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Abstract

Background & Aims: Early-onset colorectal cancer (CRC, in persons younger than 50 years
old) is increasing in incidence; yet, in the absence of a family history of CRC, this population
lacks harmonized recommendations for prevention. We aimed to determine whether a polygenic
risk score (PRS) developed from 95 CRC-associated common genetic risk variants was
associated with risk for early-onset CRC.

Methods: We studied risk for CRC associated with a weighted PRS in 12,197 participants
younger than 50 years old vs 95,865 participants 50 years or older. PRS was calculated based on
single-nucleotide polymorphisms associated with CRC in a large-scale genome-wide association
study as of January 2019. Participants were pooled from 3 large consortia that provided clinical
and genotyping data: the Colon Cancer Family Registry, the Colorectal Transdisciplinary study,
and the Genetics and Epidemiology of Colorectal Cancer Consortium and were all of genetically
defined European descent. Findings were replicated in an independent cohort of 72,573
participants.

Results: Overall associations with CRC per standard deviation of PRS were significant for early-
onset cancer, and were stronger compared with late-onset cancer (P for interaction=.01); when
we compared the highest PRS quartile with the lowest, risk increased 3.7-fold for early-onset
CRC (95% Cl, 3.28-4.24) vs 2.9-fold for late-onset CRC (95% CI, 2.80-3.04). This association
was strongest for participants without a first-degree family history of CRC (P for
interaction=5.61x10°). When we compared the highest with the lowest quartiles in this group,
risk increased 4.3-fold for early-onset CRC (95% Cl, 3.61-5.01) vs 2.9-fold for late-onset CRC

(95% ClI, 2.70-3.00). Sensitivity analyses were consistent with these findings.
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Conclusions: In an analysis of associations with CRC per standard deviation of PRS, we found
the cumulative burden of CRC-associated common genetic variants to associate with early-onset
cancer, and to be more strongly associated with early-onset than late-onset cancer—particularly
in the absence of CRC family history. Analyses of PRS, along with environmental and lifestyle

risk factors, might identify younger individuals who would benefit from preventative measures.
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Introduction

Colorectal cancer (CRC) incidence and mortality have been declining in the U.S. over the last
several decades.! These reductions are largely attributed to successes in CRC early detection,
surveillance, and treatment for this disease.” ® In contrast to these overall trends, the incidence of
CRC in individuals less than 50 years of age (early-onset disease) has been increasing in the U.S.
and elsewhere:* early-onset CRC incidence in the U.S. has increased by an average of 1.8%
annually from 1992-2012, and is projected to account for 10% to 25% of newly-diagnosed CRC
by 2030.% > Furthermore, early-onset CRC tends to present with higher pathologic grade,
distant disease, and a greater incidence of recurrence and metastatic disease.” In response to this
newly recognized disease burden, the US Preventative Services Task Force,*! the American
Cancer Society,"? the U.S. Multi-Society Task Force on Colorectal Cancer™ and other
professional bodies™* have initiated discussions on the merits of revising recent consensus CRC
prevention guidelines to include early detection of average-risk individuals younger than 50
years of age. While the American Cancer Society recommends lowering the screening age to 45
years for individuals at average risk,™ others recommend targeting only high-risk groups for

early detection.* *

Weighing against the potential benefits of CRC early detection and prevention programs targeted
to those aged younger than 50 years are concerns about adverse side effects and associated
costs.* 1® New approaches to disease prevention in younger adults are warranted, and assessing
germline genetic variants, along with other known risk factors, could facilitate tailored early
detection of high risk individuals due to their genetic makeup and lifestyle. To date, genetic

research on factors associated with early-onset CRC has been limited largely to the rare
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monogenic, high-penetrance genetic syndromes associated with this disease in high-risk families,

while the frequently occurring low-penetrance polymorphisms have been understudied.

Here, we report on CRC risks for early (<50 years of age) and late-onset disease (>50 years of
age) associated with a polygenic risk score (PRS) developed from 95 common genetic risk
variants identified in previous CRC genome-wide association studies (GWAS). Our research
provides the first substantive evidence that early-onset CRC exhibits differential genetic risks,
compared with late-onset disease, due to low-penetrance, common genetic polymorphisms. The
findings of our research may contribute to the identification of individuals susceptible to early-

onset CRC for tailored early detection or other preventive interventions.

Methods

Study Participants

We studied 108,062 participants in the discovery dataset, including 50,023 CRC cases and
58,039 controls. Participants for this study were pooled from three large consortia that provided
clinical and genotyping data: the Colon Cancer Family Registry (CCFR), the Colorectal
Transdisciplinary (CORECT) Study, and the Genetics and Epidemiology of Colorectal Cancer
Consortium (GECCO) (Table 1 and Table S1) (for additional study information, see earlier

publications®’%

). All analyses were restricted to participants of genetically defined European
descent. Family history of CRC was ascertained through self-report or interviewer-administered
questionnaire, and defined as having one or more first-degree relatives with CRC. Participant
recruitment across all studies occurred between the 1990°s and the early 2010’s. All study
participants provided written informed consent and studies were approved by their respective

Institutional Review Boards (see Supplementary Information).
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Genotyping and SNP Selection

We included 95 CRC-risk-associated SNPs that reached genome-wide significance (p < 5x107),
in large-scale GWAS, as of January, 2019. No new discovery of CRC-related SNPs was carried
out here. Individual participant and genotype data for the 95 SNPs were extracted from GWAS
and imputed to the Haplotype Reference Consortium panel, which provides high-quality,
accurate imputation for variants with a minor allele frequency as low as 0.1%.%* For details, see

Huyghe et al.” Additional information on SNPs can be located in Table S2.

Statistical Analysis

For cases and controls, we compared baseline participant characteristics between individuals
who had a reference age of <50 years to those with a reference age of >50 years of age. For
cases, reference age was defined as the age of diagnosis of first primary CRC. For controls,

reference age was defined as the age at selection.

Genotyped SNPs were coded as 0, 1, or 2 copies of the risk allele. Imputed SNPs were coded for
the expected number of copies of the risk allele, as imputed dosages. Potential population
substructure within the GECCO, CCFR, and CORECT studies was accounted for through
adjustment by principal components of genetic ancestry. To develop the weighted PRS, we used
log-odds ratios derived from the literature for 55 of the SNPs, and for the remaining 40 SNPs
that were first identified within this discovery dataset, we computed log-odds ratios from a
regression model fit with CRC as the outcome (1 vs. 0) and the following independent variables:
95 SNPs, age (in years), sex, principal components, and genotype platform. For the 40 SNPs
identified within this discovery dataset, we then implemented a conservative winner's curse
adjustment of the log-odds ratios from the risk model, using Zhong and Prentice's approach.?

We then weighted the PRS for individuals, by multiplying the number of risk alleles for each
12
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SNP by their adjusted log-odds ratios, summing and recoding as a percentile based on the
distribution in the controls. The final PRS was modelled as a continuous variable per 1 standard
deviation (SD), transformed to the standard normal distribution. Odds ratios and 95% confidence

intervals were also estimated comparing quartiles of PRS.

We used unconditional logistic regression to assess the association between the PRS and CRC
for those with a reference age <50 years and for those with a reference age >50 years. All models
additionally included sex, reference age in years, principal components, and genotype platform.
Further adjustment by study was not warranted as extensive genome-wide analyses with and
without adjusting for study have been conducted, with the results being consistent.'” To test for
differences in associations across age, an interaction term was included for age category (<50,
>50) and PRS (continuous). Models were also examined separately by first-degree family history
of CRC. We evaluated the discriminatory accuracy of the risk prediction models by calculating
the area under the receiver operating characteristic curve (AUC) for 5-year diagnostic age
groups, adjusting for sex, PCs, and genotype platform, using the adjusted.ROC function from the R

Package ROCt.

For the larger group with no first-degree family history of CRC, additional sub-group analyses
were performed including estimation of CRC risk within specific reference-age groups (15-39,
40-49, 50-59, 60-69, and 70-79 years) and by disease site (proximal colon, distal colon, and
rectum). The interaction term used to assess differences in associations across age categories
consisted of age as a continuous variable and PRS (continuous). Multinomial logistic regression
was used to assess risk differentials by disease site within age strata. Analyses were completed

using the R statistical software program version 3.5.1.
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Sensitivity Analyses

Replication accounting for cases with Lynch syndrome. Screening of colorectal cancer cases
for the presence of Lynch syndrome was systematically carried out for CRC cases recruited
through the Ohio State University Medical Center (OSUMC) (Table S1: HNPCC, OCCPI, and
OSUMC) as described in detail elsewhere?*?. All cases were screened for MMR deficiency
using immunohistochemical analysis. Cases with probable characteristics of Lynch syndrome
were subjected to additional genetic testing for conclusively determining a diagnosis of Lynch
syndrome based on the presence of one or more germline high penetrance mutations in DNA

mismatch repair genes (MLH1, MSH2, MSH6, PMS2) or the EPCAM gene.

Using unconditional logistic regression in these studies, we evaluated the association between
the PRS and CRC for those aged <50 years and for those >50 years of age, with consideration of
Lynch syndrome status among cases. All models additionally included sex, reference age in
years, and principal components. To test for differences in associations across age, an interaction

term was included for age category (<50, >50) and PRS (continuous).

Replication in an independent cohort. To independently replicate the association of this PRS
with younger and older-onset CRC, we studied all 72,573 participants of European ancestry who
were genotyped in the Research Program on Genes, Environment and Health (RPGEH), a cohort
comprised of Kaiser Permanente Northern California (KPNC) health plan members.?® %" This
cohort was not included in the discovery of any of the 95 CRC genetic risk variants. Cancer
history was determined from initiation of health plan membership by linkage to the KPNC
Cancer Registry, which adheres to the National Cancer Institute’s Surveillance, Epidemiology,

and End Results (SEER) Program standards.
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Family history of CRC, defined as having one or more first-degree relatives with CRC, was
ascertained through a baseline study questionnaire, electronic family history data in the medical
records, and International Classification of Disease codes Z80.0 (Family history of malignant
neoplasm of digestive organs) and VV16.0 (Cancer family history, gastrointestinal tract). Analyses
were restricted to participants of genetically defined European descent. All study participants
provided written informed consent, and the study was approved by the Kaiser Permanente

Northern California Institutional Review Board.

RPGEH biospecimens were genotyped using the Affymetrix Axiom platform. Details on the
calling and quality control can be found elsewhere.?® Consistent with genetic data in the
discovery set, we imputed the genotyped data to the Haplotype Reference Consortium. To
develop the PRS for this replication, we used 94 SNPs from the discovery dataset, as described
above, and, for 1 unmatched SNP (rs755229494), we included the best available surrogate

(rs112334046, R?=0.40, MAF=0.0026).

For the longitudinal replication cohort, we employed Cox proportional hazards models to assess
the association of PRS with CRC, which was not feasible for the discovery dataset since it
included case-control data. The coefficients from the model fit with 95 SNPs in the discovery
dataset were used to fit the PRS in the replication analysis, thereby reducing potential for
overfitting. The observed time was defined from the age of initial KPNC enrollment to the
earliest of age at CRC diagnosis, death or end of follow-up (the RPGEH cohort was followed
until December 31, 2016). The replication models also included sex and principal components to
account for potential population substructure. Estimates of absolute risk are inferred using

Kaplan-Meier plots produced using RPGEH data.
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Results

Early-onset CRC cases (N=5,479) had a mean age at diagnosis of 43.1 years, while the older-
onset cases (N=44,544) had a mean age at diagnosis of 66.5 years (Table 1). Men and women
were approximately equally represented across cases and controls. A first-degree family history
of CRC, among those ascertained for family history, was reported for 17.2% of early-onset and
12.5% for late-onset CRC cases, and, respectively, for 8.6% of younger and 10.4% for older
controls. Family history information was missing for >25% of participants; all of whom were
from 9 studies that did not query participants on family history and therefore were not included
in our family history-specific analyses. Younger onset cases tended to have fewer proximal colon
tumors and a greater preponderance of tumors in the rectum. Both early-onset and late-onset
CRC cases showed marked skewing toward higher PRS values compared with controls, when

represented as quartiles (Table 1) and as a continuous score (Figure S1).

We found that associations with risk for CRC per SD of PRS were significant among participants
<50 years of age, and were stronger compared with participants aged >50 years (P for interaction
= 0.01). Contrasting the highest PRS quartile with the lowest, risks were 3.7-fold higher (OR:
3.73; 95% CI: 3.28, 4.24) for early-onset CRC and 2.9-fold higher (OR: 2.92; 95% CI: 2.80,
3.04) for late-onset disease (Table 2 and Figure 1A). For the larger group of participants who
reported a negative first-degree family history of CRC, PRS-associated risks for CRC among
participants aged <50 years were also stronger than those for individuals aged >50 years (P for
interaction = 5.61x107°); risks comparing the highest with the lowest quartile of PRS were 4.3-
fold (OR: 4.26; 95% CI: 3.61, 5.01) for early-onset CRC and 2.9-fold (OR: 2.85; 95% ClI: 2.70,
3.00) for late-onset disease (Table 2 and Figure 1B). In contrast, for the smaller group of

participants who reported a positive first-degree family history of CRC, risks per SD of PRS
16
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tended to be greater for older individuals (P for interaction = 0.003); risks in the highest quartile
for PRS were 1.7-fold (OR: 1.70; 95% CI: 1.17, 2.47) for early-onset CRC, and 2.5-fold (OR:
2.47; 95% CI: 2.18, 2.79) for late-onset disease (Table 2 and Figure 1C). The discriminatory
capabilities for prediction (i.e., AUC) of these models across the entire age spectrum tended to be highest

for early-onset individuals without a family history of CRC, ranging from 0.64 to 0.65 (Table S3).

As the PRS displayed the strongest association for early-onset CRC without a first-degree family
history, we investigated whether certain subgroups could account for these strong effects. When
stratified further by age at diagnosis, CRC risks were 1.7-fold (OR per SD of PRS: 1.74; 95% CI:
1.55, 1.96) for those diagnosed aged 15-39 years and 1.8-fold (OR per SD of PRS: 1.75; 95% CI.
1.64, 1.87) for those diagnosed aged 40-49 years of age. For participants diagnosed at >50 years
of age, the related CRC risks were 1.6-fold (OR per SD of PRS: 1.60; 95% ClI: 1.54, 1.67) for
participants aged 50-59 years, 1.5-fold (OR per SD of PRS: 1.52; 95% CI: 1.48, 1.57) for
individuals 60-69 years old, and 1.4-fold (OR per SD of PRS: 1.44; 95% CI: 1.39, 1.49) for those
diagnosed between 70-79 years, with age and PRS exhibiting statistical interaction across the
entire study age range (Table S4, P for interaction = 3.44x10™°). Furthermore, as found for all
cancer sites (Table 2 and Figure 1), the PRS was also more strongly associated with risks for
early-onset, compared with late-onset, cancers of the proximal colon, distal colon and rectum
(Table S5 and Figure S2), with the greatest risk differentials observed for cancers of the distal

colon and rectum (Table S6).
Sensitivity Analyses

Replication accounting for cases with Lynch syndrome. A total of 37 Lynch cases <50 years

of age (6.4%, among 574 cases) and 54 Lynch cases >50 years of age (2.1%, among 2525 cases)
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were identified in the Ohio-based studies. Removing Lynch cases from the analysis
demonstrated that the relatively small number of these cases did not substantially impact the
relationship of PRS with CRC (Table 3). After exclusion of Lynch cases, risks for early-onset
CRC per SD of PRS remained similarly increased in participants <50 years of age (OR per SD of
PRS: 1.82; 95% CI: 1.61, 2.06) and were greater compared with participants aged >50 years (OR
per SD of PRS: 1.49; 95% CI: 1.39, 1.60; P for interaction = 0.01). These trends held particularly
for participants who reported a negative first-degree family history of CRC (aged <50 years, OR
per SD of PRS: 1.83; 95% CI: 1.60, 2.09; aged >50 years, OR per SD of PRS: 1.46; 95% CI:

1.35,1.57; P for interaction = 0.01).

Replication in an independent cohort. In RPGEH, early-onset CRC cases (N=25) had a mean
age of 45.2 years, while the older-onset cases (N=1,068) had a mean age of 73.7 years (Table 1).
More women participated than men. A first-degree family history of CRC was reported for
28.0% of early-onset and 18.4% of late-onset CRC cases, compared to 9.6% for the cohort
overall. Consistent with the discovery dataset, the distributions of PRS for both early and late-
onset CRC cases were skewed towards higher PRS quartiles compared with controls. Right-

censoring was due to either death (15%, N=11,165) or lost to follow-up (1%, N=735).

Hazard ratio estimates for PRS and CRC in the independent replication (Table 4) were consistent
with findings from the discovery dataset (Table 2), overall (aged <50 years, HR per SD of PRS:
1.73; 95% CI: 1.17, 2.56; aged >50 years, HR per SD of PRS: 1.43; 95% CI: 1.34, 1.51) and for
individuals who reported a negative first-degree family history of CRC (aged <50 years, HR per
SD of PRS: 1.76; 95% CI: 1.11, 2.78; aged >50 years, HR per SD of PRS: 1.42; 95% CI: 1.33,
1.52). Although the effects seen for younger and older individuals were consistent with our

primary analysis, the specific evaluation of whether these effects differ by age (<50 vs. age >50
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years) was underpowered in RPGEH, due to the limited number of early-onset CRC cases in this
cohort. Numbers of early-onset CRC among individuals with a first-degree family history of
CRC in the replication dataset were too few for a meaningful interpretation of the analysis.
Kaplan-Meier survival plots, stratified by family history, are displayed in Figure 2, consistent

with the hypothesized PRS-related probability gradients across the full age range.

Discussion

Our study, including more than 50,000 CRC cases and 50,000 controls, demonstrated that a PRS,
derived from common genetic variants, successfully identifies participants at increased risk for
early-onset CRC, particularly among individuals without a family history of CRC; additionally,
the PRS was more strongly associated with early-onset cancer compared with late-onset CRC.
The PRS-associated risks were found for early-onset cancer of the proximal and distal colon, and
the rectum, with a modest increased propensity for the non-proximal cancers. We confirmed the
overall findings for early-onset CRC in a sub-study from Ohio, where Lynch syndrome cases
were excluded from the analysis. The results from these case-control studies were also supported
by a smaller, prospective study that showed increased PRS-associated risks for early-onset CRC,
particularly in those negative for CRC family history. Our findings may have important clinical
relevance, as they could contribute, along with other lifestyle and environmental risk factors, to
tailored screening in people aged <50 years who are currently not targeted for early detection and

for whom CRC rates have increased over the last decades.

The development of a PRS to evaluate the overall predictive power of common risk loci for CRC
has previously been carried out;?*3! however, few studies evaluated specifically for association
of common polymorphisms with early-onset CRC.3% These smaller studies, involving 10 to 33

SNPs, pointed to some individual loci differentially associated with early-onset CRC; however,
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our much larger study, which included 95 loci identified from GWAS (Table S2), showed that
risks related to an individual’s cumulative genetic risk profile for at-risk alleles, as reflected in
the PRS, were much greater than the contributions of individual SNPs. A caveat to using these
95 variants in a PRS intended for discriminating early-onset CRC risk is that they are produced
from GWAS analyses not specific to early-onset disease; adequately powered GWAS analyses
specific for early-onset CRC have yet to be performed. Therefore, although our PRS positively
identifies those at heightened risk for early-onset CRC, there is still room for improving its
discriminatory accuracy. Furthermore, combining a genetic PRS with lifestyle and environmental
risk factors could potentially contribute to even greater precision in identification of individuals

who may benefit from earlier onset CRC screening.®’

Given that early-onset CRC is increasing in incidence and is commonly diagnosed at later stages,
which carries a poorer prognosis, recommendations have been made to lower the screening age
to 45 for individuals at average-risk.*? Consideration of early detection for early-onset cancer is
dependent, however, on a number of factors, including differentials in CRC risk in absolute
terms, projected benefits, potential harms such as colonic perforation, and costs; therefore,
potentially tempering some enthusiasm for lowering the CRC screening age and calling for
identification of high-risk groups for more targeted early detection.*® % ** Qur study highlights
the potential utility of a PRS in CRC risk stratification for people <50 years of age, which might
inform precision cancer screening in this population that currently lacks consistent early

detection recommendations, particularly for those without a family history of CRC.

This study is unique in the large size of the study population, particularly for those <50 years of
age, allowing for evaluation of PRS-related risks overall, and by family history, refined age

groups, and tumor site. Major results for association of the PRS with early-onset cancer were
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also replicated in an independent community-based cohort, although the number of early-onset
cases in that cohort was limited. Limitations of our study include the lack of CRC family history
information on a substantial subset of study participants; however, missingness was defined by
study and therefore unlikely to introduce bias. Also, our PRS was generated and validated in
individuals of European ancestry, currently limiting its applicability for different ancestral
groups, until a PRS is developed and validated in diverse populations. Another limitation is that
we did not systematically take into account the genetic mutations related to Lynch and other
rarer hereditary cancer syndromes;*® 3 “#2 however, our sensitivity analysis, in the Ohio
investigations where this information was systematically assessed, indicated that risks associated
with PRS remained very similar after the removal of Lynch cases from the analysis.
Nevertheless, further research is needed on the combined utility for risk prediction of rare and
common variants in those with or without a family history of CRC as it can be expected that
accounting for both PRS and high penetrance genes will further improve risk stratification.** *
There remains more to be discovered about the genetics of CRC, particularly for early-onset
disease, as substantial heritability for CRC remains unexplained and genetic effects are typically

stronger for early-onset diesase.** *® As more risk loci will be discovered, the predictive power of

the PRS is expected to further improve, and to be tested in clinical trials.

In conclusion, we demonstrated that a PRS, derived from common genetic variants, successfully
stratifies individuals for early onset CRC based on genetic risk, particularly among individuals
who report a negative first-degree family history of CRC. Furthermore, the associations between
the PRS and CRC are greater for young-onset than for older-onset disease. The PRS may
contribute, along with lifestyle and environmental risk profiling, toward prioritizing individuals

at increased susceptibility to early-onset CRC for personalized screening regimens or other
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intervention strategies. Early-onset CRC is increasing in the US and elsewhere; by selecting
high-risk individuals <50 years of age, we can reduce the burden on early detection programs

and potentially provide more individualized prevention approaches.

22



47

548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
S77
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin 2016;66:7-30.
Phillips KA, Liang SY, Ladabaum U, et al. Trends in colonoscopy for colorectal cancer
screening. Med Care 2007;45:160-7.

Cress RD, Morris C, Ellison GL, et al. Secular changes in colorectal cancer incidence by
subsite, stage at diagnosis, and race/ethnicity, 1992-2001. Cancer 2006;107:1142-52.
Siegel RL, Torre LA, Soerjomataram I, et al. Global patterns and trends in colorectal
cancer incidence in young adults. Gut 2019:gutjnl-2019-319511.

Yeo H, Betel D, Abelson JS, et al. Early-onset colorectal cancer is distinct from
traditional colorectal cancer. Clin Colorectal Cancer 2017;16:293-299.e6.

Bailey CE, Hu CY, You YN, et al. Increasing disparities in the age-related incidences of
colon and rectal cancers in the United States, 1975-2010. JAMA Surg 2015;150:17-22.
Murphy CC, Singal AG, Baron JA, et al. Decrease in incidence of young-onset colorectal
cancer before recent increase. Gastroenterology 2018;155:1716-1719.e4.

Feletto E, Yu XQ, Lew J-B, et al. Trends in colon and rectal cancer incidence in australia
from 1982 to 2014: analysis of data on over 375,000 cases. Cancer Epidemiology
Biomarkers &amp; Prevention 2018.

Brenner DR, Ruan Y, Shaw E, et al. Increasing colorectal cancer incidence trends among
younger adults in Canada. Prev Med 2017;105:345-349.

Siegel RL, Jemal A, Ward EM. Increase in incidence of colorectal cancer among young
men and women in the United States. Cancer Epidemiol Biomarkers Prev 2009;18:1695-
8.

Knudsen AB, Zauber AG, Rutter CM, et al. Estimation of benefits, burden, and harms of
colorectal cancer screening strategies: modeling study for the US Preventive Services
Task Force. Jama 2016;315:2595-609.

Wolf AMD, Fontham ETH, Church TR, et al. Colorectal cancer screening for average-
risk adults: 2018 guideline update from the American Cancer Society. CA: A Cancer
Journal for Clinicians 2018;68:250-281.

Rex DK, Boland CR, Dominitz JA, et al. Colorectal cancer screening: recommendations
for physicians and patients from the U.S. Multi-Society Task Force on colorectal cancer.
Gastroenterology 2017;153:307-323.

Corley DA, Peek RM, Jr. When should guidelines change? A clarion call for evidence
regarding the benefits and risks of screening for colorectal cancer at earlier ages.
Gastroenterology 2018;155:947-949.

Screening for colorectal cancer: U.S. Preventive Services Task Force recommendation
statement. JAMA 2016;315:2564-2575.

Liang PS, Allison J, Ladabaum U, et al. Potential intended and unintended consequences
of recommending initiation of colorectal cancer screening at age 45 years.
Gastroenterology 2018;155:950-954.

Huyghe JR, Bien SA, Harrison TA, et al. Discovery of common and rare genetic risk
variants for colorectal cancer. Nature Genetics 2018.

Schumacher FR, Schmit SL, Jiao S, et al. Genome-wide association study of colorectal
cancer identifies six new susceptibility loci. Nat Commun 2015;6:7138.

Peters U, Jiao S, Schumacher FR, et al. Identification of genetic susceptibility loci for
colorectal tumors in a genome-wide meta-analysis. Gastroenterology 2013;144:799-
807.e24.

23



593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Schmit SL, Edlund CK, Schumacher FR, et al. Novel common genetic susceptibility loci
for colorectal cancer. J Natl Cancer Inst 2018.

McCarthy S, Das S, Kretzschmar W, et al. A reference panel of 64,976 haplotypes for
genotype imputation. Nat Genet 2016;48:1279-83.

Zhong H, Prentice RL. Bias-reduced estimators and confidence intervals for odds ratios
in genome-wide association studies. Biostatistics 2008;9:621-34.

Pearlman R, Frankel WL, Swanson B, et al. Prevalence and spectrum of germline cancer
susceptibility gene mutations among patients with early-onset colorectal cancer. JAMA
Oncology 2017;3:464-471.

Hampel H, Frankel WL, Martin E, et al. Screening for the Lynch syndrome (hereditary
nonpolyposis colorectal cancer). N Engl J Med 2005;352:1851-60.

Hampel H, Frankel WL, Martin E, et al. Feasibility of screening for Lynch syndrome
among patients with colorectal cancer. J Clin Oncol 2008;26:5783-8.

Banda Y, Kvale MN, Hoffmann TJ, et al. Characterizing race/ethnicity and genetic
ancestry for 100,000 subjects in the Genetic Epidemiology Research on Adult Health and
Aging (GERA) cohort. Genetics 2015;200:1285-95.

Kvale MN, Hesselson S, Hoffmann TJ, et al. Genotyping informatics and quality control
for 100,000 subjects in the Genetic Epidemiology Research on Adult Health and Aging
(GERA) cohort. Genetics 2015;200:1051-60.

Hoffmann TJ, Kvale MN, Hesselson SE, et al. Next generation genome-wide association
tool: design and coverage of a high-throughput European-optimized SNP array.
Genomics 2011;98:79-89.

Dunlop MG, Tenesa A, Farrington SM, et al. Cumulative impact of common genetic
variants and other risk factors on colorectal cancer risk in 42,103 individuals. Gut
2013;62:871-81.

Jenkins MA, Makalic E, Dowty JG, et al. Quantifying the utility of single nucleotide
polymorphisms to guide colorectal cancer screening. Future Oncol 2016;12:503-13.

Hsu L, Jeon J, Brenner H, et al. A model to determine colorectal cancer risk using
common genetic susceptibility loci. Gastroenterology 2015;148:1330-9.e14.

He J, Wilkens LR, Stram DO, et al. Generalizability and epidemiologic characterization
of eleven colorectal cancer GWAS hits in multiple populations. Cancer Epidemiol
Biomarkers Prev 2011;20:70-81.

von Holst S, Picelli S, Edler D, et al. Association studies on 11 published colorectal
cancer risk loci. Br J Cancer 2010;103:575-80.

Giréldez MD, Lopez-Doriga A, Bujanda L, et al. Susceptibility genetic variants
associated with early-onset colorectal cancer. Carcinogenesis 2012;33:613-6109.

Song N, Shin A, Park JW, et al. Common risk variants for colorectal cancer: an
evaluation of associations with age at cancer onset. Sci Rep 2017;7.

Middeldorp A, Jagmohan-Changur S, van Eijk R, et al. Enrichment of low penetrance
susceptibility loci in a Dutch familial colorectal cancer cohort. Cancer Epidemiol
Biomarkers Prev 2009;18:3062-7.

Jeon J, Du M, Schoen RE, et al. Determining risk of colorectal cancer and starting age of
screening based on lifestyle, environmental, and genetic factors. Gastroenterology
2018;154:2152-2164.e19.

24



637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

656

38.

39.

40.

41.

42.

43.

44,

45,

46.

Murphy CC, Sanoff HK, Stitzenberg KB, et al. RE: Colorectal cancer incidence patterns
in the United States, 1974-2013. JNCI: Journal of the National Cancer Institute
2017;109:djx104-djx104.

Warren JL, Klabunde CN, Mariotto AB, et al. Adverse events after outpatient
colonoscopy in the Medicare population. Ann Intern Med 2009;150:849-57, w152.
Jasperson KW, Tuohy TM, Neklason DW, et al. Hereditary and familial colon cancer.
Gastroenterology 2010;138:2044-58.

Pinto C, Veiga I, Pinheiro M, et al. MSH6 germline mutations in early-onset colorectal
cancer patients without family history of the disease. Br J Cancer 2006;95:752-6.

de Voer RM, Hahn MM, Mensenkamp AR, et al. Deleterious germline BLM mutations
and the risk for early-onset colorectal cancer. Sci Rep 2015;5:14060.

Whiffin N, Dobbins SE, Hosking FJ, et al. Deciphering the genetic architecture of low-
penetrance susceptibility to colorectal cancer. Hum Mol Genet 2013;22:5075-82.
Wray NR, Purcell SM, Visscher PM. Synthetic associations created by rare variants do
not explain most GWAS results. PLoS Biol 2011;9:e1000579.

Jiao S, Peters U, Berndt S, et al. Estimating the heritability of colorectal cancer. Hum
Mol Genet 2014;23:3898-905.

Zaitlen N, Kraft P. Heritability in the genome-wide association era. Hum Genet
2012;131:1655-64.

25



TABLES

Table 1: Baseline study characteristics of the discovery and replication datasets
Discovery dataset

Replication dataset

Cases (N=50,023)

Controls (N=58,039)

All participants

CRC Cases

<50 Years-Old >50 Years-Old <50 Years-Old >50 Years-Old Eligible cohort  CRC cases <50 Years-Old  >50 Years-Old
N 5479 44544 6718 51321 72573 1093 25 1068
Age, Mean (SD) 43.1 (5.6) 66.5 (8.7) 41.3(7.2) 65.3 (8.3) 715 (13.1) 73.1(10.8) 45.2 (3.3) 73.7 (10.1)
Sex, N (%)
Male 2767 (50.5) 24145 (54.2) 3272 (48.7) 26886 (52.4) 30160 (41.6) 526 (48.1) 9 (36.0) 517 (48.4)
Female 2706 (49.4) 20336 (45.7) 3446 (51.3) 24435 (47.6) 42413 (58.4) 567 (51.9) 16 (64.0) 551 (51.6)
Missing 6(0.1) 63(0.1) 0 (0.0) 0 (0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Family History of CRC, N (%)
Yes 944 (17.2) 5558 (12.5) 578 (8.6) 5330 (10.4) 6956 (9.6) 204 (18.7) 7 (28.0) 197 (18.4)
No 3159 (57.7) 24028 (53.9) 4130 (61.5) 28317 (55.2) 65617 (90.4) 889 (81.3) 18 (72.0) 871 (81.6)
Missing 1376 (25.1) 14958 (33.6) 2010 (29.9) 17674 (34.4) 0 (0.0) 0 (0.0) 0(0.0) 0(0.0)
Tumor Site, N (%)
Proximal Colon 1231 (22.5) 12978 (29.1) -- -- -- -- -- --
Distal Colon 1442 (26.3) 12036 (27.0) - - - - - -
Rectum 1920 (35.0) 12918 (29.0) - - - - - -
Missing 886 (16.2) 6612 (14.8) - - - - - -
PRS, N (%)
Quartile 1 693 (12.6) 6227 (14.0) 1659 (24.7) 12863 (25.1) 18175 (25.0) 163 (14.9) 2(8.0) 161 (15.1)
Quartile 2 1048 (19.1) 8824 (19.8) 1666 (24.8) 12848 (25.0) 18150 (25.0) 232 (21.2) 4 (16.0) 228 (21.3)
Quartile 3 1396 (25.5) 11877 (26.7) 1674 (24.9) 12824 (25.0) 18132 (25.0) 287 (26.3) 7 (28.0) 280 (26.2)
Quartile 4 2342 (42.7) 17616 (39.5) 1719 (25.6) 12786 (24.9) 18116 (25.0) 411 (37.6) 12 (48.0) 399 (37.4)
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Table 2: Risk estimates for early-onset versus late-onset CRC associated with a 95-SNP PRS in
the discovery dataset®

PRS N (cases) N (controls) OR (95% CI) P value P value for interaction”
All Subjects 0.0137
<50 Years-Old
per1SD 5479 6718 1.64 (1.57,1.72) 6.00E-107
(re?)“a”"e 1 o3 1659 1.00
Quiartile 2 1048 1666 1.64 (1.43,1.89) 2.07E-12
Quiartile 3 1396 1674 2.19(1.91,2.50) 2.17E-30
Quartile 4 2342 1719 3.73(3.28,4.24) 1.13E-89
>50 Years-Old
per1SD 44544 51321 1.52 (1.50,1.54) <2.23E-308
(re%“a”"e 1 6227 12863 1.00
Quiartile 2 8824 12848 1.45(1.39,1.51) 8.55E-62
Quiartile 3 11877 12824 1.95(1.87,2.03) 1.37E-208
Quartile 4 17616 12786 2.92 (2.80, 3.04) < 2.23E-308
Negative Family History 5.61E-05
<50 Years-Old
per1SD 3159 4130 1.74(1.65,1.84) 1.33E-81
(re%“a”"e 1 38 1085 1.00
Quiartile 2 601 1025 1.66 (1.39,1.98) 1.58E-08
Quartile3 820 1001 2.46 (2.07,2.92) 3.37E-25
Quartile 4 1350 1019 4.26 (3.61,5.01) 3.65E-67
>50 Years-Old
per1SD 24028 28317 1.50(1.47,1.53) <2.23E-308
Quartile 1 5559 7341 1.00
(ref)
Quiartile 2 4869 7083 1.44(1.36,1.53) 1.85E-36
Quiartile 3 6494 7058 1.92(1.82,2.03) 6.17E-119
Quartile 4 9136 6835 2.85(2.70,3.00) < 2.23E-308
Positive Family History 0.0028
<50 Years-Old
per1SD 944 578 1.19 (1.05, 1.35) 0.0063
(re%“a”"e 33 105 1.00
Quiartile 2 203 133 1.58 (1.05, 2.36) 0.0265
Quartile3 208 152 1.22(0.82,1.83) 0.3277
Quartile4 400 188 1.70 (1.17, 2.47)  0.0052
>50 Years-Old
per1SD 5558 5330 1.42 (1.36,1.48) 7.02E-57
Quartile 1 59 1134 1.00
(ref)
Quiartile 2 1037 1264 1.42 (1.24,1.63) 5.85E-07
Quiartile 3 1478 1343 1.81(1.59,2.07) 8.44E-19
Quartile4 2353 1589 2.47(2.18,2.79) 2.70E-45

®The logistic regression models include age, sex, principal components, genotype platform, and

Eolygenic risk score.

P value produced from interaction term with continuous PRS (per SD) and age (<50 versus >50

years).
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Table 3: Risk estimates for early-onset versus late-onset CRC associated with a 95-SNP PRS
among participants with and without Lynch Syndrome, in the Ohio cohort?

PRS per 1 SD N (cases) N (controls) OR (95% CI) P value P value for interaction”

Including Lynch and Non-Lynch Cases

All Subjects 0.0369
<50 Years-Old 574 979 1.73 (1.54,1.95) 1.39E-19
>50 Years-Old 2525 1463 1.47 (1.37,1.58) 1.77E-28

Negative Family History 0.0106
<50 Years-Old 449 931 1.81 (1.59, 2.07) 9.64E-19
>50 Years-Old 1885 1271 1.45(1.34,1.56) 1.16E-21

Positive Family History 0.1517
<50 Years-Old 106 48 1.28 (0.84,1.97) 0.2530
>50 Years-Old 565 192 1.55(1.30,1.84) 1.12E-06

Excluding Lynch Cases

All Subjects 0.0149
<50 Years-Old 537 979 1.82 (1.61,2.06) 2.63E-21
>50 Years-Old 2471 1463 1.49 (1.39,1.60) 1.11E-29

Negative Family History 0.0107
<50 Years-Old 438 931 1.83(1.60,2.09) 7.50E-19
>50 Years-Old 1856 1271 1.46 (1.35,1.57) 4.30E-22

Positive Family History 0.5627
<50 Years-Old 80 48 1.53(0.98,2.41) 0.0635
>50 Years-Old 540 192 1.61(1.34,1.92) 2.34E-07

¥The logistic regression models include age, sex, principal components, and polygenic risk score.
°P value produced from interaction term with continuous PRS (per SD) and age (<50 versus >50

years).

28



Table 4: Risk estimates for early-onset versus late-onset CRC associated with a 95-SNP PRS in
the RPGEH replication cohort?

PRS N in eligible cohort N (cases) HR (95% CI) P value P value for interaction”
All Subjects 0.3291
<50 Years-Old

per 1 SD 26983 25 1.73 (1.17,2.56)  0.0056
>50 Years-Old

per 1 SD 67792 1068 1.43(1.34,151) 2.77E-31
Negative Family History 0.3681
<50 Years-Old

per 1 SD 24472 18 1.76 (1.11,2.78)  0.0161
>50 Years-Old

per 1 SD 61129 871 1.42 (1.33,1.52) 2.85E-25
Positive Family History 0.6920
<50 Years-Old

per 1 SD 2511 7 1.56 (0.75, 3.26)  0.2334
>50 Years-Old

per 1 SD 6668 202 1.34 (1.17,1.54)  2.87E-05

¥The Cox models include sex, principal components, and polygenic risk score.
°P value produced from interaction term with continuous PRS (per SD) and age (<50 versus >50
years).
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FIGURE LEGENDS

Figure 1: Risk estimates for early-onset versus late-onset CRC associated with a 95-SNP PRS in
the discovery dataset. (A) Model includes all study participants regardless of first-degree family
history of CRC. (B) Model includes study participants without a first-degree family history of
CRC. (C) Model includes study participants with a first-degree family history of CRC. Models
were adjusted for age, sex, principal components, genotype platform, and polygenic risk score.
The interaction p-value reported was produced from a model including an interaction term with a
continuous PRS (per SD) and age (<50 years versus >50 years).

Figure 2: Absolute risk estimates of being diagnosed with CRC across the age stratum by PRS
percentile among individuals in the RPGEH cohort. (A) Among individuals with a first-degree
relative with CRC. (B) Among individuals without a family history of CRC.

Figure S1: Distribution of the PRS across cases and controls. (A) Plot includes all cases and
controls with a CRC diagnosis at <50 years of age. (B) Plot includes all cases and controls with a
CRC diagnosis at >50 years of age.

Figure S2: Risk estimates for early-onset versus late-onset CRC associated with a 95-SNP PRS
across disease site among participants with a negative family history of CRC in the discovery
dataset. (A) Model includes all cases with CRC diagnosis within the proximal colon. (B) Model
includes all cases with CRC diagnosis within the distal colon. (C) Model includes all cases with
CRC diagnosis within the rectum. Models were adjusted for age, sex, principal components,
genotype platform, and polygenic risk score. The interaction p-value reported was produced from
a model including an interaction term with a continuous PRS (per SD) and age (<50 years versus
>50 years).
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