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Abstract

Background: Increasing evidence suggests that conventional adenomas (CAs) and

serrated polyps (SPs) represent two distinct groups of precursor lesions for colorectal

cancer (CRC). The influence of common genetic variants on risk of CAs and SPs remain

largely unknown.

Methods: Among 27 426 participants within three prospective cohort studies, we

created a weighted genetic risk score (GRS) based on 40 CRC-related single nucleotide

polymorphisms (SNPs) identified in previous genome-wide association studies; and we

examined the association of GRS (per one standard deviation increment) with risk of

CAs, SPs and synchronous CAs and SPs, by multivariable logistic regression. We also

analysed individual variants in the secondary analysis.
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Results: During 18–20 years of follow-up, we documented 2952 CAs, 1585 SPs and 794

synchronous CAs and SPs. Higher GRS was associated with increased risk of CAs [odds

ratio (OR)¼ 1.17, 95% confidence interval (CI): 1.12-1.21] and SPs (OR¼ 1.09, 95% CI:

1.03-1.14), with a stronger association for CAs than SPs (Pheterogeneity¼0.01). An even

stronger association was found for patients with synchronous CAs and SPs (OR¼ 1.32),

advanced CAs (OR¼1.22) and multiple CAs (OR¼ 1.25). Different sets of variants were

associated with CAs and SPs, with a Spearman correlation coefficient of 0.02 between

the ORs associating the 40 SNPs with the two lesions. After correcting for multiple test-

ing, three variants were associated with CAs (rs3802842, rs6983267 and rs7136702) and

two with SPs (rs16892766 and rs4779584).

Conclusions: Common genetic variants play a potential role in the conventional and ser-

rated pathways of CRC. Different sets of variants are identified for the two pathways, fur-

ther supporting the aetiological heterogeneity of CRC.
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Introduction

Colorectal cancer (CRC) is a heterogeneous disease and

may develop through distinct pathways. Approximately

60–80% of CRCs develop through the conventional ade-

noma (CA)-carcinoma pathway characterized by a series

of mutations in oncogenes and tumour suppressor genes.1,2

Although most CAs do not progress to cancer, some grow

large, become dysplastic and eventually develop into ma-

lignant adenocarcinomas. On the other hand, a recently

recognized alternative pathway to CRC, the serrated path-

way, is characterized by hypermethylation of CpG islands

in gene promoters, an activating point mutation in the on-

cogene BRAF, and microsatellite instability.3 The serrated

pathway contributes to approximately 20–30% of CRC

cases, with sessile serrated adenoma/polyps (SSA/Ps) as the

major precursor lesion.4 SSA/Ps mainly originate from hy-

perplastic polyps (HPs), although some SSA/Ps may arise

de novo from normal mucosa.5 Traditional serrated adeno-

mas (TSAs) are rare and represent a distinct group of ser-

rated polyps. Because of the flat and subtle endoscopic

appearance and the predilection for the proximal colon,

serrated polyps (SPs) are believed to contribute dispropor-

tionately to the development of ‘interval cancers’ that oc-

cur before next screening or surveillance interval after an

initially negative colonoscopy, therefore representing a

challenge for clinical management.6

Increasing evidence supports an aetiological difference

between CAs and SPs. Several lifestyle risk factors for

CRC, such as smoking, alcohol intake and obesity, have

been more strongly associated with SPs than CAs.7–9

However, data on genetic factors remain sparse and incon-

sistent. One study created a genetic risk score (GRS) based

on 20 CRC-related SNPs and found that the GRS was simi-

larly associated with CAs and HPs,10 wheres another study

reported no association between 13 CRC susceptibility sin-

gle nucleotide polymorphisms (SNPs) and HPs.11 Of note,

these studies are limited by the small sample size (n<700

for HPs), lack of pairwise comparison of CAs and SPs, and

limited statistical power for individual SNP analysis and

subgroup analysis according to histological features of

polyps.

Therefore, to extend our knowledge, we performed a

comprehensive assessment of 40 established CRC suscepti-

bility variants in relation to CAs and SPs among 27 426

participants from three large prospective cohort studies:

the Nurses’ Health Study (NHS), the Nurse’s Health Study

2 (NHS2) and the Health Professionals Follow-up Study

(HPFS).

Key Messages

• A genetic risk score based on 40 CRC-related SNPs was associated with CAs and SPs, suggesting that genetic factors

play a critical role in the conventional and serrated pathways.

• Different sets of variants were identified for CAs and SPs, supporting the aetiological heterogeneity of CRC precursors.

• Our findings provide a basis for future studies to uncover premalignant biology of colorectum, which may improve

early prevention of CRC.
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Methods

Study participants

The NHS included 121 700 registered female nurses aged

30–55 years at enrolment in 1976; NHS2 included

116 686 registered female nurses aged 25–42 years at en-

rolment in 1989; and HPFS enrolled 51 529 male health

professionals aged 40–75 years at baseline in 1986. Details

of the follow-up of the three cohorts have been described

previously.12–14

Blood specimens were collected from a subset of the

participants of the NHS (n¼ 32 826) between 1989 and

1990, the NHS2 (n¼ 29 611) between 1996 and 1999 and

the HPFS (n¼ 18 225) between 1993 and 1995. Detailed

procedures for blood collection, handling and storage were

described elsewhere.15 Participants who provided blood

samples had similar demographic, dietary and lifestyle pro-

files compared with those who did not.16

In the current study, we included participants who were

genotyped in previous genome-wide association studies

(GWAS) nested within the NHS (n¼ 18 498), NHS2

(n¼ 8274) and HPFS (n¼ 10 889). These studies were pri-

marily designed to study other outcomes, including breast

cancer, pancreatic cancer, glaucoma, endometrial cancer,

colorectal cancer, ovarian cancer, glioma, prostate cancer,

type 2 diabetes, coronary heart disease, kidney stone, gout,

mammographic density, venous thromboembolism and

post-traumatic stress disorder.17,18 Because detailed histo-

logical information of colorectal polyps was not collected

until 1992 for the NHS, 1991 for the NHS2 and 1992 for

the HPFS, we used these years as the baseline of the current

study. At baseline, we excluded participants who were of

non-European origin, had a history of cancer (except non-

melanoma skin cancer), colorectal polyp or inflammatory

bowel disease, or had no endoscopic examination of lower

gastrointestinal tract. Eligible participants were followed

for diagnosis of colorectal polyps until 1 June 2012 for the

NHS, 1 2011 for the NHS2 and 1 January 2010 for the

HPFS. A total of 27 426 participants (NHS: n¼ 13 101;

NHS2: n¼ 6493; HPFS: n¼ 7832) were included in the

analysis (see flowchart in Supplementary Figure 1, avail-

able as Supplementary data at IJE online). The study was

approved by the institutional review board at the Brigham

and Women’s Hospital and Harvard T.H. Chan School of

Public Health. Written informed consent was obtained

from each participant.

Ascertainment of colorectal polyp cases and

subtypes

On each biennial questionnaire, participants were asked

whether they had undergone a colonoscopy or sigmoidoscopy

and whether any colorectal polyp had been diagnosed in the

past 2 years. Among all endoscopies, flexible sigmoidoscopies

accounted for 27%, with a greater proportion in the earlier

years than in the later years (Supplementary Figure 2, avail-

able as Supplementary data at IJE online). For those who

reported polyp diagnosis, we asked for permission to obtain

their endoscopic and pathological records. Investigators

blinded to any exposure information reviewed all records,

confirmed the diagnosis and extracted relevant clinical and

pathological data.

In the current study, CAs included tubular, tubulovillous

and villous adenomas and adenomas with high-grade dys-

plasia; and SPs included hyperplastic polyps and mixed/ser-

rated adenomas. Mixed/serrated adenoma consisted of both

mixed polyps (those with both adenomatous and hyperplas-

tic changes in histology) and polyps with any serrated diag-

nosis (e.g. serrated adenomas, serrated polyps and SSA/Ps).

If a participant had both CAs and SPs in an endoscopy, we

recorded each type of the polyps separately, and considered

the patient as a synchronous SP and CA case.

Genotyping and variant selection

Genotype data were obtained from various GWAS studies

nested within the NHS, NHS2 and HPFS cohorts.17,18

Details on genotyping have been described previously17,18

and summarized in the Supplementary materials, available

as Supplementary data at IJE online.

A total of 63 CRC susceptibility variants that had been as-

sociated with CRC in GWAS were selected as candidate SNPs

for this study.19–32 Each group of correlated SNPs (R2 >0.01)

was represented by a single SNP that showed the strongest as-

sociation with CRC in the Genetics and Epidemiology of

Colorectal Cancer Consortium (GECCO) that had no overlap

with the current study sample. Finally, a total of 40 variants

were included for the analysis (Supplementary Table S1, avail-

able as Supplementary data at IJE online).

To examine the cumulative effect of the 40 genetic var-

iants, a weighted GRS was calculated using the equation:

GRS¼
�P40

i¼1 bi� SNPiÞ � ð40=
P40

i¼1 biÞ, where bi is the

regression coefficient for the SNPi in relation to CRC de-

rived from the GECCO datasets using the additive genetic

model. Each unit of the GRS represents one risk allele in-

crement. The distribution of GRS in our study samples is

presented in Supplementary Figure S3, available as

Supplementary data at IJE online, with a higher score indi-

cating greater genetic predisposition to CRC.

Statistical analysis

The current study only included participants who had at least

one lower endoscopy during the follow-up. If a participant
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reported more than one endoscopy during the study period,

multiple records from the same participant were included in

the analysis. Participants were censored at the diagnosis of

the first colorectal polyp or the date of latest endoscopy,

whichever occurred first. To account for multiple records per

participant and to handle time-varying covariates efficiently,

we used an Andersen-Gill data structure with a new record

for each 2-year follow-up period during which a participant

underwent an endoscopy.

Multivariable logistic regression for clustered data (PROC

GENMOD) was used to examine the odds ratio (OR) and

95% confidence interval (CI) of developing CAs, SPs and

synchronous SPs and CAs, with participants without any

polyp as the reference, according to the quintiles of GRS (cut-

offs determined in the controls) and per one standard devia-

tion (SD) increment of GRS. We adjusted for study cohort,

time period of endoscopy, number of previous endoscopies,

time in years since the most recent endoscopy, age and the

top three principal components for population structure. We

compared the genetic associations between SPs and CAs

through a case-only analysis and calculated the Pheterogeneity.
7

In the secondary analysis, we analysed the associations with

CAs and SPs for individual SNPs included in the GRS, and

corrected for multiple testing using Bonferroni correction (ad-

justed a¼0.05/40¼ 1.3� 10�3).

Detailed subgroup analysis was performed according to his-

topathological features of polyps, and major lifestyle factors as-

sociated with CRC (Supplementary materials, available as

Supplementary data at IJE online). Advanced CAs were de-

fined as at least one CA of �10mm in diameter or with ad-

vanced histology (tubulovillous/villous histological features or

high-grade/severe dysplasia).33 Given that large (�10mm) or

proximal SPs have been associated with higher risk for

CRC,34,35 we defined SPs located in the proximal colon or

with size of�10mm as high-risk SPs. If a participant had more

than one polyp in an endoscopy, the size of the largest polyp

and the histology of the most advanced lesion were used.

In sensitivity analysis, we examined the associations of

GRS with CAs, SPs or synchronous SPs and CAs among par-

ticipants who were selected as controls in the source GWAS

studies of various outcomes. Moreover, to test the robustness

of our findings to the secular trend of colonoscopy versus

flexible sigmoidoscopy (Supplementary Figure S2, available

as Supplementary data at IJE online), we performed a sensi-

tivity analysis by including participants who had undergone

colonoscopies only. All statistical analyses were conducted by

SAS version 9.4 software (SAS Institute Inc., Cary, NC).

Results

During 18–20 years of follow-up of 27 426 participants in

the three cohorts, we documented 2952 CAs, 1585 SPs and

794 synchronous CAs and SPs. As shown in Table 1, par-

ticipants had a mean age of 63.2 years and 70% were

females. Compared with participants without any polyp,

those with CAs, SP, or synchronous CAs and SPs were

more likely to have a higher GRS and a family history of

CRC; they also had a higher body mass index (BMI),

smoked more cigarettes, drank more alcohol and were less

likely to be physically active or to regularly use aspirin.

Moreover, compared with CA cases, SP cases tended to

have a higher BMI, smoke more cigarettes and drink more

alcohol.

Table 2 shows the associations between GRS and polyp

subtypes. Higher GRS was associated with increased risk

of CAs (OR per 1-SD increment ¼ 1.17, 95% CI: 1.12–

1.21), SPs (OR¼1.09, 95% CI: 1.03–1.14), and synchro-

nous CAs and SPs (OR¼ 1.24, 95% CI: 1.16–1.32), with a

stronger association for CAs than SPs (Pheterogeneity ¼
0.01). When CAs and SPs were further classified based on

their malignant potential, we found that GRS was more

strongly associated with advanced CAs (OR¼ 1.22, �CI:

1.16–1.28) than non-advanced CAs (OR¼ 1.12, 95% CI:

1.07–1.18) (Pheterogeneity ¼ 0.02), whereas no difference

was found for high- and low-risk SPs (OR¼ 1.10, 95% CI:

1.01–1.19 and OR¼ 1.08, 95% CI: 1.02–1.15, respec-

tively; Pheterogeneity ¼ 0.82).

When stratified by histopathological features of polyps

(Table 3), the GRS association was stronger for multiple CAs

(OR¼1.25, 95% CI: 1.17–1.34) than a single CA

(OR¼1.13, 95% CI: 1.08–1.18) (Pheterogeneity ¼ 0.01), and for

CAs with advanced histology (tubulovillous, villous or high-

grade dysplasia) (OR¼1.26, 95% CI: 1.18–1.35) than tubular

CAs (OR¼ 1.14, 95% CI: 1.09-1.20) (Pheterogeneity¼ 0.02).

We further analysed the association of individual SNPs

with CAs and SPs. In general, the catalogue of SNPs associ-

ated with CAs appeared to be different from that associated

with SPs (Figure 1; Supplementary Table S3, available as

Supplementary data at IJE online). No correlation was found

for the magnitudes of the associations between each of the

40 SNPs and risk of CAs and SPs (Spearman correlation co-

efficient r¼0.02). The heterogeneity test showed that the

associations for six SNPs (rs16892766, rs16941835,

rs3802842, rs4779584, rs6983267 and rs7136702) were sta-

tistically different between CAs and SPs (Pheterogeneity <0.05).

After Bonferroni correction for multiple testing, three SNPs

were associated with risk of CAs in the same direction as

reported previously for CRC: rs3802842, rs6983267 and

rs7136702; whereas two SNPs showed an association with

risk of SPs in the same direction as reported previously for

CRC: rs16892766 and rs4779584; the OR per each risk al-

lele ranged from 1.12 to 1.23. We also summarize the major

functional evidence for these SNPs in relation to CRC in

Table 4.
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In the stratified analysis, no interaction was noted be-

tween demographic or lifestyle factors and GRS

(Supplementary Table S4, available as Supplementary data

at IJE online). In the sensitivity analysis, we observed simi-

lar associations of the GRS with CAs and SPs when

restricting to participants who were selected as controls in

previous GWAS studies (Supplementary Table S5, avail-

able as Supplementary data at IJE online) and who had un-

dergone colonoscopies only (Supplementary Table S6,

available as Supplementary data at IJE online).

Discussion

In this large study of 27 426 participants from three pro-

spective cohort studies, a GRS comprising 40 CRC-related

variants was associated with higher risk of CRC precur-

sors, with a stronger association observed for CAs than

SPs, particular for advanced CAs. The analysis of individ-

ual SNPs revealed that different sets of variants were

associated with CAs and SPs. Our findings provide novel

genetic evidence for the aetiological difference of conven-

tional and serrated pathways in CRC and have implica-

tions for developing tailored screening and surveillance

strategies for CRC prevention.

Although the genetic architecture of CRC has been in-

vestigated extensively, the role of common genetic variants

in CRC precursors remains poorly understood. Compared

with previous studies that investigated only a limited num-

ber of SNPs for CAs,10,11,36 we systematically evaluated 40

CRC-related SNPs identified in eqrlier GWAS in relation

to both CAs and SPs. Given the particular importance of

SPs in the development of ‘interval cancer’, our study rep-

resents the first step to examine the potential of integrating

genetic susceptibility information for tailored colonoscopy

screening and surveillance of polyps for better prevention

of CRC.36

The observation that the GRS for CRC susceptibility

had a stronger association with CAs than SPs is not

Table 1. Basic characteristics of study participants in the three cohort studies (NHS, NHS2, HPFS)a

Overall population Non-polyp CA-only SP-only Synchronous CA and SP

No. of participants 27 426 22 095 2952 1585 794

Age, years 63.2610.0 63.2610.1 64.169.2 60.769.7 64.568.5

Female, % 70 71 57 73 58

Genetic risk score (GRS) 30.5 (3.9) 30.5 (3.9) 31.1 (3.9) 30.8 (3.9) 31.3 (3.8)

Family history of colorectal cancer, % 22 22 27 26 27

Pack-years of smoking 10.0616.4 9.8616.2 10.5617.0 14.0620.1 16.6621.1

Never smokers, % 51 51 52 45 40

Past smokers, <30 packs/year, % 35 35 33 33 34

Past smokers, �30 packs/year, % 9 9 10 14 14

Current smokers, <30 packs/year, % 2 2 2 3 3

Current smokers, �30 packs/year, % 3 3 3 6 9

Body mass index, kg/m2 26.465.0 26.465.0 26.865.0 27.265.1 27.865.5

<25, % 44 45 41 37 33

25.0-29.9, % 37 36 38 40 38

30.0-34.9, % 13 13 14 16 19

�35, % 6 6 7 8 10

Height, cm 168.769.3 168.769.3 168.869.1 168.569.1 169.468.8

Physical activity, MET-h/weekb 22.3619.8 22.5619.9 20.9618.4 20.7617.5 19.3618.0

<7.5, % 21 20 22 23 25

7.5-14.9, % 24 24 25 25 27

15-29.9, % 31 31 30 30 30

30-59.9, % 20 20 19 18 15

�60, % 5 5 4 4 3

Alcohol intake, g/day 7.5610.3 7.4610.2 7.5610.8 8.5612.0 8.5611.9

Regular aspirin use, %c 43 43 41 42 39

NHS, the Nurses’ Health Study; NHS2, the Nurses’ Health Study 2; HPFS, the Health Professionals Follow-up Study; CA, conventional adenoma; SP, serrated

polyp; GRS, genetic risk score; MET, metabolic equivalent task.
aThe presented data are based on repeatedly collected information for each participant up to polyp diagnosis for cases and the end of follow-up period for non-

polyps. Cumulative average values across person-endoscopies are presented. Mean6SD is presented for continuous variables and percentage for categorical varia-

bles. All variables are adjusted for age and sex except for age and sex themselves.
bPhysical activity is represented by the product sum of the METS of each specific recreational activity and hours spent on that activity per week.
cA standard tablet contains 325 mg aspirin, and regular users were defined as those who used at least two standard tablets per week.
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surprising, because CRC arising from the serrated pathway

accounts for a relatively small fraction of all CRC cases

(20–30%) and is under- represented in the existing GWASs

that were used for creation of the GRS. Therefore, further

GWAS specifically for SP-related CRC are needed.

Nevertheless, among the 40 variants that have been identi-

fied thus far for CRC, we found that different sets of SNPs

were associated with the risk of CAs and SPs, suggesting

that different inherited factors drive the conventional and

serrated pathways to CRC. Previous studies have demon-

strated the different alterations at somatic and epigenetic

levels between CA- and SP-related CRCs.37 In contrast to

the conventional pathway involving chromosomal

instability, the serrated pathway is characterized by high

incidence of activating BRAF mutations and epigenetic si-

lencing of the DNA mismatch repair system.37 In the cur-

rent study, we provide novel evidence for different

germline mutations underlying these two pathways, further

supporting the molecular heterogeneity of CAs and SPs.

The strength of the association between GRS and CAs

differed by adenoma characteristics. In particular, GRS

was more strongly related to the risk of multiple and ad-

vanced CAs that have a higher likelihood of progressing

into cancer. Similar findings have been reported in previ-

ous studies.10,11,36 Moreover, individuals with a family his-

tory of CRC have been found more likely to develop

Table 2. Association between genetic risk score (GRS) and risk of colorectal polyp subtypes in the three cohort studies (NHS,

NHS2, HPFS)a

Polyp subtype Quintiles of GRS Per 1-SD

increment

of GRS

Ptrend Pheterogeneity

Lowest Second Middle Fourth Highest

Conventional adenoma (CA)-only

n 466 555 573 614 744 2952

Mean of GRS 25.2 28.3 30.5 32.5 36.1 31.1

OR (95% CI) 1(Ref) 1.21(1.06-1.37) 1.25(1.10-1.41) 1.33(1.18-1.51) 1.63(1.44-1.83) 1.17(1.12-1.21) <.001 Ref 1

Non-advanced

n 282 310 301 338 397 1628

Mean of GRS 25.2 28.3 30.5 32.5 36.0 30.9

OR (95% CI) 1(Ref) 1.12(0.95-1.32) 1.09(0.92-1.28) 1.22(1.04-1.43) 1.44(1.23-1.68) 1.12(1.07-1.18) <.001 Ref 2

Advancedb

n 184 245 272 276 347 1324

Mean of GRS 25.2 28.4 30.5 32.5 36.1 31.2

OR (95% CI) 1(Ref) 1.34(1.10-1.63) 1.49(1.23-1.80) 1.50(1.24-1.82) 1.91(1.59-2.29) 1.22(1.16-1.28) <.001 0.02(vs. Ref 2)

Serrated polyp (SP) onlyc

n 293 278 303 344 367 1585

Mean of GRS 25.1 28.4 30.5 32.5 36.0 30.8

OR (95% CI) 1(Ref) 0.94(0.80-1.12) 1.03(0.88-1.22) 1.18(1.00-1.38) 1.24(1.06-1.45) 1.09(1.03-1.14) <.001 0.01(vs. Ref 1)

Low-risk

n 181 171 185 219 231 987

Mean of GRS 25.1 28.3 30.5 32.5 35.8 30.8

OR (95% CI) 1(Ref) 0.94(0.76-1.16) 1.02(0.83-1.25) 1.21(0.99-1.47) 1.25(1.03-1.53) 1.08(1.02-1.15) 0.01 Ref 3

High-risk

n 99 97 103 112 122 533

Mean of GRS 25.1 28.4 30.4 32.5 36.3 30.9

OR (95% CI) 1(Ref) 0.98(0.74-1.30) 1.04(0.79-1.38) 1.14(0.87-1.50) 1.23(0.94-1.60) 1.10(1.01-1.19) 0.04 0.82(vs. Ref 3)

Synchronous CA and SP

n 104 151 163 177 199 794

Mean of GRS 25.2 28.4 30.5 32.6 36.3 31.3

OR (95% CI) 1(Ref) 1.48(1.15-1.90) 1.60(1.25-2.05) 1.72(1.35-2.20) 1.96(1.54-2.49) 1.24(1.16-1.32) <.001 0.13(vs. Ref 1)

NHS, the Nurses’ Health Study; NHS2, the Nurses’ Health Study 2; HPFS, the Health Professionals Follow-up Study; CA, conventional adenoma; SP, serrated

polyp; GRS, genetic risk score; OR, odds ratio; CI, confidence interval; Ref, reference.£
aMultivariable logistic regression model adjusted for study cohort (NHS, NHS2, HPFS), time period of endoscopy (in 2-year intervals), number of previous

endoscopies (continuous), time in years since the most recent endoscopy (continuous), age (continuous), and top three principal components for population struc-

ture. The Pheterogeneity was calculated by comparing genetic associations between subgroups through a case-only analysis.
bAdvanced group denotes at least one CA of �10 mm in diameter or with advanced histology (tubulovillous/villous histological features or high-grade/severe

dysplasia) or �3 CAs regardless of histology or size.
cHigh-risk group denotes SPs located in proximal colon or with size of �10 mm.
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Table 3. Association between genetic risk score (GRS) (per 1-SD increment) and risk of colorectal polyp subtypes according to

polyp features in the three cohort studies (NHS, NHS2, HPFS)a

Polyp feature Conventional adenoma only Serrated polyp only

n Mean of GRS OR (95% CI) P Pheterogeneity n Mean of GRS OR (95% CI) P Pheterogeneity

Subsite

Proximal colon 1468 31.1 1.18 (1.12–1.24) <0.001 Ref 488 30.8 1.09 (0.99–1.19) 0.07 Ref

Distal colon 1442 31.1 1.18 (1.12–1.24) <0.001 0.83 758 31.0 1.15 (1.07–1.24) <0.001 0.21

Rectum 527 31.2 1.19 (1.09–1.29) <0.001 0.95 582 30.8 1.06 (0.98–1.15) 0.12 0.83

Size

<10 mm 1763 31.0 1.14 (1.09–1.19) <0.001 Ref 1401 30.8 1.08 (1.02–1.13) 0.01 Ref

�10 mm 1067 31.2 1.21 (1.14–1.28) <0.001 0.09 149 30.9 1.12 (0.94–1.33) 0.20 0.61

Multiplicity

Single 2069 31.0 1.13 (1.08–1.18) <0.001 Ref 922 30.8 1.08 (1.02–1.15) 0.02 Ref

Multiple 873 31.3 1.25 (1.17–1.34) <0.001 0.01 663 30.8 1.09 (1.01–1.18) 0.02 0.77

Histology

Tubular 1727 31.0 1.14 (1.09–1.20) <0.001 Ref

Tubulovillous,

villous or high–grade

dysplasia

764 31.4 1.26 (1.18–1.35) <0.001 0.02

NHS, the Nurses’ Health Study; NHS2, the Nurses’ Health Study 2; HPFS, the Health Professionals Follow-up Study; GRS, genetic risk score; OR, odds ratio;

CI, confidence interval; Ref, reference.
aMultivariable logistic regression model adjusted for study cohort (NHS, NHS2, HPFS), time period of endoscopy (in 2-year intervals), number of previous

endoscopies (continuous), time in years since the most recent endoscopy (continuous), age (continuous) and top three principal components for population struc-

ture. The Pheterogeneity was calculated by comparing genetic associations between subgroups through a case-only analysis.

Figure 1. Association between 40 colorectal cancer susceptibility variants and risk of conventional adenoma-only and serrated polyp-only in the three

cohort studies (NHS, NHS2, HPFS). Pheterogeneity was calculated to test the difference in the association of each of the SNPs with risk of conventional

adenoma and serrated polyp through case-control analysis.
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multiple CAs.38 These findings together support that ge-

netic susceptibility to sporadic CRC may be, at least partly,

mediated by predisposition to CA multiplicity and

advancement.

To our knowledge, only two studies have evaluated the

association between CRC susceptibility variants and

SPs.10,11 Consistent with our findings, a case-control study

of 642 HPs reported a positive association between a GRS

based on 20 CRC-related SNPs and HP risk.10 By classify-

ing SPs into high- and low-risk subgroups according to size

and subsite, we found a similar association with GRS.

Also, no heterogeneity was observed according to multi-

plicity of SPs. Therefore, it is possible that the CRC suscep-

tibility variants might primarily affect the initiation rather

than progression of SPs. In contrast with the conventional

pathway, transition to high-risk SPs might be driven by en-

vironmental factors that cause a series of somatic events.

Indeed, a much stronger association with the risk of SPs

than CAs has been noted for three major risk factors for

CRC, including smoking, alcohol consumption and obe-

sity,8,9,39 which all have strong capability to elicit somatic

mutations or epigenetic alterations.40,41 The hypothesis is

further supported by the fact that SPs-associated molecular

features, such as BRAF mutations, CpG island methylation

and microsatellite instability, are more often acquired

through somatic events.42 We also identified several indi-

vidual SNPs that were associated with CAs and SPs, and

have discussed their implications in CRC in the

Supplementary materials, available as Supplementary data

at IJE online.

The current study has several strengths, including the

large sample size, systematic selection of SNPs, prospective

assessment of endoscopic use and polyp diagnosis within

three well-established cohorts, and collection of detailed

histopathological information of polyps based on pathol-

ogy reports. Moreover, diagnostic documentation of both

CAs and SPs allowed us to compare their associations with

common genetic variants, thus providing critical insight

into the aetiological heterogeneity.

Our study also has some limitations. First, given the

evolving nature and lack of consensus regarding the diag-

nostic criteria for specific subtypes of SPs, we were unable

to separate HPs, SSA/Ps and TSAs based on the review of

pathology records. However, since large size and proximal

subsite have both been established as strong predictors for

the likelihood of SPs progressing into advanced neoplasia,

the consistent findings in the stratified analysis according

to size and subsite suggest that our observed associations

reflect to a large degree the effect of common genetic var-

iants on the serrated pathways for colorectal carcinogene-

sis. Second, our study included Caucasians only, and the

findings may not be generalizable to non-Caucasian

populations. Third, despite the large sample size, the statis-

tical power for individual SNP analysis remains limited, es-

pecially for SNPs with low allele frequencies. Finally, given

the functional heterogeneity of the SNPs, further studies

are needed to examine the potential genetic and environ-

mental interactions in the development of CAs and SPs at

the individual variant level.

In summary, a GRS based on 40 CRC susceptibility var-

iants was positively associated with risk of CAs and SPs, with

a stronger association for CAs than SPs. Different sets of var-

iants were associated with CAs and SPs. These data support

the aetiological heterogeneity of CAs and SPs. Further studies

are needed to confirm our findings and examine the potential

of genetic variants for tailored colonoscopy screening and

surveillance for better prevention of CRC.

Supplementary data

Supplementary data are available at IJE online.
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