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Background and aim: Family history (FH) and genetic risk scores (GRSs) are increasingly
used for risk stratification for colorectal cancer (CRC) screening. However, they were mostly
considered alternatively rather than jointly. The aim of this study was to assess the potential of
individual and joint risk stratification for CRC by FH and GRS.

Patients and methods: A GRS was built based on the number of risk alleles in 53 previously
identified single-nucleotide polymorphisms among 2,363 patients with a first diagnosis of CRC
and 2,198 controls in DACHS [colorectal cancer: chances for prevention through screening], a
population-based case-control study in Germany. Associations between GRS and FH with CRC
risk were quantified by multiple logistic regression.

Results: A total of 316 cases (13.4%) and 214 controls (9.7%) had a first-degree relative (FDR)
with CRC (adjusted odds ratio [aOR] 1.86, 95% CI 1.52-2.29). A GRS in the highest decile
was associated with a 3.0-fold increased risk of CRC (aOR 3.00, 95% CI 2.24-4.02) compared
with the lowest decile. This association was tentatively more pronounced in older age groups.
FH and GRS were essentially unrelated, and their joint consideration provided more accurate
risk stratification than risk stratification based on each of the variables individually. For example,
risk was 6.1-fold increased in the presence of both FH in a FDR and a GRS in the highest decile
(aOR 6.14, 95% CI 3.47-10.84) compared to persons without FH and a GRS in the lowest decile.
Conclusion: Both FH and the so far identified genetic variants carry essentially independent
risk information and in combination provide great potential for CRC risk stratification.
Keywords: colorectal neoplasms, familial risk, common genetic variants, single-nucleotide
polymorphisms

Background
First-degree relatives (FDRs) of patients with colorectal cancer (CRC) have an approxi-
mately twofold increased risk of CRC, and the risk is higher when CRC was diagnosed
at relatively young age.! Family history (FH) is therefore commonly recommended
for risk stratification for CRC screening.? The increased risk associated with FH may
reflect shared genetic or environmental factors, many of which are still to be discovered.
Genome-wide association studies (GWASs) have identified an increasing number
of single-nucleotide polymorphisms (SNPs) that are related to the risk of CRC.31*
Although the risks associated with SNPs are mostly very small, the combination of
multiple SNPs in genetic risk scores (GRSs) may allow for risk stratification that may
be clinically relevant for more targeted CRC prevention and early detection. Previ-
ously reported GRS showed promising results,'® and discriminatory power of GRS
will increase as more common variants are identified through GWASs."”
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So far, FH and GRS have often been used separately,
rather than jointly for CRC risk stratification. While this
partly reflects the lack of availability of both types of
information, it may also partly reflect the common belief
that both variables provide redundant information. This
belief is reflected, for example, as an implicit assumption in
commonly employed calculations of the proportion of the
risk increase associated with FH that can be explained by
the identified SNPs.!*!° However, the low-penetrance risk
variants identified by GWASs are expected to be commonly
present without manifestation of CRC in FDRs, and the pres-
ence of such risk variants is therefore expected to provide
relevant risk information beyond the information conveyed
by FH. Conversely, familial aggregation of risk may reflect
shared environmental factors in addition to shared genetic
predisposition.

The aim of this study was to assess the potential of
individual and joint risk stratification for CRC by FH and
common genetic variants in a large, thoroughly phenotyped
and genotyped case-control study in Germany.

Patients and methods
Study design and study population

Data for the analyses were drawn from the DACHS [colorec-
tal cancer: chances for prevention through screening] study
which has been described in detail elsewhere.??! In brief,
DACHS is an ongoing population-based case-control study in
the Rhine-Neckar region in southwest Germany, an area with
approximately two million inhabitants. German-speaking
patients aged =30 years with a first diagnosis of CRC who
are capable of taking part in a personal interview of approxi-
mately 1 hour are eligible for participation. All 22 hospitals
in this area offering first-line treatment to patients with CRC
are involved in recruitment. Physicians inform patients with
a first diagnosis of CRC about the study, mainly during their
hospital stay succeeding the surgery. Approximately 50%
of all eligible patients in the study area are recruited. Using
frequency matching with respect to sex, age and county of
residence, controls are randomly selected from population
registries. Besides excluding persons with a history of CRC
among controls, inclusion and exclusion criteria are identi-
cal for both cases and controls. This analysis was based on
2378 cases and 2205 controls who were recruited from 2003
to 2010 and for whom data from GWAS was available. The
ethics committees of the Medical Faculty at the University of
Heidelberg and the Medical Chambers of Baden-Wiirttem-
berg and Rhineland-Palatinate approved the study. Written
informed consent was obtained from all participants.

Data collection

The study center was informed about cases after they had
given written informed consent. Controls were contacted by
mail and follow-up telephone calls. Standardized in-person
interviews were conducted with both cases (typically during
their hospital stay) and controls (at their homes) by trained
interviewers. In these interviews, blood or buccal samples
were collected, and a broad variety of risk factors and pre-
ventive factors for CRC were addressed in great detail. In
particular, detailed information about the participants’ FH
was collected (degree of kinship, number of affected relatives
and age at diagnosis). All cases with primary CRC were his-
tologically confirmed, and pathology records and discharge
letters were requested for all patients.

Genotyping

Genotyping, which was performed within the Genetics and
Epidemiology of Colorectal Cancer Consortium (GECCO),
has been previously described in detail elsewhere.”® In
short, DNA was extracted from blood samples (in 99.1% of
participants) or from buccal cells (in 0.9% of participants)
using conventional methods. For persons recruited until 2007,
genotyping was performed using [llumina HumanCytoSNP
(n = 3415); participants who were recruited thereafter were
genotyped using [1lumina HumanOmniExpress (n = 1168).
Triallelic SNPs and those not assigned a reference SNP-
number were excluded, as were genotyped SNPs when they
had a low call rate (<98%), lack of Hardy-Weinberg equilib-
rium in controls (P < 1 x 107*), or low minor allele frequency
(<0.1%). For imputation of missing genotypes, the CEU
population (Utah residents with Northern and Western Euro-
pean ancestry from the Centre d'Etude du Polymorphisme
Humain [CEPH {Human Polymorphism Study Center}]
collection) in HapMap Il release 24 was used.

Identification and selection of SNPs for
the GRS

A literature review was conducted to find SNPs that were
reported to be associated with a higher risk for CRC for
persons of European descent (Table S1). If SNPs were in
high linkage disequilibrium (LD; D" > 0.95 and 2> 0.5)
with each other, we only included the most significant SNP
in our sample in the GRS. Nine SNPs were hence excluded
from further analyses, which left 44 SNPs in the GRS. For
five SNPs, the risk allele in our sample was not the same
as reported in the respective discovery study (rs10411210,
rs11169552,rs16969681, rs3987, rs6687758). We conducted
sensitivity analyses including all SNPs regardless of their
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LD and additionally with a more conservative cutoff for D’
(0.3 and 2> 0.2), which resulted in excluding additional six
SNPs from GRS.

Statistical analyses

First, the main characteristics of cases and controls were
described (Table 1). GRSs for all eligible study participants
were calculated as the sum of risk alleles as defined in the
discovery studies of the respective SNPs (0, 1, or 2 copies
of the risk allele for genotyped SNPs; imputed dosages for
imputed SNPs). For sensitivity analyses, we additionally
calculated a weighted GRS which consists of the sum of all
risk alleles with weights equal to the log of the odds ratio
(OR) of the respective SNP as found in the discovery study
of each SNP. Categories of the GRS were generated based on
the distribution of the (weighted) risk alleles among controls
(with cutoffs at the 10th, 20th, 40th, 60th, 80th, and 90th
percentiles, respectively, to enable dose-response analyses
across the full range of GRS values including very low- and
very high-risk groups). Participants were categorized into
seven different risk groups (very low, low, low—medium,
medium, medium-high, high, and very high) according to

those percentiles. As weighted and unweighted GRS yielded
very similar results, only results for the unweighted GRS
are presented (the main analyses for weighted GRS are
summarized in Table S5).

For the description of the study population, missing data
were imputed using the Markov Chain Monte Carlo method
(N'=10 data sets, SAS procedure PROC MI). The imputation
model was calculated with all potential confounders as listed
in Table 2 plus several additional variables (having a partner
or close friends, years of occupation) adding accuracy to the
imputed data. Imputed values of categorical variables were
rounded to the closest integer.

Multiple logistic regression models were used to estimate
the ORs and 95% CI for both the individual and joint associa-
tions of FH and GRS categories with CRC risk, adjusting for
potential confounders. Adjustment included age, sex, smok-
ing, and body mass index (BMI) before diagnosis, as well as
covariates that were statistically unequally distributed in con-
trols with and without FH of CRC in a FDR at a significance
level of 0.1. Additional analyses were conducted stratifying
the risk of CRC according to the age of the participants and
patients’ cancer location. To exclude the possibility that

Table | Selected characteristics of the study population, imputed data

Characteristics Group Cases (n = 2363) Controls (n = 2198) p-value*
Sex Female 960 (40.6) 860 (39.1) 0.3013
Male 1403 (59.4) 1338 (60.9)
Age (years) <50 115 (4.9) 70 (3.2) 0.0257
50-59 343 (14.5) 302 (13.7)
60-69 769 (32.5) 698 (31.8)
70-79 770 (32.6) 767 (34.9)
>80 366 (15.5) 361 (16.4)
Personal history of colonoscopy 521 (22.1) 1208 (55.0) <0.0001
FH No FH 1833 (77.6) 1825 (83.0) <0.0001
SDR only® 214 (9.1) 159 (7.2)
FDR® 316 (13.4) 214 (9.7)
GRS¢ Very low 134 (5.7) 220 (10.0) <0.0001
Low 175 (7.4) 220 (10.0)
Low—medium 383 (16.2) 439 (20.0)
Medium 431 (18.2) 439 (20.0)
Medium—high 548 (23.2) 441 (20.0)
High 300 (12.7) 220 (10.0)
Very high 392 (16.6) 219 (10.0)
Cancer stage | 540 (22.8) -
I 721 (30.5) -
1] 750 31.7) -
v 352 (14.9) -
Cancer location® Proximal colon 765 (32.3) -
Distal colon 798 (33.8) -
Rectum 800 (33.9) -

Notes: Values are expressed as n (%). *p-value for difference in distributions across categories. °FH in any SDR only. <FH in at least one FDR. “Classification of GRS: very
low, <10th percentile; low, 10th—20th percentile; low—medium, 20th—40th percentile; medium, 40th—60th percentile; medium-high, 60th—80th percentile; high, 80th—90th

I

percentile; very high, >90th percentile. *Cancers in more than one location were allocated to the most proximal location (n = 34). ‘—’ indicates not applicable.
Abbreviations: FDR, first-degree relative; FH, family history; GRS, genetic risk score; SDR, second-degree relative.
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Table 2 Distribution of potential confounders according to FH among controls, imputed data

Characteristics Group FH of CRCin p-value (FHina FH of CRCin p-value (FH in No FH of CRCc
FDR,*n =214 FDR vs. SDR,"n = 159 an SDR vs. n = 1825 (83.0)
9.7 no FH) (7.2) no FH)
GRS¢ Very low 17 (7.9) 0.8388 18 (11.3) 0.3426 185 (10.1)
Low 22 (10.3) 10 (6.3) 188 (10.3)
Low-medium 40 (18.7) 29 (18.2) 370 (20.3)
Medium 43 (20.1) 34 (21.4) 362 (19.8)
Medium—high 42 (19.6) 37 (23.3) 362 (19.8)
High 26 (12.2) 20 (12.6) 174 (9.5)
Very high 24 (11.2) 11 (6.9) 184 (10.1)
Personal history of 146 (68.2) <0.0001 90 (56.6) 0.4175 972 (53.3)
colonoscopy
Education <9 years 135 (63.0) 0.0254 76 (47.8) 0.0031 1114 (61.1)
10— 1 years 27 (12.7) 38 (23.9) 359 (19.7)
=12 years 52 (24.3) 45 (28.3) 352 (19.3)
Smoking Never 114 (53.0) 0.2793 75 (47.2) 0.0890 924 (50.6)
Former® 85 (39.8) 58 (36.5) 707 (38.8)
Current 15(7.2) 26 (16.4) 194 (10.7)
BMI (before diagnosis)  <I18.5 kg/m? 2(1.0) 0.6311 - 0.0765 17 (0.9)
18.5-25 kg/m? 80 (37.4) 75 (47.0) 680 (37.3)
25-30 kg/m? 96 (44.8) 65 (40.9) 877 (48.0)
>30 kg/m? 36 (16.9) 19 (12.0) 252 (13.8)
Ever regular use of NSAIDs' 67 (31.5) 0.6708 46 (28.9) 0.2791 601 (32.9)
Ever regular use of HRT (women only) 57 (58.8) 0.0537 34 (52.8) 0.4766 337 (48.3)
Red meat intake® < per week 34 (15.9) 0.1088 26 (16.4) 0.2703 219 (12.0)
= per week 131 (61.2) 104 (65.4) 1241 (68.0)
2| per day 49 (22.9) 29 (18.2) 365 (20.0)
Alcohol intake" Low risk 164 (76.6) 0.9063 117 (73.6) 0.4460 1392 (76.3)
Physical activity' >187.0 102 (47.7) 0.5217 75 (47.2) 0.4970 913 (50.0)
Ever attended regular health checkup 200 (93.4) 0.4310 148 (93.1) 0.5753 1676 (91.8)
Inflammatory bowel diseases! 2 (0.9) 0.2422 3(1.9) 0.0103 7 (0.4)

Notes: Values are expressed as n (%). °FH in at least one FDR. °FH in any SDR only.In any relative (both FDR or SDR). Classification of GRS: very low, <10th percentile;
low, 10th—20th percentile; low—medium, 20th—40th percentile; medium, 40th—60th percentile; medium—high, 60th—80th percentile; high, 80th—90th percentile; very high,
>90th percentile. Former = stopped smoking more than 2 years ago. ‘At least twice weekly for | year. €Consumption of red meat or processed red meat in the previous
12 months. "Average lifetime daily alcohol consumption, measured in gram ethanol; low-risk alcohol intake defined as drinking less than 12 and 24 g ethanol daily for
women and men, respectively. Measured in average lifetime MET in the previous 12 months, median in persons without FH = 187.0 MET-hours/week. iUlcerative colitis,

Crohn’s disease.

Abbreviations: BMI, body mass index; CRC, colorectal cancer; FDR, first-degree relative; FH, family history; GRS, genetic risk score; HRT, hormone replacement
therapy; MET, metabolic equivalent of task; NSAIDs, nonsteroidal anti-inflammatory drugs; SDR, second-degree relative.

Lynch syndrome carriers distorted the results due to their
generally higher load of genetic alterations and hence higher
risk for CRC independent of common genetic variants, sen-
sitivity analyses were conducted using a subset of cases for
whom data on microsatellite instability (MSI) and CpG island
methylator phenotype (CIMP) were available (1688 out of
2378 cases; Table S6).2? For these analyses, we excluded all
patients with MSI-high tumors, which most likely excluded
all Lynch patients plus many sporadic tumors.? Sensitivity
analyses with a set of 27 SNPs previously used for generating
a GRS are presented in Table S7.

Finally, we assessed the joint association of FH and the
continuous GRS by a multiple logistic regression model with
joint classification of cases and controls according to FH and
GRS, controlling for the same covariates as described ear-
lier. For this analysis, we included GRS as both a linear and

quadratic term, as preceding cubic spline analyses indicated
a curvilinear association.

All statistical analyses were conducted using SAS soft-
ware, version 9.4 (SAS Institute Inc., Cary, NC, USA).

Results
Out of 3152 cases and 3317 controls who were recruited
until December 2010, a total of 774 cases and 1112 controls
have not been genotyped yet. In addition, 12 cases and seven
controls were excluded from the analyses as they had miss-
ing information on FH of CRC. Another three cases were
excluded as they fulfilled the Amsterdam criteria and might
be carriers of the Lynch syndrome.

Table 1 presents the main characteristics of the remaining
2363 cases and 2198 controls. Approximately 60% of the
participants were male; median age in cases and controls was
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69 and 70 years, respectively. While more than half of the
controls had undergone at least one previous colonoscopy,
only 22.1% of cases had done so (p < 0.0001). FH of CRC in
a FDR was reported by 316 cases (13.4%) and 214 controls
(9.7%, p < 0.0001). The GRS ranged from 20 to 48, with the
cutoffs for the seven categories in controls being 29, 31, 33,
35, 38, and 40. A substantially higher proportion of cases had
GRSs in the higher categories (p < 0.0001). The distribution
of the GRS was very similar and not statistically significant
across different cancer stages, and the distribution within
each stage was significantly different from the distribution
in controls (Table S2).

Table 2 summarizes the distribution of the GRS and
selected potential confounders according to FH among
controls. The distribution of the GRS did not differ among
controls with FH of CRC in a FDR compared to those with-
out (p = 0.8338). More controls with FH of CRC in a FDR
had a personal history of colonoscopy (68.2%) than controls
without FH (53.3%, p <0.0001). Other unequally distributed
covariates (p < 0.1) included education and usage of hormone
replacement therapy (HRT) among women, for which the
regression analyses were adjusted. Apart from education,
the distribution of potential confounders among persons
with a FH in a second-degree relative (SDR) resembled the
distribution of persons without FH.

Individual associations for GRS and FH with the risk
of CRC are summarized in Table 3. Having a GRS in the
top decile was associated with a 2.9-fold increased risk of
CRC compared to the lowest decile in sex- and age-adjusted
analyses (OR 2.94, 95% CI 2.24-3.86). Adjusting for all other
covariates except FH did not materially change the results

Table 3 Risk of CRC according to GRS and FH of CRC

(OR 3.00, 95% CI 2.24-4.02). Lower GRS categories were
associated with lower ORs (the risk monotonically increased
with increasing levels of GRS; p, < 0.0001). Additional
adjustment for FH did not materially alter the results in any
GRS category. Excluding all patients with MSI-high tumors
in the subset of participants for whom data on MSI and CIMP
were available resulted in similar risk estimates (Table S6).
Results with a set of 27 SNPs that were previously used for
generating a GRS are summarized in Table S7. Comparison
of the results summarized in Tables 3 and S7 indicates sub-
stantial further improvement in genetic risk stratification by
the larger number of SNPs identified in the meantime (p-value
for increase in c-statistic = 0.003).

Having a FH of CRC in a FDR was associated with a
1.5-fold increased risk in age- and sex-adjusted analyses (OR
1.47, 95% CI 1.22—-1.77; Table 3). Adjusting for additional
covariates — especially previous colonoscopies — increased
the risk to an OR of 1.86 (95% CI 1.52-2.29). The result was
only minimally changed by additional adjustment for the
GRS (OR 1.83, 95% CI 1.49-2.25). Risk estimates for FH
in SDR followed the same pattern, although the magnitude
of the associations was lower. The strong increase in CRC
risk with increasing GRS is graphically shown in Figure 1
(P0na < 0.0001).

In additional age-specific analyses, a higher GRS was
associated with a higher risk for CRC in all age groups
(Table S3). Having a very high GRS was even tentatively
more pronounced in persons in the older age groups than in
the younger age group. Similarly strong elevations of CRC
risk for higher GRS categories were found for all major
cancer sites (Table S4).

Risk factor Characteristics Cases, n (%) Controls, n (%) OR (95% CI)
Model I* Model 2° Model 3¢
GRS Very low 134 (5.7) 220 (10.0) Ref. Ref. Ref.
Low 175 (7.4) 220 (10.0) 1.31 (0.98-1.75) 1.36 (0.99-1.87) 1.35 (0.98-1.86)
Low—medium 383 (16.2) 439 (20.0) 1.44 (1.11-1.85) 1.47 (1.12-1.94) 1.48 (1.12-1.95)
Medium 431 (18.2) 439 (20.0) 1.61 (1.25-2.08) 1.53 (1.17-2.02) 1.51 (1.14-1.98)
Medium-—high 548 (23.2) 441 (20.0) 2.04 (1.59-2.61) 2.09 (1.59-2.73) 2.08 (1.58-2.72)
High 300 (12.7) 220 (10.0) 2.24 (1.70-2.95) 2.33 (1.72-3.14) 2.32 (1.71-3.13)
Very high 392 (16.6) 219 (10.0) 2.94 (2.24-3.86) 3.00 (2.24-4.02) 2.96 (2.20-3.97)
FH of CRC No FH 1833 (77.6) 1825 (83.0) Ref. Ref. Ref.
SDR only 214 (9.1) 159 (7.2) 1.32 (1.07-1.64) 1.53 (1.21-1.95) 1.53 (1.21-1.95)
FDR 316 (13.4) 214 (9.7) 1.47 (1.22-1.77) 1.86 (1.52-2.29) 1.83 (1.49-2.25)
Notes: Values are expressed as n (%). *Adjusted for sex and age. "Adjusted for sex, age (continuous), education (<9, 10—11, 212 years), previous colonoscopy (yes/no),

smoking (current/former/never), HRT among women (yes/no), BMI before diagnosis (weight in kilograms divided by squared height in meters); missing values, n = 75.
‘Adjustment like in model 2, plus additional adjustment for FH in analyses for GRS, and additional adjustment for GRS in analyses for FH, respectively; missing values, n =
75. YGRS with risk alleles as defined in discovery study (Table S1); classification: very low, <I0th percentile; low, 10th-20th percentile; low—medium, 20th—40th percentile;

medium, 40th—60th percentile; medium-high, 60th—80th percentile; high, 80th—90th percentile; very high, >90th percentile.

Abbreviations: BMI, body mass index; CRC, colorectal cancer; FDR, first-degree relative; FH, family history; GRS, genetic risk score; HRT, hormone replacement therapy;

OR, odds ratio; Ref., reference; SDR, second-degree relative.
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Figure 2 shows the dose-response association between
the number of risk alleles and the risk of CRC derived from
a logistic regression model including both FH (ina FDR or a

OR, reference value having a GRS in
the 40th—60th percentile

|

L ,\/

Figure | Risk of CRC according to GRS percentiles.
Abbreviations: CRC, colorectal cancer; GRS, genetic risk score; OR, odds ratio.
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Figure 2 Dose—response association between the number of risk alleles and risk of CRC, stratified by FH, plotted with a joint reference (no FH, 35 risk alleles).
Abbreviations: CRC, colorectal cancer; FDR, first-degree relative; FH, family history; OR, odds ratio; SDR, second-degree relative.
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35 risk alleles (median value for risk alleles among persons
without FH). We found a curvilinear relationship between
GRS and CRC risk with a particularly strong increase in
CRCrrisk at higher levels of the GRS. Due to the independent
relationship of FH with CRC, people with FDR reach the
same risk level as those without FH at a substantially lower
GRS. For example, a person with FDR and 35 risk alleles
has approximately the same risk of CRC as someone without
FH and 44 risk alleles.

Results for joint stratification for FH and the GRS are
summarized in Table 4. An increased risk was observed with
increasing GRS for persons with FDR, with SDR and without
FH. Participants without FH in the highest GRS category had
a 2.8-fold increased risk of CRC compared to participants
without FH in the lowest risk category (95% CI 2.02-3.88).
Compared to the same reference group, persons with FH in
a SDR had a higher risk for CRC in every GRS category
(ORs for the lowest and highest GRS categories: 1.56, 95%
CI 0.68-3.57 and 6.48, 95% CI 2.93-14.31, respectively).
Likewise, participants with a FH in a FDR in the lowest
GRS category had a 1.7-fold increased risk of CRC (95%
CI 0.76-3.71) compared to persons with no FH in the low-
est GRS category, whereas persons with FH in a FDR in the
highest GRS category had a 6.1-fold increased risk (95% CI
3.47-10.84). Results for a different reference group (no FH
and medium GRS) are summarized in Table S8.

Discussion

In this large-scale case-control study, we found strong
associations of both self-reported FH and a GRS based on
previously published risk variants with CRC risk. Somewhat
unexpectedly, however, both predictors were found to be

Table 4 ORs with 95% Cl for the risk of CRC according to GRS
and having a FH of CRC

GRS? FH of CRC
No SDR only FDR

Very low 1.00-Ref. 1.56 (0.68-3.57) 1.68 (0.76-3.71)
Low 1.31 (0.92-1.86) 2.69 (I.11-6.52)  2.57 (1.30-5.08)
Low-medium  1.50 (1.10-2.03) 1.94 (1.05-3.59)  2.59 (1.52-4.41)
Medium 1.44 (1.06—1.96) 2.57 (1.48-4.47)  3.27 (1.99-5.37)
Medium-high  2.10 (1.56-2.84) 2.51 (1.46-4.33)  3.95 (2.41-6.46)
High 2.50 (1.78-3.50) 3.38 (1.73-6.60)  2.33 (1.23—4.43)
Very high 2.80 (2.02-3.88) 6.48 (2.93-14.31) 6.14 (3.47-10.84)

Notes: Model adjusted for sex, age, education, previous colonoscopy, smoking,
HRT among women, BMI before diagnosis; missing values, n = 75. *Classification
of GRS: very low, <I0th percentile; low, |0th—20th percentile; low—medium, 20th—
40th percentile; medium, 40th—60th percentile; medium—high, 60th—80th percentile;
high, 80th—90th percentile; very high, >90th percentile.

Abbreviations: BMI, body mass index; CRC, colorectal cancer; FH, family history;
FDR, first-degree relative; GRS, genetic risk score; HRT, hormone replacement
therapy; OR, odds ratio; Ref., reference; SDR, second-degree relative.

essentially unrelated, which enabled even much better risk
stratification by their joint consideration. Interestingly, we
also found the association between GRS and CRC risk to be
tentatively more pronounced at older compared to younger
ages.

The observed strong associations of both self-reported
FH and a GRS with CRC risk are in line with previous
reports that had assessed either one of these risk predictors
at a time. For example, Lowery et al' summarized existing
literature to date and found that the majority of studies esti-
mated a ~2.2- and 1.7-fold increased risk of CRC associated
with a FH of CRC in a FDR or SDR, respectively. A study
quantifying the utility of SNPs to guide CRC screening
and simulating a case-control study with 2,000,000 par-
ticipants calculated a fivefold CRC risk for a person who
was in the highest GRS decile compared to a person in the
lowest decile.'® Another recent study estimated a 1.8-fold
increased risk of CRC for persons being in the top 10% of
the GRS compared to the population median.'” However,
only few previous studies have considered both factors
simultaneously. Those that did found higher absolute CRC
risk for persons with FH and more risk alleles,* noticed that
discriminatory accuracy of models including only FH can
be improved by incorporating GRS'® and concluded that the
predictive strength of SNPs was increased if FH was taken
into account.’® A potential reason for the paucity of stud-
ies that assessed both factors simultaneously might be the
widespread belief that both sources deliver the same kind of
information, are inevitably interrelated, and hence provide
redundant information. However, carriers of common risk
variants are not at all restricted to the group of persons with
FH of CRC. These risk variants are expected to be commonly
present in persons without FH. Common low-penetrance
genetic variants therefore provide additional information
beyond information conveyed by FH. Vice versa, FH may also
reflect familial clustering of nongenetic risk factors (such as
smoking) which are not related to GRS.

Nevertheless, the almost complete absence of an associa-
tion between FH and GRS was unexpected. A potential expla-
nation could be that SNPs identified by GWASs and included
in GRS are essentially restricted to SNPs with relatively high
minor allele frequency (>1-5%) but low penetrance, as the
power of GWASs to detect SNPs with lower minor allele
frequency was generally very limited.?® On the other hand,
familial aggregation of CRC, in particular familial aggrega-
tion of CRC at young ages, might be more strongly linked
to rare SNPs of higher penetrance, many of which are still
to be detected.”> Whereas most previous studies found FH
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to be a stronger predictor of CRC risk at younger ages,"* no
such pattern was observed for the GRS in our study, which
suggests the assumption that previously identified SNPs
and self-reported FH represent two different sources of risk.

On the positive side, the essential lack of an association
between GRS and FH provides great opportunities to enhance
risk stratification by combining both sources of information.
For example, we saw that having a higher GRS consistently
increased the CRC risk among persons both without and with
FH (irrespective of the degree of the relative), and persons
with FH were at higher risk for CRC compared to persons
without FH at every GRS category. Previous work has exam-
ined the predictive value of risk scores based on a combina-
tion of FH with other self-reported risk factors, such as age,
sex, smoking status, and BMI.?7-3! Their overall performance
in risk stratification, eg, when examining the area under the
curve or when comparing high- with low-risk groups, was
similar to the performance of the GRS in our study and
superior to risk stratification by FH alone.'®!? Combining
the GRS not only with FH but also with multiple other risk
factors might therefore be a very promising approach to
further enhance risk stratification in CRC screening. Due
to the age- and sex-matched design of the DACHS study, a
multivariable risk score including key variables could not be
derived but should be evaluated in further research preferably
based on longitudinal studies.

Our study has several strengths and limitations. The large
sample size of this ongoing study and the detailed informa-
tion provided by the study participants are major advantages.
The DACHS study is one of the largest population-based
case-control studies in the world, and its data set contains
very detailed information about the participants, such as
previous colonoscopies, FH of CRC among FDRs and SDRs,
and medical records.

Due to the nature of a case-control study, information
about potential risk and protective factors was gathered retro-
spectively, which might have induced recall bias. Cases might
be more prone to remember the existence of risk factors, such
as a FH, than controls, resulting in distorted risk estimates.
Empirical evidence suggests, however, that recall bias regard-
ing CRC in FDRs is likely to be small.*? For our analyses,
we did not verify participants’ FH. However, previous studies
generally suggested good accuracy of self-reported FH.333
We did not assess sex differences in the association between
FH and CRC risk in the current analyses; however, previous
analyses in the DACHS study investigated such differences
in more detail.>* Furthermore, information on participants’
previous colonoscopies was based on self-reports, but analyses

conducted in an earlier data set of the DACHS study showed
high accuracy of self-reported endoscopic examination.*® The
Amsterdam criteria which were used for excluding Lynch
patients from our analyses might not be sensitive enough,”-*
which could have left several undetected Lynch patients in
the analyses. However, sensitivity analyses excluding Lynch
patients with high certainty resulted in similar risk estimates.
We furthermore chose a relatively high cutoff for the linkage
disequilibrium (D’ > 0.95) between the SNPs, as our goal was
not to discover new risk variants, but to combine the existing
information into a score. We conducted sensitivity analyses
both with no SNP selection due to a LD cutoff and with SNP
selection based on a much lower LD cutoff (D’ > 0.3), the lat-
ter of which led to less included SNPs in the GRS (38 instead
of 44). Both analyses yielded consistent overall patterns with
only slightly lower risk estimates in all analyses (data not
shown). While the data used for these analyses were included
as part of the GECCO in previous analyses,'® we updated and
enlarged the number of SNPs included in the GRS, which
resulted in substantially enhanced risk stratification for CRC
risk. Although our analyses are conducted within the DACHS
study, a study almost exclusively consisting of a Caucasian
population, and GRS in other populations might include dif-
ferent common genetic variants, we believe that the examined
results are not substantially different in other ethnic groups.

Conclusion

Despite its limitations, this large case-control study provides
new detailed insights into the individual and joint associations
of GRS and FH with CRC risk. Our results show that joint risk
stratification on the basis of both variables possibly supple-
mented by additional easy-to-collect risk factor information
could be feasible and clinically relevant, especially with the
prospect of more risk variants being detected in the future.
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