants pro-

vided written informed consent and the study was approved by

the KPNC Institutional Review Board.

Validation Dataset

We further validated the models in an independent study, the

Electronic Medical Records and Genomics (eMERGE) (n ¼
83,717). The details of the study were described elsewhere.25 A

brief description of the genotyping array, quality control, and

imputation is provided in Supplemental Material and Methods

(Section 5). The colorectal cancer case subjects were defined as

those who had at least two ICD9/10 codes for CRC. Control sub-

jects had zero ICD9/10 codes for CRC. Participants with a single

ICD9/10 code for CRC were excluded from analysis. Adults over

age 18 years who had confirmed European ancestry and no

missing age were included in the validation dataset, resulting a to-

tal of 38,214 participants. The characteristics of these participants

are provided in Table S10.
The American
Polygenic Risk Score Derivation
PRS provides a quantitative measure of an individual’s inherited

risk based on the cumulative impact of many genetic risk vari-

ants. Each variant is scored based on the number of variant alleles

an individual carries (e.g., zero, one, or two copies). The individ-

ual variant scores are then weighted according to the strength

and direction of their association with disease and finally

summed to give a single risk score. Imputed variants are scored

by expected number of variant alleles (i.e., dosage). We studied

three approaches for constructing PRS. Figure 1 depicts the sum-

mary of these different PRS derivation strategies. The weights for

Approach 1 of known loci are provided in Table S4. As the num-

ber of variants for the other two approaches are very large, the

weights for these variants are available upon request from the

authors.

Approach 1: Known GWAS Variants

Using GWAS, we and others have identified 140 SNPs that were

independently associated with CRC risk14 and references

therein.26,27 All but three were present in the GERA dataset. For

the three missing SNPs, we selected surrogates based on LD and

the p value of univariate association analysis. The surrogates are

provided in Table S4.

We calculated the PRS as a weighted sum of risk alleles
P

ib
_

ixi, where xi is the expected number of risk alleles and

b
_

i is the log-odds ratio (OR) estimate of single-variant associa-

tion from the previously published results that first

reported the variants or meta-analysis results of our datasets.

The meta-analysis adjusted for age, sex, study, and principal

components (PCs) to account for population substructure.

For the SNPs discovered in the data from this consortium, we

adjusted for the winner’s curse.28 We provided the details of

meta-analysis in Section 3.3, Supplemental Material and

Methods.
Journal of Human Genetics 107, 432–444, September 3, 2020 435



Approach 2: SNP Selection and Machine Learning

In this approach, we first selected a subset of SNPs using LD clump-

ing and p value thresholding and then built risk-prediction

models using machine learning. To avoid overfitting, we divided

the derivation datasets into two non-overlapping sets, one for

SNP selection and the other for model building.

SNP Selection. We used GWAS data from GECCO (29,864 case

subjects and 31,629 control subjects) and performed univariate as-

sociation analysis, adjusting for age, sex, study, and PCs to account

for population substructure. To remove highly correlated SNPs, we

performed LD-clumping using the LD-driven p value clumping

procedure in PLINK v.1.90b (–clump).29 In this process, the algo-

rithm generates clumps around index SNPs with p values less

than an a priori defined threshold. Each clump contains all SNPs

that are in LD with the index SNP, within 500 kilobases, as deter-

mined by pairwise correlation (R2) threshold. The algorithm itera-

tively cycles through all index SNPs, beginning with the smallest p

value, only allowing each index SNP to appear in one clump (non-

overlapping). The final output contains the most statistically sig-

nificant disease-associated SNP for each LD-based clump across

the genome. To identify the optimal p value cut-off and LD-R2

value, we chose a wide range of p value thresholds, from 5 3

10�8 to 0.01, and two R2 values, 0.02 and 0.2, to select SNPs and

calculated the corresponding PRS summing these SNPs weighted

by the log-OR estimates, where the log-OR is the log-odds ratio es-

timate of univariate association analysis using GECCO data. We

then used the UKB data (5,356 case subjects and 21,407 control

subjects) to evaluate the discriminatory accuracy of these PRS

(Figure S1). The AUC reached the maximum when R2 ¼ 0.02

and p value ¼ 1 3 10�3. At this threshold, we had about 15,000

SNPs. We then explored further the number of SNPs ranging

from 1,000 up to 50,000 and calculated the PRS by adding SNPs

in the incremental order of p values. The AUC of the PRS peaked

when the number of SNPs was at around 10,000 SNPs, which

were used for the subsequent model building.

Model Building. Based on these selected SNPs we developed pre-

diction models using machine-learning algorithms, using data

from CORECT on 19,885 case subjects and 12,043 control sub-

jects. We used two complementary machine-learning approaches,

penalized generalized linear regression30 and XGBoost.31 We ob-

tained the optimal values of the tuning parameters using 10-fold

cross validation and re-estimated the regression coefficients using

the entire CORECT data at the optimal tuning parameter values.

We performed penalized regression including both the known

GWAS variants PRS and top SNPs from the SNP-selection step ad-

justing for age, sex, genotyping phase, and PCs. The confounders

and known GWAS variants PRS were not penalized. We calculated

the overall PRS by summing the known loci PRS and
PN

i¼1b
_

i xi,

where xi is the ith selected SNP and b
_

i is the corresponding regres-

sion coefficient estimate from penalized regression. We performed

ridge, lasso and elastic net penalized regression. We used the R

package glmnet for the ridge and lasso regression and caret for

the elastic net.

XGBoost31 is based on gradient boosted decision trees, which, in

contrast to penalized regression methods, incorporate complex

non-linear interactions into prediction models in a non-additive

form. Boosting is a powerful ensemble learning algorithm in

which weak classifiers are added sequentially to correct the errors

made by existing classifiers toward building a strong classifier. As

in the penalized regression, we included both the known loci

PRS and top SNPs from the SNP-selection step. The PRS from

XGBoost is the classifier that gives the smallest misclassification
436 The American Journal of Human Genetics 107, 432–444, Septem
error in cross-validated datasets. We derived the model using the

R package XGBoost, a fast and efficient implementation of the

gradient tree boosting method.

Approach 3: LDpred

LDpred6 is a Bayesian genetic risk prediction method, developed

for genome-wide genetic risk prediction, which takes into account

LD among the markers (SNPs). In an infinitesimal model, all

markers are assumed to be causal and the marker effects follow a

normal distribution, i.e., bi � Nð0; ðn2 =MÞÞ, i ¼ 1, ., M, where

M is the total number of markers and h2 is the total heritability ex-

plained by the markers. In the non-infinitesimal model, only a

fraction of the M markers is assumed to be causal. A Gaussian-

mixture prior is assumed in which bi � Nð0; ðn2 =MrÞÞ with proba-

bility r and bi � 0 with probability (1 � r). LDpred computes the

posterior mean effects of markers, taking into account the LD

structure.

We used summary statistics from all GWASs, including GECCO,

CORECT, and UKB, and calculated LD using the genotypes from a

subset of our samples (29,305 case subjects and 31,727 control

subjects) to reduce computational burden; this far exceeded the

at least 2,000 individuals as suggested by LDpred. We further

restricted the genetic markers to the HapMap3 panel to circum-

vent the non-convergence issue from training on summary statis-

tics of very large sample sizes. LDPred requires a prior specification

of r, the fraction of causal variants. Because r is generally un-

known, we used a range of values for r: 1.0, 0.3, 0.1, 0.03, 0.01,

0.005, 0.003, and 0.001, the default values recommended by

LDPred. A total of 8 candidate PRS were derived. The analysis

was performed using the software LDpred.
Evaluation of Model Performance in an Independent

Cohort
We evaluated the discriminatory accuracy of PRS derived from the

three approaches described above in the GERA cohort by calcu-

lating the AUC.32 Our primary outcome was CRC in European

ancestry. We compared CRC case subjects with control subjects

who did not have CRC or any precursor lesions, including AA, ad-

enomas, or hyperplastic polyps. As a secondary analysis, we eval-

uated the AUC for AA, non-AA, and hyperplastic polyps, respec-

tively. As sensitivity analyses, we estimated AUC using control

subjects who also had precursor lesions in a sequential manner:

that is, for the CRC analysis, control subjects included any precur-

sor lesion; for AA, control subjects included adenoma and hyper-

plastic polyps; and for adenoma, control subjects included hyper-

plastic polyps. In addition, we estimated the AUCs stratified on

first-degree family history (yes/no), sex (men/women), and other

race/ethnicity (Asian, Hispanic, and African American). We

adjusted for age (at diagnosis for case subjects and at last observa-

tion for control subjects) and sex in all AUC estimations and ob-

tained the 95% confidence intervals by bootstrap resampling.

The p values for comparing the AUC estimates between different

models or groups were also obtained via bootstrap methods. A to-

tal of 500 bootstrap datasets were generated.

We performed the Cox proportional hazards model for CRC and

obtained estimates of hazard ratios (HRs) and 95% confidence in-

tervals (CI) by comparing the top percentiles (0.5%, 1%, 5%, 10%,

20%, and 30%) with the remaining percentiles (99.5%, 99%, 95%,

90%, 80%, and 70%) of PRS using Cox proportional hazards

regression. Observation time was defined as the earliest of the

following times: age at CRC diagnosis, death, or last follow-up.

The disease status was 1 if the individual developed CRC and
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Table 1. AUC Comparisons of CRC versus Control Subjects for PRS
Derived via Three Different Approaches in the Independent GERA
Cohort

PRS Derivation
Strategy n Variants AUC (95% CI)

Approach 1: Known GWAS Variants

Known variants 140 0.629 (0.613–0.645)

Approach 2: SNP Selection and Machine Learning

Ridge 10,000 0.633 (0.617–0.648)

Lasso 10,000 0.629 (0.601–0.646)

Elastic Net 10,000 0.630 (0.612–0.641)

XGBoost 10,000 0.629 (0.614–0.643)

Approach 3: LDpred

LDpred r ¼ 1 1,180,765 0.620 (0.603–0.637)

r ¼ 0.3 1,180,765 0.625 (0.608–0.642)

r ¼ 0.1 1,180,765 0.628 (0.611–0.645)

r ¼ 0.03 1,180,765 0.635 (0.619–0.651)

r ¼ 0.01 1,180,765 0.646 (0.630–0.662)

r ¼ 0.005 1,180,765 0.649 (0.633–0.664)

r ¼ 0.003 1,180,765 0.654 (0.639–0.669)

r ¼ 0.001 1,180,765 0.643 (0.628–0.658)

For LDpred, r is the proportion of genetic variants assumed to be causal for
CRC.
0 otherwise. As individuals joined GERA at different ages, we

treated age at starting membership as left truncated.

We estimated age-dependent disease incidences for CRC and

advanced neoplasia (CRC and AA), stratified by the top 5% and

bottom 5% of PRS by 1 minus the Kaplan-Meier estimator. For

advanced neoplasia, the observation time was defined as the

earliest of the following times: age at CRC diagnosis, AA, death,

or last follow-up, and the disease status was 1 if the individual

developed CRC or AA and 0 otherwise.

To gauge the potential clinical impact of PRS, we calculated the

proportion of case subjects and probabilities of developing CRC by

age 80, stratified by the deciles of LDpred-derived PRS. In addition,

we estimated the proportion of case subjects in the top 10%, 20%,

and 30% and the bottom 10%, 20%, and 30% of PRS both alone

and together with family history.

We used the R packages survival for the survival analysis and

survminer for the plots.
Results

Discriminatory Accuracy of Risk Prediction Models

There were 1,311 CRC case subjects and 53,722 control

subjects in the GERA cohort. The AUC estimate for

Approach 1 of 140 known GWAS variants was 0.629 with

95% confidence interval (CI): 0.613–0.645 (Table 1). In

Approach 2, we selected a total of 10,000 SNPs, based on

which we built prediction models using penalized linear

regression and XGBoost. Ridge regression produced an

AUC estimate of 0.633 (95% CI 0.617–0.648), slightly bet-
The American
ter than lasso (AUC 0.630, 95% CI 0.601–0.646) and elastic

net (AUC 0.629, 95% CI 0.612–0.641). XGBoost had a

similar AUC estimate: 0.629 (95% CI 0.614–0.643).

Approach 3, LDpred, had the best performance when the

fraction of causal variants (r) ¼ 0.003, producing an AUC

estimate of 0.654 (95% CI 0.639–0.669). This was a sub-

stantial improvement (4% increase in AUC) over both

Approach 1 (p value ¼ 0.010) and Approach 2 (p value ¼
0.010 for both ridge regression and XGBoost).

We further calculated the AUC of the best performing

model for each approach stratified by family history and

sex (Table S5). All models had statistically significantly

greater AUC estimates in individuals with a positive family

history than those without (the p values are 0.021, 0.020,

and 0.021 for Approaches 1, 2, and 3, respectively) and

there is no significant difference in AUC estimates between

men and women (p values > 0.05 for all models).

In addition to CRC, we evaluated the performance of the

models for advanced neoplasia, as well as CRC precursor le-

sions separately: AA, adenoma, and hyperplastic polyps in

Europeans (Table S5). The AUC estimate of LDpred for the

advanced neoplasia was 0.629 (95% CI 0.620–0.637), close

to the AUC estimate for AA, as it was mainly driven by the

large number of AA compared to CRC case subjects. All

models showed some discriminatory accuracy between

various precursor lesions compared with control subjects;

however, the accuracy was sequentially reduced compared

with the model for CRC. Again, LDpred had the best per-

formance among the three approaches. As a sensitivity

analysis, we assessed the AUC where the control subjects

also included precursor lesions (Table S6). The AUC esti-

mates were all reduced, but the reduction was modest

ranging from 0.01 to 0.02, and the AUC still showed a

sequential decrease across CRC, AA, adenoma, and hyper-

plastic polyps.

We estimated the AUC of the PRS among Asians (96 CRC

case subjects and 5,758 control subjects), Hispanics (70

CRC case subjects and 5,221 control subjects), and African

Americans (56 CRC case subjects and 2,409 control sub-

jects). All models performed more poorly for these demo-

graphic groups than for Europeans, whether for CRC, AA,

adenoma, or hyperplastic polyps (Table S7). For example,

the AUC estimates of LDpred for CRC were 0.601 (95%

CI 0.538–0.664), 0.602 (95% CI 0.500–0.624), and 0.543

(95% CI 0.542–0.662) for Asians, Hispanics, and African

Americans, respectively, which were considerably poorer

than for Europeans.

Association of PRS with Age of Diagnosis of CRC

Focusing on the best model for each approach, we esti-

mated the HR and 95% CI for individuals in the top

30%, 20%, 10%, 5%, 1%, and 0.5% of the PRS compared

with the remaining individuals (Table 2). Individuals in

the top 1% of LDpred-derived PRS distribution had 2.68-

fold increased CRC risk (95% CI 1.82–3.96) compared

with the remaining 99% of the individuals. In contrast,

the PRS from ridge regression identified only 0.5% of
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Table 2. Hazard Ratio Estimates (95% Confidence Intervals) of CRC for PRS Derived from Three Different Approaches

Approach 1 Approach 2 Approach 3

HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

Top 30% versus remaining 1.92 (1.75–2.23) <2 3 10�16 1.94 (1.72–2.19) <2 3 10�16 2.19 (1.94–2.47) <2 3 10�16

Top 20% versus remaining 1.96 (1.73–2.23) <2 3 10�16 2.07 (1.82–2.35) <2 3 10�16 2.42 (2.14–2.74) <2 3 10�16

Top 10% versus remaining 2.08 (1.82–2.70) <2 3 10�16 2.26 (1.95–2.63) <2 3 10�16 2.54 (2.20–2.95) <2 3 10�16

Top 5% versus remaining 2.13 (1.63–2.69) <2 3 10�16 2.36 (1.95–2.86) 4.9 3 10�15 2.56 (2.12–3.09) <2 3 10�16

Top 1% versus remaining 2.15 (1.17–2.90) 8.3 3 10�3 2.34 (1.56–3.51) 3.7 3 10�5 2.68 (1.82–3.96) 6.6 3 10�07

Top 0.5% versus remaining 2.21 (1.16–3.81) 1.0 3 10�2 2.77 (1.64–4.69) 1.5 3 10�3 2.82 (1.66–4.79) 9.7 3 10�04

Approach 1: known GWAS variants; Approach 2: SNP selection and machine learning (ridge regression); Approach 3: LDpred with r ¼ 0.003.
individuals with a similar HR estimate. The estimates for

the known GWAS variants were smaller for the same top

0.5%. Furthermore, LDpred identified more than 30% of

individuals without a family history of CRC (Table S8) as

having about 2.2-fold higher risk of CRC, similar to that

of those with a first-degree family history of CRC. In

contrast, the ridge regression identified 10%, and the

known GWAS variants 5%, of these individuals as being

at this level of risk.
Assessing CRC Probabilities for PRS

We estimated age-specific probabilities for developing CRC

and advanced neoplasia by age 80 by percentile of PRS

(Figure 2). Individuals in the top 5% of PRS (high risk)

from LDpred had 7.5% (95% CI 5.6%–8.3%) and 23.5%

(95% CI 21.3%–25.7%) probabilities of developing CRC

and advanced neoplasia, respectively. In contrast, the

probabilities for individuals in the bottom 5% of PRS

(low risk) were 0.7% (95% CI: 0.1%–1.0%) and 4.3%

(95% CI: 3.3%–5.3%), respectively.

We calculated the proportion of cases stratified by the

deciles of LDpred-derived PRS and the corresponding dis-

ease probabilities by age 80 (Figure 3). The proportion of

cases that fell in the highest decile of PRS was 23.4%

(95% CI: 19.8%–27.0%); in contrast, the proportion of

cases in the lowest decile was 3.3% (95% CI: 2.0%–4.6%)

(Table 3).

We also estimated the disease probabilities stratified by

family history of CRC (Figure S2) and advanced neoplasia

(Figure S3). There was substantial variation in advanced

neoplasia probabilities for top 5% and bottom 5%, even

among those with a positive family history. For example,

individuals with a positive family history but with

LDpred-derived PRS in the low-risk group (bottom 5%)

had lower lifetime risk (�8.0% by age 80) than individuals

at average risk but without a family history (�12%). On the

other hand, individuals with a positive family history and

a LD-derived PRS in the high-risk group (top 5%) had a life-

time risk of about 35%. In general, compared with the PRS

based on known GWAS variants, the LDpred-derived PRS

showed a greater separation in disease probabilities be-

tween the high-risk and low-risk group and, among high-
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risk groups, between those with and without a family

history.

Taking into account both PRS and family history simul-

taneously, 18.0% of individuals were either in the top 10%

of PRS or had a positive family history in the cohort but

constituted 39.3% of case subjects (95% CI 38.9%–

39.8%) (Table 3). On the other hand, 9.1% of individuals

were in the bottom 10% of PRS and had no positive family

history but constituted only 2.3% of case subjects (95% CI

1.9%–2.8%). The proportion of case subjects with a posi-

tive family history was 21.0% (95% CI 19.3%–21.4%).

We further validated the LDpred models using eMERGE

data. The pattern of AUC estimates for LDPredmodels were

consistent to the results in GERA cohort; however, the

AUC estimates were overall weaker. Specifically, LDpred

rho ¼ 0.005 had the best AUC 0.629 followed closely by

LDpred rho ¼ 0.003 with AUC 0.628, both of which

improved substantially compared to the AUC for the

known 140 GWAS loci (AUC ¼ 0.591) (Table S11).
Discussion

It is important to be able to identify individuals at high risk

of CRC to enable enhanced screening and other interven-

tions, including dietary recommendations, weight loss,

and physical activity. Equally pressing is the need to iden-

tify individuals at low risk to prevent unnecessary

screening and associated complications. As CRC has a

sizable heritable fraction33 and is polygenic in nature

with probably thousands of genetic variants contributing

to its development,34 utilizing genome-wide data to pre-

dict risk holds promise for risk stratification for primary

and secondary prevention. Our study comprehensively ex-

plores the predictive power for CRC of genome-wide ge-

netic data, using the largest available resources including

more than 120,000 CRC case subjects and control subjects

of European ancestry with individual-level genetic data for

model building and an independent cohort study of more

than 100,000 genotyped participants for evaluation. We

show that the LDpred approach including 1.2 M variants

substantially improves the discriminatory accuracy over

an approach that includes only 140 known GWAS
ber 3, 2020



Figure 2. Disease Probabilities for Devel-
oping CRC and Advanced Adenoma
Probabilities of developing CRC (left) and
advanced neoplasia (right) by age for PRS
in the top 5% and bottom 5%, based on
models derived from three approaches:
knownGWAS variants (Approach 1), SNP se-
lection þ machine learning with ridge
regression (Approach 2), and LDpred with
r ¼ 0.003 (Approach 3). Average is the over-
all age-specific CRC (left) and advanced
neoplasia (right) probabilities for the GERA.
variants. In contrast, using a combination of SNP selection

and machine learning shows little improvement over the

known GWAS variants. To our knowledge, the LDpred-

derived PRS has the best performance of any existing

CRC genetic-risk-prediction model.

Although the improvement of the AUC from 0.629 to

0.654 may not appear marked (the improvement is 4%),

the AUC is an average measurement and it is critical to

evaluate the model with other measures to gauge the clin-

ical impact of the model. For example, the LDpred-derived

PRS identified the top 30% of the study population as hav-

ing a relative risk of �2.2, which is similar to that associ-

ated with having an affected first-degree relative.14,26 For

individuals with an affected first-degree relative, some

guidelines recommend initiation of screening with colo-

noscopy at an earlier age. In contrast, the PRS based on

the known GWAS variants identified <5% as having a

similar relative risk, demonstrating clearly the substantial

improvement of the LDpred-derived PRS. It is important

to note that only 10.5% of those individuals who were in

the top 30% risk based on LDpred-derived PRS had a family

history of CRC, demonstrating that the LDpred-derived

PRS can potentially identify a larger fraction of the study

population at high risk than family history alone. This

means that �27% (89.5% 3 30%) of the population who

are classified as average risk based on current guidelines

might benefit from earlier screening. As the PRS is a contin-

uous variable, it allows for tailored recommendation,

including a specified age of starting screening,9,26 rather

than simply defining a single high-risk group based on

family history that, as we show, is itself heterogeneous.

In Approach 2, if we were to use the same dataset for

feature selection and model development, there would be

overfitting in the model development, which result in a

worse performance in an independent dataset (Supple-

mental Material and Methods Section 6.1 and Table S9).

To mitigate this overfitting, we thus split the data in two

sets in the training step. The downside is that there is po-

tential power loss for feature selection due to smaller sam-

ple size used in calculating the test statistics compared to

the entire dataset as used in Approach 3. Nevertheless,
The American
we expect that when the sample size of studies continues

to rise, Approach 2 will be further improved. Our observa-

tions here are not unique to genome-wide risk prediction

for colorectal cancer (see Chatterjee et al.,15 Abraham

et al.,18 Evans et al.,35 Yang et al.,36 de Vlaming and Groe-

nen,37 and Malo et al.38 for examples).

The LDpred approach, which builds a risk prediction

model based on the entire genome, yielded better predic-

tive performance than the approach that initially selected

features before applying machine-learning algorithms. It is

likely that the derivation dataset that we used for SNP se-

lection is still too small given the large number of features

(40M genetic variants) and weak effect sizes. As a result,

performing SNP selection may lead to a substantial loss

of information that cannot be compensated for, even

with machine-learning algorithms like XGBoost. A poten-

tial limitation of LDpred is the assumption of additive ef-

fects only, whereas machine-learning approaches, such as

XGBoost and random forest, can accommodate more com-

plex non-linear effects but are not readily applicable to

ultra-high dimensional data. Approaches such as deep

learning that can handle ultra-high dimensional data

may have potential to further improve the accuracy of

prediction.

Including only the known GWAS variants (Approach 1)

is simplest computationally. The SNP selection in

Approach 2 also reduces computation time substantially.

LDpred is the most computationally intensive due to

the Monte Carlo Markov Chain (MCMC) procedure.

It took �4 days for LDpred to compute the regression

weights for each parameter setting, using our computing

infrastructure, which has a node of 20 cores with 768 GB

memory across all cores. Although LDpred is more compu-

tationally intensive than the other two PRS approaches,

the implementation of the LDpred-derived PRS into elec-

tronic health record (EHR) data, once genome-wide array

or sequencing data are available, will not be much more

difficult. For example, it took �6 h to calculate the

LDpred-derived PRS for 100,000 individuals in the GERA

cohort. As these scores need to be calculated only once

(although updates for improved models are likely), they
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Figure 3. Disease Probabilities and Proportion of Cases (95% CI) Subjects Stratified by the Deciles of LDpred-Derived PRS
can be calculated upfront and stored as part of individual

records like any other measurements (e.g., BMI, serum

cholesterol). The more substantial challenge to implemen-

tation is perhaps the storage of genotype or sequencing

data in a structured data object that is readily available to

the EHR. To date, this challenge has not been solved in a

standardized way;39,40 however, the increasing clinical

utility of PRS may motivate more rapid adoption of

standardized integration of genotype and sequencing in-

formation into EHRs, which would serve as a foundation

for implementation of a wide array of stratified-medicine

tools.

Our study’s large sample size likely is an important factor

for the improved performance of the LDpred approach.

Further, having access to an independent cohort that has

not been included in any previous discoveries is key to pro-

vide an unbiased evaluation of the models.

Ideally, CRC would be detected early, allowing easier

removal, perhaps even as a precursor lesion with a lower

risk of complications and without the need for additional

treatment such as radiation or chemotherapy. Previous

work has shown that a PRS with fewer than 50 known

loci was associated with increased risk of precursor le-

sions.41,42 Consistent with these previous reports, we

showed here, in our independent cohort, that all three

PRS approaches also predicted AA and, to a lesser extent,

adenoma and hyperplastic polyps. It is notable that as
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not all individuals have had endoscopy (colonoscopy or

sigmoidoscopy); some control subjects in this study may

have precursor lesions. As a result, the actual AUC is likely

to be underestimated. Nevertheless, this decline can be ex-

pected, as the disease generally progresses from hyper-

plastic polyps or non-advanced adenomas to AA to CRC,

with only a fraction of the precursor lesions giving rise to

CRC.

There are several limitations of our PRS. First, they were

built using individuals of European descent; hence, the

models show substantially lower performance in other

ancestral groups. This is not surprising due to the differ-

ence in LD across ancestral groups. To address this impor-

tant issue, dedicated efforts focused on other major racial/

ethnic populations (African Americans, Asians, and His-

panic/Latinos) are needed to develop unbiased PRS for

these ancestral groups. Second, as CRCs are heterogenous

with different molecularly defined subtypes, another limi-

tation of our study is treating CRC as a single entity. How-

ever, this problem is not easy to overcome, given the need

for large sample sizes and the limited availability of CRC

case subjects with detailed molecular characterization.

Third, while we validated that the LDpred model with

rho ¼ 0.003 performed among the best models in an inde-

pendent eMERGE study, the model needs to be further

evaluated for calibration as our preliminary evaluation

shows (Supplemental Material and Methods Section 6.2
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Table 3. Disease Probabilities (%) and Proportion of CRC Case Subjects (%) (95% CI) by Age 80 in High- and Low-Risk Groups

LDPred-Derived PRS LDPred-Derived PRS þ FamilyHx

PRS (%) Disease Prob
(95% CI) (%)

Prop of Cases
(95% CI) (%)

PRS or Pos
FamHx (%)a

Disease Prob
(95% CI) (%)

Prop of Cases
(95% CI) (%)

Top 10 6.4 (5.5–7.3) 23.4 (19.8–27.0) 18.0 5.9 (5.2–6.6) 39.3 (38.9–39.8)

20 5.4 (4.8–6.1) 39.7 (32.7–42.8) 26.7 5.3 (4.7–5.8) 51.7 (49.1–54.2)

30 4.6 (4.1–5.1) 50.3 (46.6–55.6) 35.6 4.7 (4.2–5.1) 60.7 (57.5–63.9)

PRS (%) Disease Prob
(95% CI) (%)

Prop of Cases
(95% CI) (%)

PRS and Neg
FamHx (%)b

Disease Prob
(95% CI) (%)

Prop of Cases
(95% CI) (%)

Bottom 10 0.9 (0.5–1.2) 3.3 (2.0–4.6) 9.1 0.7 (0.3–0.9) 2.3 (1.9–2.8)

20 1.1 (0.8–1.5) 8.1 (7.5–8.7) 18.4 0.9 (0.7–1.2) 6.1 (5.4–7.1)

30 1.4 (1.0–1.6) 15.3 (14.3–16.5) 27.6 1.0 (0.9–1.2) 10.1 (8.9–12.0)

aPRS or Pos. FamHx: individuals were in the top x% of PRS or had a positive family history.
bPRS and negative FamHx: individuals were in the bottom x% and had a negative family history.
and Table S12). Caution must be taken when evaluating

the calibration to account for the differences in individ-

ual-level characteristics such as screening prevalence and

lifestyle risk factors.

An important question remains about how far we can

improve thepredictiveperformanceusinggenome-widege-

netic data. To this end, we showed that the best normal

mixture model for effect-size distribution of our genome-

wide data of common variants (allele frequency > 5%)

yielded a theoretical maximal AUC of 0.68,34 suggesting

that the AUC can be further improved perhaps by using

more complexmodels, largernumberof SNPs, larger sample

sizes, or some combinationof these.Weattempted touse all

40MSNPs imputed to theHaplotypeReferenceConsortium

(HRC)whenbuilding LDpredmodels; however, we ran into

convergence problems and hence limited the presentation

only to SNPs in HapMap. The maximal theoretical AUC of

0.68 does not include rare variants. Based on our HRC

imputed data, we estimated that at least half of CRC herita-

bility is due to variants with an allele frequency< 1% (note

this does not include high-penetrance variants as these are

too rare to be imputed).14 Accordingly, it can be expected

that incorporation of rare variants can further improve

the predictive performance of genome-wide genetic predic-

tion models. This is probably not surprising as hundreds of

millions of rare variants exist in the genome.

Work from our group43–45 and others45 has demon-

strated that functional categories of the genome contribute

to the heritability of CRC and that most susceptibility loci

are in enhancers that vary between tumor and nonmalig-

nant tissue. Thus, including colorectal tissue-specific func-

tional data, such as transcriptomic or epigenomic data,

would allow us to narrow down to the variants that are

more likely to influence CRC risk. Our future direction is

to develop methods that combine different functional

annotation scores enriched for heritability, which will be

particularly important as we expand prediction to rare var-

iants. Furthermore, we will combine the PRS with other

predictive factors, such as age, sex, screening history,
The American
high-penetrance genes, environmental/lifestyle risk fac-

tors, or biomarkers of early detection, which we expect,

based on our previous analysis,9 will further substantially

improve risk prediction. The modifiable risk factors for

the CRC are an important component of risk prediction

because the best approach to primary prevention is avoid-

ance or elimination of these risk factors. For secondary pre-

vention, both genetics and modifiable risk factors would

be helpful for determining optimal CRC screening timing

and frequency.

An aim of precision/stratified medicine is to predict risk

of diseases basedonan individual’s geneticmakeup,which

could, in principle, be done at birth. An important conse-

quence of genetic risk prediction is the identification of

high-risk individuals who would otherwise not be identi-

fied as high risk. Such knowledge could result in changes

in healthcare management to mitigate risk with relatively

low-cost lifestyle changes or preventive therapies for those

at greater risk.46 Additionally, genetic risk prediction can

identify individuals at low risk who might otherwise be

enrolled unnecessarily in more frequent screening or sur-

veillance programs based on age, family history, or history

of polyps. The interval between colonoscopies or the mo-

dality of screening or surveillance could be informed by

PRS. Although the risk of colonoscopic perforation in the

setting of cancer screening is not precisely known,

estimates from diagnostic (in which there is a clinical sus-

picion of colorectal pathology) and therapeutic colonos-

copies suggest perforations occur about once per 1,000

procedures.47–49 Perforations are life threatening and

often require laparotomy, suggesting that non-invasive

screeningmodalities such as FITare attractive alternatives,

particularly in low-risk individuals. These are already used

in other countries where population-based endoscopy

screening is not available. Of course, in the US, endoscopy

is not population-wide either, so the capacity to stratify in-

dividuals on screening methods appropriate to their risk

should improve uptake, reduce costs, and reduce

complications.
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We expect that our model will be a useful first step to-

ward prioritizing those at high risk for targeted screening

or intervention and to design clinical trials to test preven-

tion strategies in the high-risk group, particularly with the

eye toward those below the age of 50 years given the rising

rates of early-onset CRC. In the future, it is expected that

detailed genome-wide genetic information will become

part of electronic medical records of all individuals to

calculate an individual PRS and identify those at high or

low risk for any disease, perhaps as early as at birth. This in-

formation will allow targeted interventions such as life-

style modifications, chemoprevention, and screening to

prevent diseases or diagnose them early. Broad accessi-

bility, dropping genotyping costs, and the need to account

for an individual’s risk factor profile to improve screening

have provided transformative opportunities in personal-

ized medicine. However, wide-scale adoption of PRS into

clinical practice raises key ethical and scientific challenges.

For example, as the current PRS has been developed in Eu-

ropeans given that most GWASs are done in this popula-

tion, it is substantially more predictive in Europeans

compared to other populations, which will widen the

health disparity gap. To overcome this major ethical and

scientific challenge, it is critical that researchers invest

time and effort in developing unbiased PRS across all major

US populations. Furthermore, it is important to evaluate

the acceptance and effectiveness of genetic testing for

risk-stratified interventions among the broader population

and health care providers. Cost effectiveness analysis will

provide important insights to guide policies related to

personalized medicine. In summary, we developed a PRS

with substantially higher ability both to predict CRC risk

and to identify those at high and low risk than the other

two approaches. The proposed CRC PRS offers a way to

improve CRC risk prediction, with the potential for trans-

lation to optimize clinical decision making.
Data and Code Availability

The source data for the findings of this study are available as fol-

lows. Genotype data for GECCO and CORECT have been depos-

ited in the database of Genotypes and Phenotypes (dbGaP) under

accession numbers phs001078.v1.p1, phs001415.v1.p1, and

phs001315.v1.p1. The UK Biobank data are publicly available

upon successful application from the UK Biobank. Genotype

data of GERA participants who consented to having their data

shared with dbGaP are available from dbGaP under accession

phs000674.v2.p2. The complete GERA data are available upon

successful application to the KP Research Bank. Genotype data

of eMERGE participants are available from dbGaP under the acces-

sion number phs001616.v1.p1.

The codes used for statistical analysis and generation of tables

and figures are publicly available.
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1. Supplemental Figures 

 

 

 

 

Figure S1: Feature selection with various significance thresholds and LD clumping R2 values. Data are based on UK Biobank data after LD 

clumping with R2 at 0.2 and 0.02 

 

 

 



 

 

 

      Figure S2: Probabilities of developing colorectal cancer: Probabilities of developing colorectal cancer by age for PRS in the top 5% and 

bottom 5%, based on two approaches: known GWAS variants (Approach 1) and LDpred with ρ = 0.003 (Approach 3), stratified by family 

history. Average is the overall age-specific CRC probabilities in the GERA cohort stratified by family history. 

 

 



 

 

 

 

Figure S3: Probabilities of developing advanced neoplasia: Probabilities of developing advanced neoplasia by age for PRS in the top 5% and 

bottom 5%, based on two approaches: known GWAS variants (Approach 1) and LDpred with ρ = 0.003 (Approach 3), stratified by family history. 

Average is the overall age-specific probabilities of developing advanced neoplasia in the GERA cohort stratified by family history 

 

 

 



 

 

 

 

Figure S4: Age-specific probabilities of developing CRC in GERA and eMERGE 

  



 

 

2. Supplemental Tables 

Data Set Study (Acronym)a Covariates b 

Pooled data set 1 

ASTERISK, CCFR_1, CCFR_2,  Colo2&3, DACHS_1, 

DACHS_2, DALS_1, DALS_2, HPFS_1, HPFS_2, 

HPFS_3_AD, MEC_1, NHS_1, NHS_2, NHS_3_AD, 

OFCCR, PHS, , PLCO_1, PLCO_2, PMH-CCFR, VITAL, 

WHI_1, WHI_2 

Age, Sex, Study, Genotyping batch, 3 PCs 

Pooled data set 2 

ATBC, CCFR_3, CCFR_4, ColoCare_Heidelberg, 

ColoCare_Seattle, CPSII_1, CRCGEN, ESTHER_VERDI,  

Kentucky, MCCS, MECC_1, MECC_2, MECC_3, 

MSKCC, NFCCR, NGCCS, NHSII, SEARCH, SLRCCS, 

SMC_COSM, USC_HRT_CRC 

Age, Sex, Genotyping platform, 23 PCs c 

Illumina Oncoarray+custom iSelect 

CLUEII, CORSA_2, CPSII_2, Czech, EDRN, 

EPICOLON, HawaiiCCS_AD, HPFS_5_AD, LCCS, 

NCCCSI, NCCCSII, NHS_5_AD, NSHDS, OSUMC, 

PLCO_4_AD, SELECT, SMS_AD, WHI_3 

Age, Sex, Study, 10 PCs 

Illumina OmniExpressExome COLON, DACHS_3,  EPIC, HPFS_4, NHS_4 Age, Sex, Study, 13 PCs 

UK Biobank UK Biobank Age, Sex, 7 PCs 

CORSA_1 CORSA_1 Age, Sex 

aFull study names are given in Supplementary Table 1.   

bTo determine the number of genotype PCs to use as covariates in the model, we either regressed PCs on disease status and kept PC1 plus all PCs 

up to the highest PC with a significant P-value, or we visually inspected pairwise scatter plots of PCs. 

cFor pooled data set 2, we calculated PCs separately in three subsets of the data. 

 In the pooled data set 2 mega-analysis, PCs were set to zero for participants not included in a given subset. 

 

 

Table S2: Covariates included in the association analysis: The detailed description of the covariates associated in association analysis. 

 



 

 

 

 

 

 

 

Risk factors Europeans African American b East Asians b Hispanicb 

Total N a 72,791 5,249 6,966 6,660 

CRC 1,311 56 96 70 

Advanced Adenoma 3,949 198 287 320 

Adenoma 13,472 556 1,195 1,080 

Polyps 10,730 395 810 705 

Healthy Controls 53,722 2,409 2,927 2,579 

Female (%) 42,520 (58.4%) 1,866 (35.5%) 4,039 (57.9%) 4,081 (61.3%) 

With endoscopy history (%) 39,020 (54.0%) 2,858 (54.4%) 3,134 (44.9%) 2,724 (41.0%) 

With family history (%) 7,029 (9.6%) 456 (8.9%) 636 (9.1%) 543 (8.2%) 

Age distribution at survey: 
62.3 (20-90, 54, 63, 71) 61.6 (20-90, 53, 62, 71) 55.8 (20-90, 47, 56, 66) 55 (20-90, 46, 56, 65) 

Mean (min-max, Q1, Median, Q3) 

a As many of the participants have multiple outcomes (e.g., polyps and adenoma), the sum of participants with colorectal cancer, advanced adenoma, adenoma, 

polyps, and healthy controls do not equal to the total sample size 

bgenotyping-defined ancestry 
 

   

Table S3: Kaiser GERA Cohort: Descriptive statistics of Kaiser GERA study by ancestry ethnic groups. 

 

 

 

 

 

 

 

 

 



 

 

 

Stratification Cases Controls 
Approach 1a Approach 2a Approach 3a 

AUC (95% CI) 

Colorectal Cancer 

Positive Family History 277 4,066 0.636 (0.599-0.672) 0.635 (0.599-0.671) 0.667 (0.623-0.697) 

Negative Family History 1,034 49,656 0.624 (0.606-0.641) 0.629 (0.612-0.646) 0.650 (0.633-0.666) 

Sex: Men 637 20,628 0.628 (0.607-0.649) 0.631 (0.610-0.652) 0.670 (0.649-0.691) 

Sex: Women 674 33,094 0.628 (0.606-0.649) 0.632 (0.617-0.653) 0.650 (0.636-0.676) 

Types of Precursor Lesions   

Advanced Neoplasiab 4,852 53,722 0.606 (0.598-0.615) 0.607 (0.598-0.615) 0.629 (0.620-0.637) 

Advanced Adenoma 3,949 53,722 0.601 (0.592-0.610) 0.602 (0.592-0.611) 0.626 (0.617-0.635) 

Adenoma 13,472 53,722 0.572 (0.566-0.577) 0.572 (0.567-0.577) 0.595 (0.590-0.600) 

Hyperplastic Polyps 10,730 53,722 0.558 (0.552-0.563) 0.558 (0.552-0.564) 0.579 (0.573-0.585) 

a Approach 1: known GWAS variants; Approach 2: SNP selection and machine learning (ridge regression); 

Aapproach 3: LDpred with ρ = 0.003; b advanced neoplasia: Colorectal cancer and advanced adenoma 

 

Table S5:  AUC estimates (95% CI) of PRS stratified by family history and sex for CRC, and for various types of precursor lesions: AUC estimates (95% CI) 

of PRS for the best performing model for each of the three approaches stratified by family history and sex for CRC, and for various types of precursor lesions.    

 

 

 

 

 

 

 

 

 

 



 

 

 

Table S6: AUC estimates (95% confidence intervals) of PRS, comparing cases and controls who do not have CRC but not excluding any precursor 

lesions: AUC estimates of CRC and for various types of precursor lesions using approach1, approach 2 and approach 3. 

 

  

Stratified by CRC 

and Polyps 
CRCa Advanced adenomab Adenoma c Hyperplastic polypsd Advanced neoplasm e 

Approach 1 0.615(0.600-0.615) 0.585(0.575-0.595) 0.553(0.546-0.559) 0.558(0.552-0.563) 0.595(0.587-0.603) 

Approach 2 0.621(0.606-0.636) 0.586(0.576-0.596) 0.554(0.547-0.560) 0.558(0.552-0.564) 0.598(0.589-0.606) 

Approach 3 0.640(0.628-0.656) 0.608(0.598-0.619) 0.566(0.559-0.572) 0.579(0.573-0.585) 0.620(0.618-0.629) 

Approach 1: Known GWAS variants; Approach 2: SNP selection and machine learning (ridge regression); Approach 3: LDpred with ρ = 0.003. 

a CRC cases vs. All non-CRC polyps (advanced adenoma, adenoma, hyperplastic polyps and healthy controls) 

b Advanced Adenoma vs. non-Advanced Adenoma (adenoma, hyperplastic polyps and healthy controls) 

 cAdenoma vs. Polyps (hyperplastic polyps and healthy controls) 

d Hyperplastic polyps vs. non-Polyps (healthy controls) 

e Advanced neoplasm (CRC cases and advanced adenoma) vs. non-Advanced Neoplasms (adenoma, hyperplastic polyps and healthy controls) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S7: Minorities AUC Estimates: AUC estimate of PRS (95% confidence intervals), stratified by minorities, for the best performing model 

 

  

Ethnicity Asian 
Black/African 

American 
Hispanic 

CRC 

Cases /Controls(N) 96/5,758 56/2,409 70/5,221 

Approaches 

1 0.591(0.536-0.625) 0.581(0.500-0.645) 0.592(0.531-0.652) 

2 0.563(0.523-0.617) 0.571(0.500-0.635) 0.564(0.504-0.625) 

3 0.601(0.538-0.664) 0.543(0.500-0.6241) 0.602(0.542-0.662) 

Advanced 

Adenoma 

Cases /Controls(N) 287/5,758 198/2,409 320/5,221 

Approaches 

1 0.583(0.55-0.617) 0.539(0.500-0.595) 0.581(0.543-0.618) 

2 0.573(0.538-0.608) 0.548(0.500-0.604) 0.531(0.500-0.568) 

3 0.591(0.556-0.626) 0.579(0.520-0.638) 0.589(0.550-0.627) 

Adenoma 

Cases /Controls(N) 1,195/5,758 556/2,409 1,080/5,221 

Approaches 

1 0.558(0.540-0.576) 0.541(0.510-0.561) 0.578(0.560-0.597) 

2 0.553(0.534-0.571) 0.539(0.508-0.569) 0.532(0.513-0.551) 

3 0.567(0.547-0.587) 0.552(0.523-0.581) 0.571(0.552-0.590) 

Polyps 

Cases /Controls(N) 810/5,758 395/2,409 705/5,221 

Approaches 

1 0.544(0.521-0.567) 0.531(0.500-0.567) 0.572(0.549-0.595) 

2 0.550(0.527-0.573) 0.530(0.500-0.566) 0.523(0.500-0.546) 

3 0.563(0.541-0.585) 0.532(0.500-0.568) 0.557(0.535-0.579) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S8: Hazard Ratio Estimates (95% Confidence Intervals) of CRC: Hazard Ratio Estimates (95% Confidence Intervals) of CRC for PRS Derived 

from Three Different Approaches – PRS Stratified without Family History 

 

  

 Approach 1a Approach 2a Approach 3a 

HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value 

Top 30 % vs.  Remaining 1.97(1.73-2.25) <2e-16 1.93(1.69-2.20) <2e-16 2.26(1.98-2.58) <2e-16 

Top 20 % vs.  Remaining 2.04 (1.80-3.70) <2e-16 2.08 (1.81-2.40) <2e-16 2.43(2.2-2.78) <2e-16 

Top 10 % vs.  Remaining 2.35 (2.00-2.79) <2e-16 2.29 (1.94-2.70) <2e-16 2.55 (2.2-3.03) <2e-16 

Top 5 % vs.  Remaining 2.19 (1.79-2.76) 6.7×10-13 2.57 (2.09-3.16) 1.2×10-3 2.67 (2.17-3.29) <2e-16 

Top 1 % vs.  Remaining 2.37 (1.52-3.70) 1.4×10-4 2.50 (1.35-3.44) 1.2×10-3 2.91 (1.94-4.36) 2.46e-07 

Top 0.5% vs.  Remaining 2.72 (1.50-4.93) 9.6×10-4 2.91 (1.64-5.15) 2.3×10-4 3.13 (1.81-5.41) 4.42e-05 

a Approach 1: Known GWAS variants; Approach 2: SNP selection and machine learning (ridge regression); Approach 3: LDpred with ρ = 0.003. 



 

 

 

  Known loci Ridge Lasso Elastic Net XGBoost 

AUC Estimate 

140 known loci 0.629 
 

140 known loci+1000 SNPs 0.629 0.610 0.618 0.587 

140 known loci +5000 SNPs 0.627 0.605 0.615 0.586 

140 known loci +10000 SNPs 0.625 0.586 0.611  0.578 

140 known loci +15000 SNPs 0.601 0.586 0.609 0.576 

140 known loci +20000 SNPs 0.592 0.582 0.603 0.562 

 

Table S9. AUC estimates with varying number of genetic variants using machine learning approaches based on GERA validation cohort: 

Estimation of AUC with varying number of genetic variants for ridge, lasso and elastic net penalized regression, and XGBoost using the entire derivation 

data sets for feature selection and model development.  

 

 

 

 

 Controls Cases 

Number of Participants 37,641 573 

Number of Female (%) 20,265 (54) 278 (49) 

Median Entry Age 

(Range) (years) 
52 (18, 90) 61 (24, 89) 

Median Follow up 

(Range) (years) 
13 (0, 43) 8 (0, 34) 

 

Table S10: Characteristics of eMERGE participants. 

 

 



 

 

 

 

 

PRS Derivation Strategy  N Variants AUC (95% CI) 

Approach 1: Known GWAS variants 

Known variants  140 0.591 

Approach 3: LDpred 

LDpred    ρ = 1 1,180,765 0.594 

    ρ = 0.3 1,180,765 0.601 

    ρ = 0.1 1,180,765 0.611 

    ρ = 0.03 1,180,765 0.623 

    ρ = 0.01 1,180,765 0.628 

    ρ = 0.005 1,180,765 0.629 

    ρ = 0.003 1,180,765 0.628 

    ρ = 0.001 1,180,765 0.623 

 

Table S11: LDpred Results – eMERGE: AUC estimation of known loci PRS and LDpred PRRs using eMERGE data 

 

 

 

 

 

 



 

 

 

 

PRS (%) 
Observed 

Cases 

Expected 

Cases E/O Ratio (CI)  

1-10   27 16.0 0.59 (0.41-0.87) 

11-20   29 23.0 0.79 (0.55-1.14) 

21-30   31 26.8 0.86 (0.61-1.23) 

31-40   60 30.6 0.51(0.40-0.66) 

41-50   47 33.2 0.71 (0.53-0.94) 

51-60   56 39.1 0.70(0.54-0.91) 

61-70   63 44.4 0.71 (0.55-0.90) 

71-80   72 50.7 0.71 (0.56-0.89) 

81-90   83 58.0 0.70 (0.56-0.87) 

91-100 105 88.5 0.84 (0.70-1.02) 

 

 

Table S12: Model calibration in eMERGE: The columns are PRS (%) in 10 equally sized groups, observed number of CRC cases, expected 

number of CRC cases based on the model derived from GERA, and ratio of expected and observed cases with 95% confidence intervals.   

 

  



 

 

 

3. Derivation Data Sets 

3. 1 Study description 

French Association Study Evaluating RISK for sporadic colorectal cancer (ASTERISK)  

Participants were recruited from the Pays de la Loire region in France between December 2002 and March 2006. Eligibility criteria for cases 

included being of Caucasian origin, being greater than or 40 years of age at diagnosis and having no family history of colorectal cancer or polyps. 

Cases were patients with first primary colorectal cancer diagnosed in one of the six public hospitals and five clinics located in the Pays de la Loire 

region which participated in the study. Cases were confirmed based on medical and pathology reports. Controls were recruited at two Health 

Examination Centers of the Pays de la Loire region, and the recruitment of controls greater than or 70 years was completed in the departments of 

internal medicine and hepatogastroenterology of the University Hospital Center of Nantes, located in the same region. Controls were eligible to 

participate if they were Caucasian, aged greater than or 40 years, and had no family history of colorectal cancer or polyps. In the presence of the 

physician, each participant filled out a standardized questionnaire on family information, medical history, lifestyle, and dietary intake. Cases and 

controls provided a blood sample.  

 

Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC)  

The ATBC Study was conducted in Finland as a joint project between the National Institute for Health and Welfare of Finland and the US National 

Cancer Institute. The overall design, rationale, objectives, and initial results of this intervention trial have been published. Briefly, it was a 

randomized, double-blind, placebo-controlled primary prevention trial testing whether daily supplementation with alpha-tocopherol, beta-carotene, 

or both would reduce the incidence of lung or other cancers among male smokers. The trial was registered as ClinicalTrials.gov number, 

NCT00342992. A total of 29,133 50-69-year-old male smokers of at least five cigarettes daily were recruited from southwestern Finland between 

1985 and 1988, and randomly assigned to one of four intervention groups based on a 2 x 2 factorial design. Participants received either alpha-

tocopherol (50 mg/day) as dl-alpha-tocopheryl acetate, beta-carotene (20 mg/day) as all-trans-beta-carotene, both vitamins, or placebo capsules for 

5-8 years (median 6.1 years) until trial closure (April 30, 1993). Men with a prior cancer or serious illness, or who reported current use of vitamins 

E (>20mg/day), A (>20,000 IU/day), or beta-carotene (>6 mg/day) were ineligible. At baseline, study subjects completed a general risk factor, 

smoking, and medical history questionnaire, along with a food frequency (use) questionnaire, which consisted of a modified diet history, including 



 

 

both portion size and frequency of consumption for 203 food items and 73 mixed dishes.  Follow-up consisted of three visits annually to the local 

field center, during which the men were asked about their health, use of non-trial vitamin supplements, and smoking habits since the last visit. 

Height, weight, blood pressure, and heart rate were measured. Whole blood samples were collected from subjects close to trial closure. Incident 

cancer cases were identified through the Finnish Cancer Registry which provides almost 100% coverage. Between 1992 and 1993, whole blood 

samples were collected from approximately 20,000 participants, which were later used as the source of germline DNA. Post-intervention follow-

up continues through linkage with the Finnish Cancer Registry and Register of Causes of Death.  The analytic dataset from the ATBC study included 

in the Discovery GWAS consisted of 151 CRC cases and 32 controls. 

 

Colon Cancer Family Registry (CCFR, www.coloncfr.org)  

CCFR is a National Cancer Institute–supported consortium consisting of 6 centers dedicated to the establishment of a comprehensive collaborative 

infrastructure for interdisciplinary studies in the genetic epidemiology of colorectal cancer. The CCFR includes data from approximately 42,500 

total subjects (10,500 probands and 26,800 unaffected and affected relatives,4,276 unrelated population-based controls and 923 spouse controls). 

Colorectal cancer (CRC) cases and controls, age 20 –74 years, were recruited at the 6 participating centers beginning in 1998. All participants 

completed a standardized questionnaire that asked about established and suspected risk factors for colorectal cancer, which included questions on 

medical history and medication use, reproductive history (for female participants), family history, physical activity, demographics, alcohol and 

tobacco use, and dietary factors. The CCFR set 1 scan (Illumina Human 1M or Human 1M-Duo), included population-based cases and unrelated 

population-based controls from the 3 population-based centers: Seattle Familial Colon Cancer Family Registry (SFCCR) at Fred Hutchinson Cancer 

Research Center, Ontario Familial Colorectal Cancer Registry (OFCCR) at Mount Sinai Hospital (previously at Cancer Care Ontario), and the 

Australasian Colorectal Cancer Family Registry (ACCFR) at the University of Melbourne). Cases were genetically enriched by oversampling those 

with a young age at onset or a positive family history of CRC. Controls were matched to cases on age and sex. The Set 2 scan includes population-

based cases and matched controls from all six Colon CFR centers including Mayo Clinic, Rochester, Minnesota; the University of Hawaii, Honolulu, 

Hawaii; University of Southern California consortium, Los Angeles, California; Fred Hutchinson Cancer Research Center, Seattle, Washington; 

Mount Sinai Hospital, Toronto, Ontario; and The University of Melbourne, Victoria, Australia. As with Set 1, cases were genetically enriched by 

over-sampling those with a young age at onset or positive family history. Controls were same generation family controls. The CCFR set 3 scan 

(Affymetrix Axiom CORECT Set array) included CRC-affected population based probands and clinic-based cases and matched controls from 5 

Colon CFR centers (excluding HCCFR). Controls were related family controls or unrelated population-based controls.  All participants selected for 



 

 

CCFR sets-1, -2 and -3 were non-Hispanic White or of European ancestral heritage, which was confirmed with genotype data. The analytic dataset 

from CCFR included in the Discovery GWAS consisted of 1,972 CRC cases and 651 controls. 

 

Hawaii Colorectal Cancer Studies 2 & 3 (Colo2&3)  

Patients with colorectal cancer were identified through the rapid reporting system of the Hawaii SEER registry and consisted of all Japanese, 

Caucasian, and Native Hawaiian residents of Oahu who were newly diagnosed with an adenocarcinoma of the colon or rectum between January 

1994 and August 1998. Control subjects were selected from participants in an on-going population-based health survey conducted by the Hawaii 

State Department of Health and from Health Care Financing Administration participants. Controls were matched to cases by sex, ethnicity, and age 

(within two years). Personal interviews were obtained from 768 matched pairs, resulting in a participation rate of 58.2% for cases and 53.2% for 

controls. A questionnaire, administered during an in-person interview, included questions about demographics, lifetime history of tobacco, alcohol 

use, aspirin use, physical activity, personal medical history, family history of colorectal cancer, height and weight, diet (FFQ), and postmenopausal 

hormone use. A blood sample was obtained from 548 (71%) of interviewed cases and 662 (86%) of interviewed controls. SEER staging information 

was extracted from the Hawaii Tumor Registry. self-reported Caucasian subjects with DNA, and clinical and epidemiologic data were selected for 

genotyping. 

 

ColoCare Consortium (ColoCare)  

The ColoCare Study (ClinicalTrials.gov Identifier: NCT02328677) is a prospective cohort study of newly diagnosed colorectal cancer (CRC) 

patients. The ColoCare Consortium is a multicenter initiative establishing an international cohort of colorectal cancer (CRC) patients for 

interdisciplinary studies of CRC prognosis and outcomes with sites at the Fred Hutchinson Cancer Research Center, Seattle (Washington, USA), 

H. Lee Moffitt Cancer Center and Research Institute, Tampa (Florida, USA), the University Hospital Heidelberg (Germany), and the Huntsman 

Cancer Institute (Utah, USA). The ColoCare Study investigates clinical outcomes, including disease-free and overall survival, predictors of cancer 

recurrence, health-related quality-of-life, and treatment toxicities. In addition, cross-sectional analyses of biomarkers and/or health behaviors are 

undertaken. Patients are recruited at baseline (time of first diagnosis) and followed for up to 5 years at regular time points (3 months (m), 6m, 12m, 

24m, 36m, 48m, 60m). The cohort includes a comprehensive collection of specimens and data.  Patients included in the CORECT project were 

recruited at the following ColoCare sites: Fred Hutchinson Cancer Research Center (FHCRC) and the German Cancer Research Center (DKFZ, 



 

 

Heidelberg, HBG).  CRC patients were recruited at the ColoCare Consortium sites when consulting with a colorectal surgeon or their staff as soon 

as possible after their diagnosis. Inclusion criteria for the ColoCare cohort are: (1) age 18-89 years, (2) newly-diagnosed CC (stages I-III), (3) 

English (FHCRC, Moffitt) or German (DKFZ) speaking, and (4) mentally/physically able to consent and participate. Pregnant women and prisoners 

are excluded.  All activities including patient identification and recruitment, administration of health behavior questionnaires, specimen collection, 

medical record abstraction, biospecimen and data analysis are conducted according to IRB-approved protocols.  Procedures and protocols for 

ColoCare FHCRC are currently approved under FHCRC IRB File 6407 and ColoCare Heidelberg (HBG) IRB approval has also been obtained 

(University of Heidelberg, 3/10/2010). The analytic dataset from the ColoCare study included in the Discovery GWAS consisted of 364 CRC cases 

and 39 controls. 

 

Cancer Prevention Study II (CPS II) 

The CPS II Nutrition cohort is a prospective study of cancer incidence and mortality in the United States, established in 1992 and described in detail 

elsewhere (Calle et al., 2002) [PMID: 12015775]. At enrollment, participants completed a mailed self-administered questionnaire including 

information on demographic, medical, diet, and lifestyle factors. Follow-up questionnaires to update exposure information and to ascertain newly 

diagnosed cancers were sent biennially starting in 1997. Reported cancers were verified through medical records, state cancer registry linkage, or 

death certificates. The Emory University Institutional Review Board approves all aspects of the CPS II Nutrition Cohort. Set 1, Set 2. A total of 

360 cases and 359 controls were selected for this study. 

 

Colorectal Cancer Genetics & Genomics (CRCGEN) 

The Spanish study combines data of three case-control studies. The first one, performed in University Hospital of Bellvitge, L'Hospitalet, Barcelona, 

recruited 304 incident pathology- confirmed CRC cases and 293 age and sex frequency-matched hospital controls during the period 1996-1998. 

The control group consisted of patients without previous colorectal cancer who had been randomly selected among those admitted to the same 

hospital during the same period. To avoid selection bias, the criterion of inclusion in the control group was a new diagnosis. The second study, 

performed in the same hospital during the period 2007-2015, included a total of 324 cases and 376 population controls. The control group consisted 

of subjects invited to participate and selected from the primary health care lists of the hospital’s referral area, frequency matched by age and sex. 

The third study was conducted in Hospital of Leon, Leon, during 2008-2013. A total of 325 incident CRC cases and 407 population controls were 

included. The control population consisted of subjects invited to participate and selected from the primary health care lists, frequency matched by 



 

 

age and sex. Written informed consent was required from all participants. Each hospital's ethics committees (Bellvitge and Leon) approved the 

protocols of the study.   

 

 

 

Darmkrebs: Chancen der Verhütung durch Screening (DACHS) 

This German study was initiated as a large population-based case-control study in 2003 in the Rhine-Neckar-Odenwald region (southwest region 

of Germany) to assess the potential of endoscopic screening for reduction of CRC risk and to investigate etiologic determinants of disease, 

particularly lifestyle/environmental factors and genetic factors1,2. Cases with a first diagnosis of invasive CRC (International Classification of 

Diseases 10 codes C18-C20) who were at least 30 years of age (no upper age limit), German speaking, a resident in the study region, and mentally 

and physically able to participate in a one-hour interview, were recruited by their treating physicians either in the hospital a few days after surgery, 

or by mail after discharge from the hospital. Cases were confirmed based on histologic reports and hospital discharge letters following diagnosis 

of CRC. All hospitals treating CRC patients in the study region participated. Based on estimates from population-based cancer registries, more than 

50% of all potentially eligible patients with incident colorectal cancer in the study region were included. Community-based controls were randomly 

selected from population registries, employing frequency matching with respect to age (5-year groups), sex, and county of residence. Controls with 

a history of CRC were excluded. Controls were contacted by mail and follow-up calls. The participation rate was 51%. During an in-person 

interview, data were collected on demographics, medical history, family history of CRC, and various life-style factors, as were blood and 

mouthwash samples. This analysis includes participants recruited up to 2010 in this ongoing study. In total 1,268 cases and 634 matched controls 

were sent for genotyping using the HumanOmniExpressExome-8v1-2 array (referred to as DACHS_3). 

 

Diet, Activity, and Lifestyle Study (DALS) 

DALS was a population-based, case–control study of colon cancer.3 Participants were recruited between 1991 and 1994 from 3 locations: the 

Kaiser Permanente Medical Care Program of Northern California, an 8-county area in Utah, and the metropolitan Twin Cities area of Minnesota. 

Eligibility criteria for cases included age at diagnosis between 30 and 79 years, diagnosis with first primary colon cancer (International Classification 

of Disease for Oncology, Second Edition, 18.0 and 18.2–18.9) between October 1, 1991, and September 30, 1994, English speaking, and 

competency to complete the interview. Individuals with cancer of the rectosigmoid junction or rectum were excluded, as were those with a pathology 



 

 

report noting familial adenomatous polyposis, Crohn’s disease, or ulcerative colitis. A rapid-reporting system was used to identify all incident cases 

of colon cancer, resulting in the majority of cases being interviewed within 4 months of diagnosis. Controls from the Kaiser Permanente Medical 

Care Program were selected randomly from membership lists. In Utah, controls younger than 65 years of age were selected randomly through 

random-digit dialing and driver license lists. Controls 65 years of age and older were selected randomly from Health Care Financing Administration 

lists. In Minnesota, controls were identified from Minnesota driver license or state identification lists. Cases and controls were matched by 5-year 

age groups and sex. The set I scan consisted of a subset of the study, from Utah, Minnesota, and the Kaiser Permanente Medical Care Program, and 

was restricted to subjects who self-reported as white non-Hispanic. The set 2 scan consisted of subjects from Utah and Minnesota who were not 

genotyped in set 1. Set 2 was restricted to subjects who self-reported as white non-Hispanic and those who had appropriate consent to post data to 

the database of Genotypes and Phenotypes.  

 

Epidemiologische Studie zu Chancen der Verhutung, Fruherkennung und optimierten THerapie chronischer ERkrankungen in der alteren 

Bevolkerungstudy (ESTHER_VERDI) 

In the ESTHER/VERDI study, patients diagnosed with various forms of cancer at ages 50-75, including patients with colorectal cancer (n=420), 

were recruited statewide in Saarland, Germany between 1996-1998 and 2001-2003. Controls, who were frequency matched by sex and age, were 

randomly drawn from women and men who were recruited for a statewide cohort study in Saarland, Germany when undergoing a health check-up 

with their general practitioners in 2000-2002 (n=437). Blood samples were drawn by the treating physicians who also provided medical data from 

their records. Risk factor information was collected by self-administered standardized questionnaires.  The analytic dataset from the 

ESTHER/VERDI study included in the Discovery GWAS consisted of 420 CRC cases and 437 controls.   

 

Kentucky Case-Control Study (Kentucky) 

Control study was initiated in July 2003 through the University of Kentucky Cancer Center. A web-based reporting system implemented by the 

Kentucky Cancer Registry in 2003 has facilitated rapid report of cases state- wide, with approximately 76.8% of all cases reported to the registry 

within 6 months of diagnosis. Cases (>21 years) diagnosed with histologically confirmed colon cancer and entered into the registry within 6 months 

of their diagnoses are invited to join the study. Population-based unrelated controls are recruited through random digit dialing and are frequency 

matched to the cases by age (±5 years), gender, and race. Excluded from the study are those individuals who have been diagnosed with colon cancer 

because of known hereditary forms of colon cancer or polyposis such as familial adenomatous polyposis (FAP), hereditary non-polyposis colorectal 



 

 

cancer (HNPCC), Peutz-Jeghers, and Cowden disease. Currently there are more than 1,040 incident population-based cases of colorectal cancer 

and 1,750 population-based controls fully recruited, with comprehensive epidemiologic data, pathology data, and DNA from cases and controls. 

 

Melbourne Collaborative Cohort Study (MCCS)  

The MCCS is a prospective study that recruited 41,514 healthy adult volunteers (17,045 men) aged between 27 and 76 years (99% aged 40-69) 

from the Melbourne metropolitan area between 1990 and 1994. All CRC cases eligible for this study were selected based on the availability of a 

blood sample, were not genotyped previously, had no pre-baseline history of Victorian Cancer Registry (VCR) confirmed CRC or pre-baseline 

history of another primary cancer, excluding non-melanocytic skin cancer. Incident cases of invasive (including metastatic) adenocarcinoma of the 

colon or rectum were identified through the VCR up to 31st December 2012. Germline DNA was extracted from blood samples. Study participants 

provided written, informed consent in accordance with the Declaration of Helsinki. The study was approved by Cancer Council Victoria’s Human 

Research Ethics Committee and performed in accordance with the institution’s ethical guidelines.  Set 1 consisted of 576 incident cases diagnosed 

during follow-up from baseline (1990-1994) till mid-2010 and 576 individually matched population-based controls. The matching factors were sex, 

country of birth (Australia/UK, Italy and Greece), and year of baseline attendance. Cases were all incident cases in the cohort ascertained through 

linkage to the Victorian Cancer Registry and other State cancer registries in Australia. For the GWAS, cases with only DNA extracted from Guthrie 

cards available were excluded. Samples were genotyped on the Affymetrix Axiom CORECT Set array. Set 2 consisted of 238 CRC cases met our 

eligibility criteria and were matched to a control using risk set sampling with age as the time variable.  Controls were matched to cases based on 

sex, year of baseline attendance and country of birth (Australia/New Zealand/United Kingdom/Greece/Italy/other).  Samples were genotyped on 

OncoArray.  

 

Multiethnic Cohort Study (MEC)  

MEC was initiated in 1993 to investigate the impact of dietary and environmental factors on major chronic diseases, particularly cancer, in ethnically 

diverse populations in Hawai’i and California. The study recruited 96,810 men and 118,441 women aged 45 to 75 years between 1993 and 1996. 

Incident colorectal cancer cases occurring since January 1995, and controls were contacted for blood or saliva samples. The median interval between 

diagnosis and blood draw was 14 months (interquartile range, 10-19) among cases and the participation rate 74%. A sample of cohort participants 

was randomly selected to serve as controls at the onset of the nested case-control study (participation rate 66%). The selection was stratified by sex, 

age, and race/ethnicity. Colorectal cancer cases are identified through the Rapid Reporting System of the Hawai’i Tumor Registry and through 



 

 

quarterly linkage to the Los Angeles County Cancer Surveillance Program. Both registries are members of SEER. Set 1, in GECCO, self-reported 

White subjects from the nested case-control study described above with DNA, and clinical and epidemiologic data were selected for genotyping. 

Set 2 were genotyped on OncoArrary. 

 

Molecular Epidemiology of Colorectal Cancer Study (MECC) 

The Molecular Epidemiology of Colorectal Cancer Study (MECC) is a population-based case-control study of colorectal cancer (CRC). Incident, 

pathologically confirmed CRC cases and controls were recruited from a specific region of northern Israel. Participant recruitment began in 1998 

and remains on-going. Individually-matched controls with no prior history of CRC are selected from the same source population that gave rise to 

cases using the Clalit Health Services database. Matching factors include age, sex, Jewish ethnicity (Jew versus non-Jew), and primary clinic site. 

Subjects are interviewed for demographic and clinical information, family history, and dietary habits, gave a venous blood sample, and provided 

permission for tumor tissue retrieval. Written, informed consent was obtained according to Institutional Review Board-approved protocols at 

Carmel Medical Center in Haifa and the University of Southern California (HS-12-00324, HS-12-00672, and HS-08-00378). Germline DNA was 

extracted from whole blood for genotyping. Set 1, a case-control set consisted of 484 cases and 498 controls genotyped on the Illumina Omni 2.5 

array. Case selection for genotyping in MECC1 enriched for colon cancer, enriched for a specific stage distribution for a separate GWAS study of 

stage and prognosis, and excluded cases with microsatellite instable (MSI-H) tumors. Set 2 utilizes genotypes from 1,120 cases and 1156 controls 

on the Affymetrix Axiom CORECT Set array. Cases were unselected for cancer site, stage, or MSI. In addition to self-reported ancestral heritage 

(Ashkenazi / Sephardi), PCA analysis was used to examine the correspondence between self-reported ancestry and genotypic classification. Set 3 

consisted of 3,591 cases of pathologically-confirmed adenocarcinoma and 2,848 controls on the OncoArray. 

 

Memorial Sloan Kettering cohort (MSKCC) 

The Memorial Sloan Kettering (MSK) cohort consisted of 126 individuals of Ashkenazi Jewish descent with a diagnosis of colorectal cancer and 

no known germline mutations in colon cancer predisposition genes. Eligible patients were ascertained between 2001–2013 under three existing 

MSK IRB-approved protocols allowing for tumor/germline biospecimen collection and germline analysis for cancer susceptibility. Two of the 

protocols specifically focused on ascertainment of patients with either early-onset (age ≤ 50 at diagnosis) colorectal cancer or familial colorectal 

cancer with no identifiable germline mutations, while the third study included colorectal cancer patients irrespective of age or family cancer history. 

Patient data extracted from medical records included information on stage, tumor location, chemotherapy regimen received, history of medication 



 

 

use (HRT NSAIDs), endoscopy results, and metachronous or synchronous colorectal or other primary cancer diagnoses.  The analytic dataset from 

the MSKCC study included in the Discovery GWAS consisted of 78 CRC cases. 

 

Newfoundland Case-Control Study (NFCCR)  

The NFCCR is a case-control study that includes pathology confirmed CRC cases less than 75 years of age diagnosed between January 1999 and 

December 2003, as identified from the Newfoundland Cancer Registry. The Newfoundland Cancer Registry registers all cases of invasive cancer 

diagnosed among residents of the province of Newfoundland and Labrador. Consenting patients received a family history questionnaire and were 

asked to provide a blood sample and to permit access to tumor tissue and medical records. If a patient was deceased, we sought the participation of 

a close relative for the purposes of obtaining the family history and for permission to access tissue blocks and medical records. Use of proxies in 

this way removes the bias of excluding advanced stage patients who die before they can give consent. Population- based controls were identified 

by random digit dialing from the residents of the province and matched to the cases on sex and five-year age groups. Controls provided a blood 

sample and filled out a risk factor questionnaire. Set 1, cases only genotyped on Illumina OmniQuad. Set 2 were genotyped on the Affymetrix 

Axiom CORECT Set array. 

 

North German Case-Control Study (NGCCS)   

All samples used were collected through the PopGen Biobank. The CRC cases were members of a patient cohort from the Kiel area, described in 

detail elsewhere. Briefly, CRC patients who had been diagnosed or operated on between 2002 and 2005 were identified through the cancer registry 

of Schleswig-Holstein or one of 25 surgical departments in Northern Germany and were contacted by mail between August 2004 and December 

2006. A total of 2,715 patients agreed to participate (response rate: *40%). All cases eventually included in the study had histologically proven 

CRC, a primary CRC diagnosis, and no previous cancer. Venous EDTA blood samples were collected at baseline, either at the PopGen facility or 

by local general practitioners. Genomic DNA (600–1,000 lg) was extracted by standard methods, using the Blood Gigakit (Invitek, Berlin, 

Germany), and stored under quality-controlled conditions at -20 °C. For the purposes of this collaborative study, only study participants who 

explicitly consented to deposition of genotype data in scientific databases upon re-consent were included. The analytic dataset from the Kiel study 

included in the Discovery GWAS consisted of 1,119 CRC cases. 



 

 

 

Nurses’ Health Study II (NHSII) 

The Nurses' Health Study II (NHSII) is an ongoing cohort of 116,430 female registered nurses in the US, aged 25-42 years at baseline in 1989.  

Demographic, lifestyle and health-related information were obtained from participants at baseline and updated every 2 years using self-administered 

questionnaires.  The follow-up rate in each cycle has been over 90% to date.  Study participants who had not previously reported a diagnosis of 

cancer and had responded to the 1995 NHSII study questionnaire were invited to provide blood samples between 1996 and 1999. Blood samples 

were collected from 29,611 NHSII participants, aged 32 to 54 years at the time of blood draw. Similarly, between 2004 and 2006, active study 

participants who had not previously provided a blood sample were invited to provide buccal samples.  Swish-and-spit sample of buccal cells were 

received from 29,859 participants.  Cases and controls selected for genotyping were nested within the subcohort of participants who provided a 

blood or a buccal sample.  Participants with a prior history of any cancer (except non-melanoma skin cancer), ulcerative colitis, or familial polyposis 

syndromes were excluded.  Incident cases of colorectal adenocarcinoma were ascertained first by self-report and later confirmed by reviewing 

medical records and pathology reports within each follow up cycle.  Deaths due to colorectal cancer were identified through family or next of kin 

or by querying the National Death Index. Controls were randomly selected among participants in the subcohort provided they were free of colorectal 

cancer and matched to a corresponding case by both age (within 1 year) and sample collection date (month/year of blood or buccal sampling).  

Overall, 133 cases and 132 matched controls were selected for OncoArray genotyping, and 109 cases and 102 controls with ≥80% estimated 

European ancestry based on STRUCTURE were included in the Discovery GWAS. 

 

Ontario Familial Colorectal Cancer Registry (OFCCR)  

In GECCO, a subset of the Assessment of Risk in Colorectal Tumours in Canada (ARCTIC) from the Ontario Registry for Studies of Familial 

Colorectal Cancer (OFCCR) was used. Both the case-control study and the OFCCR have been described in detail previously, as have GWAS 

results.  In brief, cases were confirmed incident colorectal cancer (CRC) cases ages 20 to 74 years, residents of Ontario identified through 

comprehensive registry and diagnosed between July 1997 and June 2000. Population-based controls were randomly selected among Ontario 

residents (random-digit-dialing and listing of all Ontario residents) and matched by sex and 5-year age groups. A total of 1,236 CRC cases and 

1,223 controls were successfully genotyped on at least one of the Illumina 1536 GoldenGate assay, the Affymetrix GeneChip® Human Mapping 

100K and 500K Array Set, and a 10K non-synonymous SNP chip. Analysis was based on a set of unrelated subjects who were non-Hispanic, White 

by self-report or by investigation of genetic ancestry. We further excluded subjects if there was a sample mix-up, if they were missing epidemiologic 



 

 

questionnaire data, if they were appendix cases, or if they were overlapped with the Colon Cancer Family Registry. Additionally, only samples 

genotyped on the Affymetrix GeneChip® 500K Array were utilized to avoid coverage issues in imputation. 

 

Physician’s Health Study (PHS)  

The PHS was established as a randomized, double-blind, placebo-controlled trial of aspirin and ß-carotene among 22,071 healthy U.S. male 

physicians, between 40 and 84 years of age in 1982. Participants completed two mailed questionnaires before being randomly assigned, additional 

questionnaires at six and 12 months, and questionnaires annually thereafter. In addition, participants were sent postcards at six months to ascertain 

status. From August 1982 to December 1984, 14,916 baseline blood samples were collected from the physicians during the run-in phase before 

randomization. When participants report a diagnosis of cancer, medical records and pathology reports are reviewed by study physicians who are 

blinded to exposure data. Among those who provided baseline blood samples, colorectal cases were ascertained through March 31, 2008, and 

controls were matched on age (within one year for younger participants, up to five years for older participants) and smoking status (never, past, 

current). Cases were “pair” matched 1:1, 1:2 or 1:3 with a control participant(s). Due to DNA availability samples were genotyped in two batches 

on the same platform at the same genotyping center at different time points. 

Studies of Epidemiology and Risk Factors in Cancer Heredity (SEARCH) 

The study started recruitment on March 1, 2001 and all CRC cases diagnosed between the ages of 18 and 69 since January 1, 1996 in the regions 

served by the Eastern Cancer Registration and Information Centre were eligible for inclusion.  Recruitment continued until the end 2010.  Sex and 

age (in 5-year age bands) frequency matched controls were identified from the registration lists of ten representative general practices across East 

Anglia (England).  Controls were matched to cases participating in SEARCH breast, colorectal, prostate, ovarian and endometrial cancer studies.  

All participants completed an epidemiological questionnaire, provided a blood sample for DNA and provided written informed consent.  Genotyping 

was carried out on all SEARCH CRC cases and controls that had provided a blood sample and returned a completed consent form. SEARCH is 

approved by the Cambridgeshire 4 Research Ethics Committee.  

 

The Swedish Low-Risk Colorectal Cancer Study (SLRCCS) 

During the years 2004-2009 more than 3300 consecutive patients operated on for colorectal cancer (CRC) in 14 hospitals in and around Stockholm 

and Uppsala were included in the Swedish Colorectal Cancer Low-risk study and gave informed consent and blood for genetic studies. All cases 

were interviewed by the same person about their family history of colorectal cancer and other malignancies. Cancer in first- and second-degree 



 

 

relatives and cousins was recorded, and pedigrees for the families of the index-person (the patient) were constructed. All diagnoses in family 

members which could have been CRC were verified using medical records or death certificates. Other diagnoses were coded as stated by the index 

case. All hematological malignancies were coded as one entity as well as all gynecological cancers because of difficulties in defining the exact 

diagnosis. Cases with no relative diagnosed with CRC were considered sporadic. Familial CRC was defined as cases with at least one relative with 

CRC in the family as defined above. All patients where relatives were at increased risk because of the family history were offered genetic 

counselling. Sex, age and tumor location of the index-patients were recorded based on the medical records. Tumors were assigned locations in 

caecum, ascending colon, hepatic flexure, transverse colon, splenic flexure, descending colon, the sigmoid or rectum. All tumors underwent 

evaluation directly after surgery by a local pathologist. The tumors were staged both according to the AJCC classification and the TNM-system. 

Some cases had two or more tumors and when tumors were located within the same segment they could be classified. As controls were used samples 

from 2,300 blood donors from the same region and 700 spouses to CRC patients, who did not have cancer and no family history of cancer. No 

information except gender was available for blood donors. For the spouses’, information on gender, age, height, weight was obtained. All patients 

gave written informed consents in accordance with Swedish legislation and the study was approved by the Regional research ethics committee, 

Dnr: 02-489.  The analytic dataset from this study included in the Discovery GWAS consisted of 2,667 CRC cases and 1,643 controls. 

 

Swedish Mammography Cohort (SMC) and Swedish Men Cohort (SMC_COSM) 

The Swedish Mammography Cohort (SMC) and the Cohort of Swedish Men (COSM) are two large population-based prospective cohorts from 

central Sweden. The SMC was initiated between 1987 and 1990 when all women born in 1914-1948 and residing in Uppsala and Västmanland 

counties were invited; response rate 74% (n=66,651). The COSM started in late 1997, with the invitation of all men born in 1918-1952 and residing 

in Västmanland and Örebro county; response rate 49% (n=48,850). Questionnaire data on diet and other lifestyle factors was collected at the start 

of the studies and has been updated repeatedly during follow-up. Further, biological samples (saliva, blood) have been collected together with 

signed informed consent and are available for DNA extraction. The cohorts are annually matched to the Swedish Cancer Register for ascertainment 

of incident cancer cases. For the CORECT study, follow-up through 2011 was available. The Regional Ethical Review Board at Karolinska Institutet 

in Stockholm approved genetic studies of CRC based on the cohorts. The analytic dataset from this study included in the Discovery GWAS consisted 

of 580 CRC cases and 859 controls. 



 

 

 

USC-HRT-CRC 

Observational epidemiological studies and randomized trials have reported a protective effect of estrogen and progestin therapy (EPT) on the risk 

of colorectal cancer, but the findings on estrogen-alone therapy (ET) are less consistent. To further investigate the relationship between menopausal 

hormones and risk of colon cancer, we conducted a population-based case–control study in Los Angeles County involving 831 women with newly 

diagnosed colon cancer and 755 population-based control women. The cases were identified by the Los Angeles County Cancer Surveillance 

Program, part of the National Cancer Institute’s Surveillance, Epidemiology and End Results Program.  Eligible subjects were English-speaking 

women with a histologically confirmed primary colon cancer diagnosed between the ages of 55 and 74 years on or after January 1998 through 

December 2002 and who were residents of Los Angeles County. Race/ ethnicity and aged matched female controls were identified through a well-

established neighborhood recruitment algorithm. In-person interviews were conducted using a structured questionnaire that covered medical, 

menstrual, and reproductive history, use of select hormonal and non-hormonal medications, body size, physical activity, and other lifestyle factors.  

Interviewed participants were asked to donate a blood specimen. DNA from buffy coats of peripheral blood samples were used for OncoArray 

genotyping.  The analytic dataset from the USC-HRT-CRC study included in the Discovery GWAS consisted of 346 CRC cases and 409 controls. 

 

VITamins And Lifestyle (VITAL) 

The VITamins And Lifestyle (VITAL) cohort comprises of 77,721 Washington State men and women aged 50 to 76 years, recruited from 2000 to 

2002 to investigate the association of supplement use and lifestyle factors with cancer risk. Subjects were recruited by mail, from October 2000 to 

December 2002, using names purchased from a commercial mailing list. All subjects competed a 24-page questionnaire and buccal-cell specimens 

for DNA was self-collected by 70% of the participants. Subjects are followed for cancer by linkage to the western Washington SEER cancer registry 

and are censored when they move out of the area covered by the registry or at time of death.   Details of this study have been previously described 

22.  In GECCO, a nested case-control set was genotyped. Samples included, colorectal cancer cases with DNA, excluding subject with colorectal 

cancer before baseline, in situ cases, (large cell) neuroendocrine carcinoma, squamous cell carcinoma, carcinoid tumor, Goblet cell carcinoid, any 

type of lymphoma, including non-Hodgkin, Mantle cell, large B-cell, or follicular lymphoma. Controls were matched on age at enrollment (within 

one year), enrollment date (within one year), sex, and race / ethnicity. One control was randomly selected per case among all controls that matched 

on the four factors above and where the control follow-up time was greater than follow-up time of the case until diagnosis.    

 



 

 

Campaign against Cancer and Heart Disease II (CLUE II) 

The Campaign Against Cancer and Heart Disease, is a prospective cohort designed to identify biomarkers and other factors associated with risk of 

cancer, heart disease, and other conditions3. 32,894 participants were recruited from May through October 1989 from Washington County, Maryland 

and surrounding communities. Colorectal cancer cases (297) and matched controls (296) were identified between 1989 and 2000 among participants 

in the CLUE II cohort of Washington County, Maryland, and sent for genotyping using the OncoArray+custom iSelect array. 

 

 

Colorectal Cancer: Longitudinal Observational study on Nutritional and lifestyle factors that influence colorectal tumor recurrence, 

survival and quality of life (COLON) 

The COLON study is a multi-center prospective cohort study to assess the role of diet and other lifestyle factors in cancer recurrence and survival 

among incident colorectal cancer patients in the Netherlands. Patients with colorectal cancer from 11 hospitals were invited upon diagnosis. Patients 

with a history of colorectal cancer or (partial) bowel resection, chronic inflammatory bowel disease, hereditary colorectal cancer syndromes, or 

dementia were excluded from the study. At diagnosis and at several time points during follow-up, patients donated a blood sample and filled out 

questionnaires about diet and other lifestyle factors. Blood samples are stored in a biobank to facilitate future analyses. Information on vital status 

is retrieved by linkage with national registries. Information on clinical characteristics is gathered from linkage with the Netherlands Cancer Registry 

and with hospital databases. Matching controls were selected from the Nutrition Questionnaires plus (NQplus) study. NQplus is a longitudinal 

observational study on diet and health in the general Dutch population. A total of 2,048 participants were recruited by inviting randomly selected 

inhabitants of the neighboring cities Wageningen, Ede, Renkum and Arnhem. In Veenendaal, another neighboring city, one individual of each 

household was invited to participate in the NQplus study. Baseline measurements consisted of a fasting venipuncture, dietary assessment, a physical 

examination, 24-h urine collection and general and lifestyle questionnaires. After excluding subjects with a history of colorectal cancer, chronic 

inflammatory bowel disease, or dementia, 692 controls were included in this study that were selected from the remaining participants and matched 

to 643 CRC cases of the COLON study by age and gender. All participants were genotyped using the HumanOmniExpressExome-8v1-2 array. 

 

Colorectal Cancer Study of Austria (CORSA) 

In the ongoing CRC study of Austria (CORSA), more than 13,000 Caucasian participants have been recruited within the province-wide screening 

project “Burgenland Prevention Trial of Colorectal Disease with Immunological Testing” (B-PREDICT) since 20034. All inhabitants of the Austrian 



 

 

province Burgenland aged between 40 and 80 years are annually invited to participate in fecal immunochemical testing and haemoccult positive 

screening participants are invited for colonoscopy. CORSA includes genomic DNA and plasma from CRC cases, low-risk and high-risk adenomas, 

and colonoscopy-negative controls. Controls received a complete colonoscopy and were free of CRC or polyps. CORSA participants have been 

recruited in the four KRAGES hospitals in Burgenland, Austria, and additionally, at the Medical University of Vienna (Department of Surgery), 

the Viennese hospitals “Rudolfstiftung” and the “Sozialmedizinisches Zentrum Süd”, and at the Medical University of Graz (Department of Internal 

Medicine). Distribution of factors sex and age (5 year strata) were evenly matched between cases and controls. This study includes 1,460 CRC 

(941) or advanced adenoma (519) cases and 774 matched controls genotyped using the Affymetrix Axiom Genome-Wide Human Origins 1 Array, 

and 1210 CRC (523) or advanced adenoma (687) cases and 1273 matched controls genotyped using the OncoArray+custom iSelect array. 

 

Cancer Prevention Study II (CPS-II) 

The CPS-II Nutrition Survey cohort is a prospective study of cancer incidence and mortality in the United States, established in 1992 and described 

in detail elsewhere5,6. At enrollment, participants completed a mailed self-administered questionnaire including information on demographic, 

medical, diet, and lifestyle factors. Follow-up questionnaires to update exposure information and to ascertain newly diagnosed cancers were sent 

biennially starting in 1997. Reported cancers were verified through medical records, state cancer registry linkage, or death certificates. The Emory 

University Institutional Review Board approves all aspects of the CPS II Nutrition Cohort. A total of 360 cases and 359 controls were selected for 

genotyping using the OncoArray+custom iSelect array. 

 

Czech Republic Colorectal Cancer Study (Czech Republic CCS) 

Cases with positive colonoscopy results for malignancy, confirmed by histology as colon or rectal carcinomas, were recruited between September 

2003 and May 2012 in several oncological departments in the Czech Republic (Prague, Pilsen, Benesov, Brno, Liberec, Ples, Pribram, Usti and 

Labem, and Zlin). Two control groups, sampled at the same time of cases recruitment, were included in the study. The first group consisted of 

hospital-based individuals with a negative colonoscopy result for malignancy or idiopathic bowel diseases. The reasons for the colonoscopy were: 

i) positive fecal occult blood test, ii) hemorrhoids, iii) abdominal pain of unknown origin, and iv) macroscopic bleeding. The second control group 

consisted of healthy blood donor volunteers from a blood donor center in Prague. All individuals were subjected to standard examinations to verify 

the health status for blood donation and were cancer-free at the time of the sampling. Details of CRC cases and controls have been reported 

previously7–9. All subjects were informed and provided written consent to participate in the study. They approved the use of their biological samples 



 

 

for genetic analyses, according to the Declaration of Helsinki. The design of the study was approved by the Ethics Committee of the Institute of 

Experimental Medicine, Prague, Czech Republic. All subjects included in this study were Caucasians and comprised 1792 cases and 1764 matched 

controls. Controls were matched to CRC cases as 1:1 ratio. Matching was done on age and sex. Age was matched on ±5 years, whereas sex was 

matched exactly. For the cases without matched controls, matching was done only on sex. All subjects were genotyped using the OncoArray+custom 

iSelect array. 

Early Detection Research Network (EDRN) 

The aim of the EDRN initiative is to develop and sustain a biorepository for support of translational research10. High-quality biospecimens were 

accrued and annotated with pertinent clinical, epidemiologic, molecular and genomic information. A user-friendly annotation tool and query tool 

was developed for this purpose. The various components of this annotation tool include common data elements (CDEs) are developed from the 

College of American Pathologists (CAP) Cancer Checklists and North American Association of Central Cancer Registries (NAACR) standards. 

The CDEs provides semantic and syntactic interoperability of the data sets by describing them in the form of metadata or data descriptor. A total 

of 352 colorectal case samples and 399 controls were matched based on age and sex and sent for genotyping using the OncoArray+custom iSelect 

array. 

 

European Prospective Investigation into Cancer and Nutrition (EPIC) 

EPIC is an ongoing multicenter prospective cohort study designed to investigate the associations between diet, lifestyle, genetic and environmental 

factors and various types of cancer. In summary, 521,448 participants (~70% women) mostly aged 35 years or above were recruited between 1992 

and 2000. Participants were recruited from 23 study centers in ten European countries. The current study included participants from France, 

Germany, Greece, Italy, the Netherlands, Spain, Sweden, and United Kingdom (UK). Blood samples were collected at baseline according to 

standardized procedures and stored at the International Agency for Research on Cancer (IARC; -196°C, liquid nitrogen) for all countries except 

Sweden (-80°C freezers). All study participants provided written informed consent. Ethical approval for the EPIC study was obtained from the 

review boards of IARC and local participating centers. Incident cancer cases were identified using population cancer registries in Italy, the 

Netherlands, Spain, and the United Kingdom. In Sweden, cases were identified by linkage with the essentially complete Cancer Registry of Northern 

Sweden and were verified by a gastrointestinal pathologist. In France, Germany and Greece, cancer cases were identified during follow-up by a 

combination of methods including: health insurance records, cancer and pathology registries, and by active follow-up directly through study 

participants or through next-of-kin. Controls were selected from the full cohort of individuals who were alive and free of cancer (except non-



 

 

melanoma skin cancer) at the time of diagnoses of the cases, using incidence density sampling and matched by: age (±6 months at recruitment), 

sex, study center, follow-up time since blood collection, time of day at blood collection (±4 hours), fasting status, menopausal status, and phase of 

menstrual cycle at blood collection. In total, 2,095 incident colorectal cancer cases, and 2,306 matched controls, genotyped using the 

HumanOmniExpressExome-8v1-2 array,  were included in the analyses. 

 

The EPICOLON Consortium (EPICOLON) 

The EPICOLON Consortium comprises a prospective, multicentre and population-based epidemiology survey of the incidence and features of CRC 

in the Spanish population 11. Cases were selected as patients with de novo histologically confirmed diagnosis of colorectal adenocarcinoma. Patients 

with familial adenomatous polyposis, Lynch syndrome or inflammatory bowel disease-related CRC, and cases where patients or family refused to 

participate in the study were excluded. Hospital-based controls were recruited through the blood collection unit of each hospital, together with 

cases. All of the controls were confirmed to have no history of cancer or other neoplasm and no reported family history of CRC. Controls were 

randomly selected and matched with cases for hospital, sex and age (± 5 years). A total of 370 cases and 370 controls were selected for genotyping 

using the OncoArray+custom iSelect array. 

 

Hawaiian Adenoma Study 

For this adenoma study, two flexible-sigmoidoscopy screening clinics were first used to recruit participants on Oahu, Hawaii. Adenoma cases were 

identified either from the baseline examination at the Hawaii site of the Prostate Lung Colorectal and Ovarian cancer screening trial during 1996–

2000 or at the Kaiser Permanente Hawaii’s Gastroenterology Screening Clinic during 1995–2007. In addition, starting in 2002 and up to 2007, we 

also approached for recruitment all eligible patients who underwent a colonoscopy in the Kaiser Permanente Hawaii Gastroenterology Department. 

Cases were patients with histologically confirmed first-time adenoma(s) of the colorectum and were of Japanese, Caucasian or Hawaiian 

race/ethnicity. Controls were selected among patients with a normal colorectum and were individually matched to the cases on age at exam, sex, 

race/ethnicity, screening date (±3 months) and clinic and type of examination (colonoscopy or flexible sigmoidoscopy). We recruited 1016 adenoma 

cases (67.8% of all eligible) and 1355 controls (69.2% of all eligible); 889 cases and 1169 controls agreed to give a blood and 29 cases and 34 

controls, a mouthwash sample. A total of 989 cases and 1185 controls were selected for genotyping using the OncoArray+custom iSelect array. 

The analyses described here only included the subset of European-ancestry individuals. 

 



 

 

Health Professionals Follow-Up Study (HPFS) 

HPFS is a parallel prospective study to the NHS. The HPFS cohort comprised 51,529 men aged 40-75 who, in 1986, responded to a mailed 

questionnaire. Participants provided information on health-related exposures, including current and past smoking history, age, weight, height, diet, 

physical activity, aspirin use, and family history of colorectal cancer. Colorectal cancer and other outcomes were reported by participants or next-

of-kin and were followed up through review of the medical and pathology record by physicians. Overall, more than 97% of self-reported colorectal 

cancers were confirmed by medical record review. Information was abstracted on histology and primary location. Follow-up evaluation has been 

excellent, with 94% of the men responding to date. In 1993-1995, 18,825 men in the HPFS mailed blood samples by overnight courier, which were 

aliquoted into buffy coat and stored in liquid nitrogen. In 2001-2004, 13,956 men in the HPFS who had not provided a blood sample previously, 

mailed in a swish-and-spit sample of buccal cells. Incident cases were defined as those occurring after the subject provided a blood or buccal 

sample. Prevalent cases were defined as those occurring after enrollment in the study in 1986, but before the subject provided either a blood or 

buccal sample. Sample selection for the stage 1 case-control sets has been described in detail previously12,13. For one case-control set included in 

stage 2 (HPFS_4), CRC cases were ascertained through January 1, 2010 and excluded cases included in stage 113. Participants with histories of 

cancer (except nonmelanoma skin cancer), ulcerative colitis, or familial polyposis were excluded. CRC cases matched to randomly selected controls 

who provided a blood or buccal sample and were free of colorectal cancer at the same time the CRC was diagnosed in the cases. Matching criteria 

included year of birth (within 1 year) and month/year of blood or buccal cell sampling (within 1 year). If no control could be matched for a case 

using the initial stringent criteria, age criteria were relaxed to <5 years to find an eligible control. A total of 183 CRC cases and 197 controls 

genotyped using the HumanOmniExpressExome-8v1-2 array were included. In addition to the CRC case-control set, a separate case-control set 

(HPFS_5_AD) was constructed of participants diagnosed with advanced adenoma matched to control participants who underwent a lower 

endoscopy in the same time period and did not have an adenoma. Advanced adenoma was defined as an adenoma 1 cm or larger in diameter and/or 

with tubulovillous, villous, or high grade dysplasia/carcinoma-in-situ histology. Matching criteria included year of birth (within 1 year) and month/ 

year of blood sampling (within 6 months), the reason for their lower endoscopy (screening, family history, or symptoms), and the time period of 

any prior endoscopy (within 2 years). Controls matched to cases with a distal adenoma either had a negative sigmoidoscopy or colonoscopy 

examination, and controls matched to cases with proximal adenoma all had a negative colonoscopy. In total, 159 advanced adenoma cases and 109 

controls were selected for genotyping using the OncoArray+custom iSelect array. 

 

 



 

 

Leeds Colorectal Cancer Study (LCCS) 

Following local ethical approval, colorectal cancer cases were recruited from 1997 until 2012 in Leeds, UK through surgical clinics. Initially, 

funding was provided by the UK Ministry of Agriculture, Farming and Fisheries (subsequently the Food Standards Agency) and Imperial Cancer 

Research Fund (subsequently Cancer Research UK). Recruitment also occurred similarly in Dundee, Perth and York between the periods of 1997 

and 2001 using the same protocol14,15 and the data and samples were combined. Pathologically confirmed cases were consented at outpatient clinics, 

providing information on known and postulated risk factors for colorectal cancer (diet, lifestyle and family history) as well as providing a blood 

sample for DNA. Exclusion criteria included pre-existing diverticular disease and an inability to complete the questionnaire. The General 

Practitioners of cases (all UK residents have a nominated General Practitioner to whom to refer initial medical queries) and these GPs were asked 

to send letters to other persons on their patient list of the same gender and born within 5 years of the case. Subsequently to enhance the number of 

controls, we systematically invited patients from selected GP practices. Diet was assessed in cases and controls using an extensive dietary and 

lifestyle questionnaire modified by that produced by the European Prospective Investigation in Cancer (EPIC). The frequency that each specific 

food items were eaten was recorded and we also obtained average fruit and vegetable consumption as a cross-check. In total, 1591 cases and 739 

controls provided a DNA sample for genotyping using the OncoArray+custom iSelect array. 

 

North Carolina Colon Cancer Studies (NCCCS I/II) 

The North Carolina Colon Cancer Studies (NCCCS I-colon and NCCCS II-rectal) were population-based case-control studies conducted in 33 

counties of North Carolina. Cases were identified using the rapid case ascertainment system of the North Carolina Central Cancer Registry. Patients 

with a first diagnosis of histologically confirmed invasive adenocarcinoma of the colon (cecum through sigmoid colon) between October 1996 and 

September 2000 were classified as potential cases in the NCCCS I. The NCCCS II included patients with a first diagnosis of histologically confirmed 

invasive adenocarcinoma of the sigmoid colon, rectosigmoid, or rectum (hereafter collectively referred to as rectal cancer) between May 2001 and 

September 2006. Additional eligibility requirements were: aged 40–80 years, residence in one of the 33 counties, ability to give informed consent 

and complete an interview, had a driver’s license or identification card issued by the North Carolina Department of Motor Vehicles (if under the 

age of 65), and had no objections from the primary physician in regards to contacting the individual. Controls, identified and sampled during the 

respective study dates, were selected from two sources. Potential controls under the age of 65 were identified using the North Carolina Department 

of Motor Vehicles records. For those 65 years and older, records from the Center for Medicare and Medicaid Services were used. Controls were 

matched to cases using randomized recruitment strategies. Recruitment probabilities were done using strata of 5-year age, sex, and race groups. 



 

 

Dietary information was collected using a modified version of the semiquantitative food frequency questionnaire developed at the National Cancer 

Institute. In addition, participants were asked about vitamin and mineral supplementation, special diets, restaurant eating, sodium use, and fats used 

in cooking. In NCCCS I, 515 colorectal cases and 687 matched controls were sent for genotyping. In NCCCS II, 796 colorectal cases and 823 

controls were sent from the NCCCS II for genotyping. Controls were matched to CRC cases as 1:1 ratio. Matching was done on age, race, and sex. 

Age was matched on ±5 years.  Race and sex were matched exactly. For the cases without matched controls, matching was done only on sex and 

race. All individuals were genotyped using the OncoArray+custom iSelect array and the analyses reported here only included the subset of 

European-ancestry individuals. 

 

Nurses’ Health Study (NHS) 

The NHS cohort began in 1976 when 121,700 married female registered nurses age 30–55 years returned the initial questionnaire that ascertained 

a variety of important health-related exposures 16. Since 1976, follow-up questionnaires have been mailed every 2 years. Colorectal cancer and 

other outcomes were reported by participants or next-of-kin and followed up through review of the medical and pathology record by physicians. 

Overall, more than 97% of self-reported colorectal cancers were confirmed by medical-record review. Information was abstracted on histology and 

primary location. The rate of follow-up evaluation has been high: as a proportion of the total possible follow-up time, follow-up evaluation has 

been more than 92%. Colorectal cancer cases were ascertained through June 1, 2008. In 1989 –1990, 32,826 women in NHS I mailed blood samples 

by overnight courier, which were aliquoted into buffy coat and stored in liquid nitrogen. In 2001–2004, 29,684 women in NHS I who did not 

previously provide a blood sample mailed a swish-and-spit sample of buccal cells. Incident cases were defined as those occurring after the subject 

provided a blood or buccal sample. Prevalent cases were defined as those occurring after enrollment in the study in 1976 but before the subject 

provided either a blood or buccal sample. After excluding participants with histories of cancer (except nonmelanoma skin cancer), ulcerative colitis, 

or familial polyposis, case-control sets were previously constructed from which DNA was isolated from either buffy coat or buccal cells for 

genotyping. Sample selection for these case-control sets that were included in the stage 1 meta-analysis, has been described in detail previously12,13. 

For one case-control set included in stage 2 (NHS_4), colorectal cancer cases were ascertained through June 1, 2012 and excluded cases included 

in stage 113. Participants with histories of cancer (except nonmelanoma skin cancer), ulcerative colitis, or familial polyposis were excluded. CRC 

cases matched to randomly selected controls who provided a blood or buccal sample and were free of colorectal cancer at the same time the 

colorectal cancer was diagnosed in the cases. Matching criteria included year of birth (within 1 year) and month/year of blood or buccal cell 

sampling (within 1 year).  If no control could be matched for a case using the initial stringent criteria, age criteria were relaxed to <5 years to find 



 

 

an eligible control. A total of 308 CRC cases and 303 controls genotyped using the HumanOmniExpressExome-8v1-2 array were included. In 

addition to the CRC case-control set, a separate case-control set (NHS_5_AD) was constructed of participants diagnosed with advanced adenoma 

matched to control participants who underwent a lower endoscopy in the same time period and did not have an adenoma. Advanced adenoma was 

defined as an adenoma 1 cm or larger in diameter and/or with tubulovillous, villous, or high-grade dysplasia/carcinoma-in-situ histology. Matching 

criteria included year of birth (within 1 year) and month/ year of blood sampling (within 6 months), the reason for their lower endoscopy (screening, 

family history, or symptoms), and the time period of any prior endoscopy (within 2 years). Controls matched to cases with a distal adenoma either 

had a negative sigmoidoscopy or colonoscopy examination, and controls matched to cases with proximal adenoma all had a negative colonoscopy. 

In total, 272 advanced adenoma cases and 236 matched controls were selected for genotyping using the OncoArray+custom iSelect array. 

 

The Northern Sweden Health and Disease Study (NSHDS) 

This study comprises over 110,000 participants, including approximately one third with repeated sampling occasions, from three population-based 

cohorts17,18. The largest is the ongoing Västerbotten Intervention Programme, in which all residents of Västerbotten County are invited to a health 

examination upon turning 30 (some years), 40, 50 and 60 years of age. Extensive measured and self-reported health and lifestyle data, as well as 

blood samples for central biobanking in Umeå, Sweden, are collected at the health exam. In total 878 leukocyte DNA samples for a 1:1-matched 

CRC case-control set were selected for genotyping using the OncoArray+custom iSelect array. 

 

Columbus-area HNPCC study (HNPCC), Ohio Colorectal Cancer Prevention Initiative (OCCPI), Ohio State University Medical Center 

(OSUMC) 

Patients with colorectal adenocarcinoma diagnosed at six participating hospitals were eligible for this study, regardless of age at diagnosis or family 

history of cancer. Patients with a clinical diagnosis of familial adenomatous polyposis were not eligible for this study. These six hospitals perform 

the vast majority of all operations for CRC in the Columbus metropolitan area (population 1.7 million). The institutional review board at all 

participating hospitals approved the research protocol and consent form in accordance with assurances filed with and approved by the United States 

Department of Health and Human Services. Briefly, during the period of January 1999 through August 2004, 1,566 eligible patients with CRC were 

accrued to the study19. A total of 1472 colorectal cancer samples had enough blood DNA remaining to be sent for genotyping. OCCPI 

(ClinicalTrials.gov identifier: NCT01850654) is a population-based study of colorectal cancer patients diagnosed in one of 51 hospitals throughout 

the state of Ohio from January 1, 2013 through December 31, 2016. The OCCPI was created to decrease CRC incidence in Ohio by identifying 



 

 

patients with hereditary predisposition (statewide universal tumor screening for newly diagnosed CRC patients), increase colonoscopy compliance 

for first-degree relatives of CRC patients, and encourage future research through the creation of a biorepository. The 51 Ohio hospitals participating 

in the OCCPI were selected to represent a cross-section of clinical centers in the state based on high reported volume of CRC patients, affiliation 

with a high volume hospital, or interest in participation. Institutional Review Board (IRB) approval was obtained by the individual hospitals, 

Community Oncology Programs, or by ceding review to the OSU IRB. Written informed consent was obtained. A total of 2139 colorectal cases 

were genotyped. Patients were considered eligible for this study if they were age 18 or older at the time of enrollment, if they had a surgical resection 

(or biopsy if unresectable) in the state of Ohio demonstrating an adenocarcinoma of the colorectum from 1/1/13–12/31/16. Cases from the HNPCC 

and OCCPI studies were matched to controls selected from the Ohio State University Medical Center’s (OSUMC) Human Genetics Sample Bank. 

The Columbus Area Controls Sample Bank is a collection of control samples for use in human genetics research that includes both donors’ 

anonymized biological specimens and linked phenotypic data. The data and samples are collected under the protocol “Collection and Storage of 

Controls for Genetics Research Studies”, which is approved by the Biomedical Sciences Institutional Review Board at OSUMC.  Recruitment takes 

place in OSUMC primary care and internal medicine clinics. If individuals agree to participate, they provide written informed consent, complete a 

questionnaire that includes demographic, medical and family history information, and donate a blood sample. 4-7 ml of blood is drawn into each 

of 3 ACD Solution A tubes and is used for genomic DNA extraction and the establishment of an EBV-transformed lymphoblastoid cell culture, 

cell pellet in Trizol, and plasma. Controls were matched to CRC cases as 1:1. Matching was done on age at reference time (age_ref), race, and sex. 

Age_ref was matched on ±5 years.  Sex and race were matched exactly. For the cases without matched controls, matching was done only on sex 

and race with 1:1 ratio. Since controls are fewer than cases, one control is matched on 2 cases at most. All samples were genotyping using the 

OncoArray+custom iSelect array. 

 

Postmenopausal Hormones - Colon Cancer Family Registry (PMH-CCFR) 

Eligible case patients included all female  residents, ages 50–74 years, residing in the 13 counties in Washington State, reporting to the Cancer 

Surveillance,  Epidemiology and End Results program, who were newly   diagnosed with invasive colorectal adenocarcinoma (ICD-O C18.0, 

C18.2–C18.9, C19.9, C20.0–C20.9) between October 1998 and February 2002.21 Eligibility for all individuals was limited to those who were 

English speaking with available telephone numbers, through which they could be contacted. On average, cases were identified within 4 months of 

diagnosis. The overall response proportion of eligible cases identified was 73%. Community-based controls were selected randomly according to 

age distribution (in 5-year age intervals) of the eligible cases by using lists of licensed drivers from the Washington State Department of Licensing 



 

 

for individuals, ages 50–64 years, and rosters from the Health Care Financing Administration (now the Centers for Medicare and Medicaid), for 

individuals older than age 64. The overall response proportion of eligible controls was 66%. In GECCO, samples with sufficient DNA extracted 

from blood were genotyped. Only participants who were not part of the CCFR Seattle site were included in the sample set. 

 

 

 

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

PLCO enrolled 154,934 participants (men and women, aged between 55 and 74 years) at ten centers into a large, randomized, two-arm trial to 

determine the effectiveness of screening to reduce cancer mortality. Sequential blood samples were collected from participants assigned to the 

screening arm. Participation was 93% at the baseline blood draw. In the observational (control) arm, buccal cells were collected via mail using the 

“swish-and-spit” protocol and participation rate was 65%. Details of this study have been previously described 20 and are available online 

(http://dcp.cancer.gov/plco).  The set 1 scan included a subset of 577 colon cancer cases self-reported as being non-Hispanic white with available 

DNA samples, questionnaire data, and appropriate consent for ancillary epidemiologic studies. Cases were excluded if they had a history of 

inflammatory bowel disease, polyps, polyposis syndrome, or cancer (excluding basal or squamous cell skin cancer). Controls originated from the 

Cancer Genetic Markers of Susceptibility prostate cancer scan21 (all male) and the GWAS of Lung Cancer and Smoking22 (enriched for smokers), 

along with an additional 92 non-Hispanic white female controls. For the set 2 scan, cases were individuals with colorectal cancer from both arms 

of the trial who were not already included in set 1. Samples were excluded if participants did not sign appropriate consent forms, if DNA was 

unavailable, if baseline questionnaire data with follow-up evaluation were unavailable, if they had a history of colon cancer before the trial, if they 

had a rare cancer, if they were already in a colon GWAS, or if they were a control in the prostate or lung populations. Controls were frequency-

matched 1:1 to cases without replacement, and cases were not eligible to be controls. Matching criteria were age at enrollment (2-year blocks), 

enrollment date (2-year blocks), sex, race/ethnicity, trial arm, and study year of diagnosis (ie, controls must be cancer free into the case's year of 

diagnosis). For this study 1651 advanced adenoma cases and 1392 controls were selected for genotyping using the OncoArray+custom iSelect 

array. 

 

 

 



 

 

Selenium and Vitamin E Prevention Trial (SELECT) 

The Selenium and Vitamin E Cancer Prevention Trial (SELECT) was a double-blind, placebo controlled clinical trial which explored using selenium 

and vitamin E alone and in combination to prevent prostate cancer in healthy men23. Secondary endpoints included the prevention of colorectal and 

lung cancers. SELECT was conducted at 427 sites and centers in the United States, Canada and Puerto Rico; 35,533 men 55 years and older (50 or 

older if African American) were randomized beginning August 22, 2001. Supplementation was discontinued on October 23, 2008 due to futility. 

308 colorectal cancer cases and 308 matched controls were selected from the SELECT population and sent for genotyping using the 

OncoArray+custom iSelect array. 

 

Screening Markers for Colorectal Cancer Study (advanced adenomas) (SMS_AD) 

Details on this study population were previously reported24. Participants were enrollees in an integrated health-care delivery system in western 

Washington State (Group Health Cooperative, Seattle, Washington) aged 24–79 years who underwent an index colonoscopy for any indication 

between 1998 and 2007 and donated a buccal-cell or blood sample for genotyping analysis. Study recruitment took place in 2 phases, with phase 1 

occurring in 1998–2003 and phase 2 occurring in 2004–2007. Persons who had undergone a colonoscopy less than 1 year prior to the index 

colonoscopy, persons with inadequate bowel preparation for the index colonoscopy, and persons with a prior or new diagnosis of colorectal cancer, 

a familial colorectal cancer syndrome (such as familial adenomatous polyposis), or another colorectal disease were ineligible. Patients diagnosed 

with adenomas or serrated polyps and persons who were polyp-free at the index colonoscopy (controls) were systematically recruited during both 

phases of recruitment. Approximately 75% agreed to participate and provided written informed consent. Based on medical records, persons who 

agreed to participate and those who refused study participation were similar with respect to age, sex, and colorectal polyp status. Study protocols 

were approved by the institutional review boards of the Group Health Cooperative and the Fred Hutchinson Cancer Research Center (Seattle, 

Washington). A total of 575 cases and 508 matched were selected for the OncoArray+custom iSelect array genotyping project. Controls were 

matched to CRC cases as 1:1 ratio. Matching was done on age_ref, race, and sex. Age_ref was matched on ±5 years. 

 

UK Biobank (UKB) 

We constructed a CRC and advanced adenoma nested case-control dataset from the UK Biobank resource which was accessed through application 

number 8614. CRC cases were defined as subjects with primary invasive CRC diagnosed, or who died from CRC according to ICD9 (1530-1534, 

1536-1541) or ICD10 (C180, C182-C189, C19, C20) codes. Appendix cases, non-invasive (in situ) CRC cases, cases with histology of tumor as 



 

 

carcinoid, and related tumors and lymphomas (ICD-O-3 tumor histology codes 8240-8249, 9590-9729) were excluded. Advanced adenoma cases 

were defined as primary in situ CRC cases according to ICD9 (2303, 2304) or ICD10 (D010-D012) codes, or benign neoplasms according to ICD10 

codes (D120, D122, D123, D124-D128, D374, D375) with ICD-O-3 tumor histology codes 8210, 8211, 8220, 8221, or 8261-8263. Incident and 

prevalent CRC or advanced adenoma cases were defined based on date of diagnosis and date of enrollment. Eligible control participants were 

required to be free of invasive colorectal cancer, non-invasive (in situ) CRC, appendix, anus, anal canal, and overlapping lesion of rectum, anus 

and anal canal cancer, or advanced adenoma. For incident cases, each case was matched with 4 controls that exactly matched the following matching 

criteria: age at enrollment, year at enrollment, race/ethnicity, and sex. Control selection was done in a time-forward manner, selecting one control 

for each case, first from the risk set at the time of the case’s event, and then multiple passes were made to match second, third and fourth controls. 

For prevalent cases, each case was matched with 4 controls that exactly matched the following matching criteria: year at enrollment, race/ethnicity, 

and sex. The risk set was then defined as controls who were at risk at the age when the cases were diagnosed. For matching of both incident and 

prevalent cases, the matching algorithm selected the closest match based on criteria to minimize an overall distance measure25  in total, 5,356 CRC 

(5,004) or advanced adenoma (352) cases and 21,407 matched controls were included in the stage 2 analysis. All participants were genotyped using 

the Affymetrix UK Biobank Axiom Array25,26. 

 

Women’s Health Initiative Study (WHI) 

WHI is a long-term national health study that has focused on strategies for preventing heart disease, breast and colorectal cancer, and osteoporotic 

fractures in postmenopausal women. The original WHI study included 161,808 postmenopausal women enrolled between 1993 and 1998. The Fred 

Hutchinson Cancer Research Center in Seattle, WA serves as the WHI Clinical Coordinating Center for data collection, management, and analysis 

of the WHI. The WHI has two major parts: a partial factorial randomized Clinical Trial (CT) and an Observational Study (OS); both were conducted 

at 40 Clinical Centers nationwide. The CT enrolled 68,132 postmenopausal women between the ages of 50-79 into trials testing three prevention 

strategies. If eligible, women could choose to enroll in one, two, or all three of the trial components. The components are: Hormone Therapy 

Trials (HT): This double-blind component examined the effects of combined hormones or estrogen alone on the prevention of coronary heart 

disease and osteoporotic fractures, and associated risk for breast cancer. Women participating in this component with an intact uterus were 

randomized to estrogen plus progestin (conjugated equine estrogens [CEE], 0.625 mg/d plus medroxyprogesterone acetate [MPA] 2.5 mg/d] or a 

matching placebo. Women with prior hysterectomy were randomized to CEE or placebo. Both trials were stopped early, in July 2002 and March 

2004, respectively, based on adverse effects. All HT participants continued to be followed without intervention until close-out. Dietary 



 

 

Modification Trial (DM): The Dietary Modification component evaluated the effect of a low-fat and high fruit, vegetable and grain diet on the 

prevention of breast and colorectal cancers and coronary heart disease. Study participants were randomized to either their usual eating pattern or a 

low-fat dietary pattern. Calcium/Vitamin D Trial (CaD): This double-blind component began 1 to 2 years after a woman joined one or both of 

the other clinical trial components. It evaluated the effect of calcium and vitamin D supplementation on the prevention of osteoporotic fractures 

and colorectal cancer. Women in this component were randomized to calcium (1000 mg/d) and vitamin D (400 IU/d) supplements or a matching 

placebo. The Observational Study (OS) examines the relationship between lifestyle, environmental, medical and molecular risk factors and 

specific measures of health or disease outcomes. This component involves tracking the medical history and health habits of 93,676 women not 

participating in the CT. Recruitment for the observational study was completed in 1998 and participants were followed annually for 8 to 12 years. 

All centrally confirmed cases of invasive colorectal cancers, or deaths from colorectal cancer were selected as potential cases from September 30, 

2015 database. Controls were participants free of colorectal cancer (invasive or in situ) as of September 30, 2015. Potential cases and controls were 

excluded if they (1) were non-White; (2) had history of colorectal cancers at baseline; (3) lost to follow-up after enrollment; (4) dbGaP ineligible; 

(5) had <1.25ug of DNA; (6) selected for WHI study M26 Phase I or II; (7) selected for WHI study AS224 and also included in the imputation 

project.  A total of 578 cases and 104,429 controls met the eligibility criteria. Each case was matched with 1 control (1:1) that exactly met the 

following matching criteria: age (±5 years), 40 randomization centers (exact), WHI date (±3 years), CaD date (±3 years), OS flag (exact), HRT 

assignments (exact), DM assignments (exact), and CaD assignments (exact). Control selection was done in a time-forward manner, selecting one 

control for each case from the risk set at the time of the case’s event. The matching algorithm was allowed to select the closest match based on a 

criteria to minimize an overall distance measure. Each matching factor was given the same weight. When exact matches could not be found, the 

matching criteria were gradually relaxed among unmatched cases and controls until all cases had found matched controls. Using the matching 

criteria specified above, 559 of the 578 eligible cases found exact matches. The matching criteria was then relaxed to:  Age±5, randomization 

centers, WHI date ± 3 years, CaD date ± 3 years, OS flag, HRT flag, DM flag, CaD flag. 17 of the remaining 19 unmatched cases found matched 

controls. By matching on Age±5, randomization centers, WHI date ± 3 years, CaD date ± 3 years, OS flag, HRT flag, the remaining 2 unmatched 

cases found their matches. All subjects were genotyped using the OncoArray+custom iSelect array genotyping project. 

 

3.2. GWAS genotype quality control, imputation, and principal component analysis 

Table S1 provides details of genotyping platforms used in these studies. Details of genotyping and QC for studies included in the meta-analysis are 

described elsewhere 13.12,27  .  



 

 

 

Principal component analysis 

After excluding close relatives, we performed PCA using PLINK1.9 28 on LD-pruned sets of autosomal SNPs obtained by removing regions with 

extensive long-range LD29,30, SNPs with MAF < 5%, HWE P < 1 × 10−4, or any genotype missingness, and carrying out LD pruning using the 

PLINK option “-indep-pairwise 50 5 0.2.” To identify population outliers we merged in 1,092 individuals from 1000 Genomes Project Phase III 

and performed PCA using the intersection of variants31. 

Genotype imputation 

To improve imputation accuracy we performed phasing and imputation separately for each genotyping project data set and imputed to the Haplotype 

Reference Consortium (HRC) ) panel (39.2 million variants) using the University of Michigan Imputation Server32. 

3.3. Statistical analyses 

We analyzed each dataset separately (Table S2), and combined association summary statistics across analyses via fixed-effects inverse variance–

weighted meta-analysis using METAL33. Within each data set, variants with an imputation accuracy r2 ≥ 0.3 and MAC ≥ 50 were tested for CRC 

association using the imputed genotype dosage in a logistic regression model adjusted for age, sex and study or genotyping project–specific 

covariates, including principal components to adjust for population structure. To account for residual confounding within CORSA, we tested 

association with each variant using a linear mixed model and kinship matrix calculated from the data, as implemented in EMMAX34. To enable 

meta-analysis, we then calculated approximate allelic log[OR] estimates and corresponding standard errors as described in Cook et al.35 

 
 

   

4. Evaluation Data Sets 

 

Genetic Epidemiology Research on Adult Health and Aging (GERA) 

The Genetic Epidemiology Research on Adult Health and Aging (GERA) resource is a cohort of more than 100,000 subjects who are participants 

in the Kaiser Permanente Medical Care Plan, Northern California Region (KPNC), Research Program on Genes, Environment and Health (RPGEH) 

Genome-wide genotyping was targeted for this cohort to enable large-scale genome-wide association studies by linkage to comprehensive 

longitudinal clinical data derived from extensive KPNC electronic health record databases. The cohort is multi-ethnic, with ∼20% minority 

representation (African American, East Asian, and Latino or mixed), and the remaining 80% non-Hispanic white. For this project, four ethnic-



 

 

specific arrays were designed based on the Affymetrix Axiom Genotyping System. Imputation was performed using 1000 Genomes data on an 

array-wise basis.  

 

     Study population 

The GERA cohort, is an independent contemporary cohort, nested within the Kaiser Permanente Northern California integrated healthcare delivery 

system36.  Construction of this cohort began in 2007, when a six-page survey was mailed to 1.9 million individuals, ages 18 and older, who had 

been previously enrolled health plan members for at least two years. This survey was designed to ascertain data on demographic and lifestyle 

characteristics, including race/ethnicity, education, income, marital status, self- and family history for 35 selected conditions, diet and physical 

activity, smoking and alcohol consumption, and reproductive history and health. In July 2008, approximately 400,000 survey respondents were 

asked to sign a consent form authorizing broad use of their survey data, longitudinal electronic health record data, and biospecimens in conducting 

research on genetic and environmental factors associated with health and disease.  Those who provided consent were mailed saliva DNA collection 

(Oragene) kits. In 2009, over 40,000 men ages 45 to 69 years, who were KPNC health plan members and had enrolled in the California Men’s 

Health Study (CMHS) in 2002–2003, were similarly asked to provide saliva samples and added to expand the GERA cohort. At CMHS enrollment, 

men completed mailed surveys to ascertain data on demographic and lifestyle factors, akin to that of GERA. 

 

In total, 110,266 consenting participants who provided saliva samples were selected for genotyping.  All racial and ethnic minority participants 

with saliva samples (n = 20,935, 19%) were included to maximize diversity. Four custom Affymetrix Axiom arrays were designed for genotyping, 

one for each major ancestral group represented in the GERA cohort: European, African, East Asian, and Latino. As detailed elsewhere37, the selected 

number of SNPs and SNP content varied by array in order to maximize coverage of the whole genome, along with common and low frequency 

SNPs specific to race/ethnicity and known SNPs associated with disease phenotypes. Details on the calling and quality control have been described 

previously38.  

 

 A personal history of cancer was determined from cancer registry and electronic health record data, medical record coding and electronic pathology 

report coding. A family history of CRC was ascertained through a baseline study questionnaire, diagnostics codes, and the family history table of 

our electronic health record.by integrating data from baseline surveys and electronic health records (i.e., diagnosis codes, family history 

documentation). Hyperplastic polyps, advanced adenomas, and non-advanced adenomas were identified using Systematized Nomenclature of 



 

 

Medicine (SNOMED) pathology codes and a validated natural language processing tool39.  We defined an advanced adenoma as any adenoma with 

villous histology or which was 10 mm in size or greater.  All study participants provided written informed consent, and the study was approved by 

the Kaiser Permanente Northern California Institutional Review Board. As a cohort unselected on any disease phenotype, GERA participants were 

not asked to engage in specific medical or screening tests for research purposes. Therefore, although the majority (69%) of GERA participants were 

age 55 and older at baseline, most but not all have undergone screening for colorectal cancer, either by fecal immunochemical testing (FIT) or 

endoscopy (sigmoidoscopy or colonoscopy). At their baseline questionnaire, 70% were up to date for colorectal cancer screening. 

 

Colorectal cancer status was determined for study participants from their initiation of Kaiser health plan membership by linkage to the KPNC 

Cancer Registry, a current database of all patients with newly diagnosed cancers at KPNC facilities that adheres to the National Cancer Institute’s 

Surveillance, Epidemiology, and End Results (SEER) Program standards. The observed time was defined from the age of initial KPNC enrollment 

to the earliest of age at CRC diagnosis, advanced adenoma, death or end of follow-up (the GERA cohort was followed until December 31, 2016) 

and the CRC incidence is measured from 2007 to 2015. 

 

 

5 Validation Data Set 

 

Electronic Medical Records and Genomics (eMERGE)  

The eMERGE network has been developing a unified genome‐wide single‐nucleotide variant (SNV) genotype array‐based association platform for 

analysis of electronic medical record (EMR)‐derived phenotypes for approximately 10 years 40–42 . In the first phase, eMERGE 1, discovery efforts 

were based on the Illumina 660k genotype array with ~20,000 participants being enrolled through five medical centers. In eMERGE 2 ~30,000 

more individuals with high‐density genotype data were ascertained resulting in analyses with ~50,000 individuals. In eMERGE 3, genotype and 

clinical EMR data of ~33,000 additional participants have been added to the resources available for analysis. The case control status for CRC was 

defined by an algorithm based on ICD9 codes 153 -153.9, 154 - 154.2,154.8 and ICD10 codes C18-C18.9, C19, C20, C21-C21.2, C21.8. .  

 



 

 

To implement the minimac3 missing genotype variant imputation statistical model, the MIS guidelines32,43,44  has been followed and imputed each 

genotype array batch independently. The MIS used the HRC1.1 variation reference in genome build 37 (hg19) coordinates to impute the missing 

variants across samples in genotype array batches of up to 15,000 samples.  The hard genotype call merged sample set of unique imputed samples 

was analyzed by PCA using the plink2–pca approx fast pca method for large sample sizes and participant groupings were compared to the self‐

reported or observed‐reported ancestry. PCA is performed on the 83,717 participant multisample with variants MAF > 5%, variant missingness of 

0.1, and LD‐pruned to an R‐squared threshold of 0.7. After removal of low‐call‐rate samples (>2% missingness) and duplicated samples, the data 

set resulted in 83,717 unique imputed participants based on the eMERGE subject IDs from 77 imputation batches 45.  

  

  



 

 

6 Additional Analysis 

6.1 Additional Analysis of Approach 2 Feature Selection and Model Development using Training Data 

Using the entire data set of 120,000 samples, we performed feature selection (marginal association) and model development for ridge, lasso, elastic 

net regression, and xgboost. The penalty parameter was chosen based on 10-fold cross validation.  Models were developed in a progressive manner, 

first only 140 known loci, then 140 known loci + top 1000 top variants based on marginal association, + 5000 top variants, +10,000 variants, so on 

and so forth. The results based on GERA validation cohort are summarized in Table S9. 

 We noted several observations. First, the AUC of the model does not improve as we include more variants. In fact, there is a steady decline as we 

include more variants. Second, these top SNPs are not pruned based on linkage disequilibrium. As it can be seen here, for top 10,000 SNPs without 

LD pruning, ridge regression does not perform as well as ridge regression with LD pruning. This can perhaps be explained by the fact that SNPs in 

strong LD contribute very similar information. It is true penalized regression can handle this situation in principle; however, when the number of 

predictors is very high, and the signal-to-noise ratio is low, penalized regression cannot discern the signals from noise well. This makes it very 

important to select (independent) variants that most likely contribute to CRC prediction. 

 

6.2 Model Calibration 

We assessed model calibration in the eMERGE study, for which we obtained the hazard ratio and baseline hazard function estimates from GERA 

for the LDPred model with rho=0.003, which was the best performing model. Based on these estimates, we predicted the risk of developing 

colorectal cancer (CRC) during the follow-up time for each individual in eMERGE given the PRS.  Table S12 shows the observed number of CRC 

cases, expected number, ratio of expected and observed cases with 95% confidence interval stratified by 10 equally sized groups of PRS in 

eMERGE.  There is an increasing trend for the observed and expected number of CRC cases with PRS. However, the model consistently under-

estimates the number of cases.  A closer examination of the probabilities of developing CRC for eMERGE and GERA shows that eMERGE has a 

higher overall disease probability (Figure S4). There might be several reasons contributing to this discrepancy such as  a higher CRC screening rate 

in GERA than the general population,  CRC case definition where some in-situ CRC may be included in eMERGE, or healthy volunteer effect in 

GERA.   
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