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Abstract

Background Accurate risk stratification of colorectal cancer (CRQ) is essential for precise screening. Polygenic risk
scores (PRS) hold promise for improving predictive efficacy in CRC. However, the real-world applicability of a risk-
adapted CRC screening strategy based on the PRS remains underexplored. Therefore, we aimed to evaluate the
optimized PRS in a large prospective cohort in China and assess its utility for risk-adapted CRC screening.

Methods \We evaluated multiple PRS construction strategies using East Asian genome-wide association study

data and well-established PRSs to select an optimal score, which was then assessed in 100,639 eligible participants
from the China Kadoorie Biobank. The risk-adapted screening strategy assigns high-risk individuals to colonoscopy
and low-risk individuals to fecal immunochemical testing (FIT), with FIT-positive cases referred for colonoscopy. We
assessed the screening performance of the PRS, Asia—Pacific Colorectal Screening score, and their combination-based
risk-adapted screening strategies against a standard FIT-based strategy among 2,821 participants in the TARGET-C CRC
screening trial.

Results The combined PRS (i.e, PRS;,;) demonstrated the best predictive performance (C-index=0.602) for CRC.
Individuals in the highest PRS quintile (top 20%) exhibited a 2.69-fold increased CRC risk compared with those in
the lowest quintile. The high PRS and unfavorable lifestyle group conferred the highest risk (hazard ratio=3.32, 95%
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confidence interval: 1.80-6.11). In the TARGET-C trial, the PRS,,, effectively distinguished patients with advanced
neoplasia from controls (top 20%, odds ratio=3.66). The PRS-based risk-adapted screening strategy improved AN
detection compared with FIT-only screening, with higher sensitivity (69.4% vs. 54.1%, P=7.6x 10~ and detection
rate (16.7% vs. 13.1%, P=0.024). Notably, PRS-based screening identified 21.1% of AN cases that were missed by FIT,
and integrated risk stratification using PRS and APCS increased this proportion to 37.9%, demonstrating substantial

improvement in detecting FIT-negative lesions.

Conclusions PRS enables effective risk stratification for colorectal cancer and improves detection of advanced
neoplasia by identifying high-risk individuals missed by FIT, supporting its utility in precision risk-adapted screening.
Trial registration Chinese Clinical Trial Registry: ChiCTR1800015506. Registered on 4 April 2018.

Keywords Colorectal cancer, Risk prediction, Polygenic risk score, Precise screening

Background

Colorectal cancer (CRC) is the third most commonly
diagnosed cancer and the second leading cause of can-
cer-related mortality worldwide [1]. In countries where
population-based CRC screening programs have been
widely implemented, both the incidence and mortality
of CRC have steadily declined [2, 3]. Current guidelines
recommend endoscopic (e.g., colonoscopy) and stool-
based tests (e.g., the fecal immunochemical test [FIT])
for CRC screening, typically for individuals above a cer-
tain age (usually 45 years) or at an elevated risk, such as
those with a family history (FH) of CRC [4]. However, the
one-size-fits-all screening strategy has yielded subopti-
mal performance, including low compliance rates, lim-
ited detection rates, and a high demand for endoscopic
resources.

In the era of precision medicine, risk-adapted screen-
ing strategies have been proposed to identify individu-
als with a higher-risk profile who are more likely to
harbor advanced colorectal neoplasia and benefit the
most from targeted prevention [5]. We previously con-
ducted a large-scale randomized controlled trial (RCT)
in China that demonstrated that a risk-adapted screening
approach, referring high-risk individuals for colonoscopy
and low-risk individuals for FIT, achieved good compli-
ance, reduced the colonoscopy demand, and maintained
detection rates comparable to one-time colonoscopy over
three screening rounds [6].

The effectiveness of risk-adapted strategies largely
depends on the accuracy of the risk assessment tools.
However, traditional tools rely primarily on demographic
and lifestyle factors, demonstrating only a modest dis-
criminative ability in detecting colorectal neoplasms.
Over the past few decades, genome-wide association
studies (GWAS) have identified hundreds of common
variants associated with CRC risk [7, 8]. Polygenic risk
scores (PRS) aggregate the effects of multiple genetic
variants into a single quantifiable score and provide a
promising approach for individualized CRC risk assess-
ment [9]. However, few studies have systematically vali-
dated PRSs for CRC risk prediction in East Asian (EAS)

populations, particularly in large-scale prospective
cohorts [10, 11]. Moreover, the real-world applicability
of the PRS, particularly its integration into risk-adapted
screening strategies, remains insufficiently explored.

To bridge these gaps, we leveraged multiple indepen-
dent EAS GWAS datasets to develop an optimized PRS
and validated its performance using the China Kadoorie
Biobank (CKB). Additionally, we established a compre-
hensive risk-adapted screening strategy incorporating
colonoscopy and FIT and evaluated its effectiveness for
detecting colorectal neoplasms in a real-world screening
setting.

Methods

Study population

This study incorporated multiple independent datasets
across different analytical stages, including PRS develop-
ment, prospective assessment, and evaluation of screen-
ing performance. Specifically, we used (1) case—control
genome-wide association study (GWAS) datasets for
PRS construction, (2) a large prospective cohort for PRS
assessment, and (3) a population-based CRC screen-
ing trial to evaluate the real-world performance of PRS-
based risk-adapted screening strategies (Fig. 1).

Case-control GWAS datasets for PRS development

For PRS development, we used GWAS data from two
independent CRC studies conducted in China together
with publicly available GWAS summary statistics from
Japan. The Chinese datasets included the Nanjing GWAS
(1,316 CRC cases and 2,207 controls) and the Wuhan
GWAS (3,000 CRC cases and 3,000 controls), which have
been described previously [12, 13]. In brief, in Wuhan
GWAS, CRC cases were recruited from Renmin Hospi-
tal of Wuhan University and diagnosed based on clinical
and pathological records, while controls were selected
from a contemporaneous community nutrition survey,
matched to cases by sex and age (5 years). In Nanjing
GWAS, the CRC cases were recruited from the Cancer
Center of Nanjing Medical University, and the cancer-
free controls were from the same districts of Nanjing. All
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Fig.1 Overview of the study design. First, three PRS development approaches were used. After assessment in the CKB cohort, the optimal PRS model was
selected and validated in the TARGET-C screening trial. Finally, the clinical utility of PRS-based risk-adapted CRC screening strategy was assessed. (Created
in https://BioRender.com)
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the participants provided written informed consent. The
studies were conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review
Boards of Nanjing Medical University and Wuhan Uni-
versity. Summary statistics from the Wuhan and Nanjing
CRC GWAS are publicly available [14, 15].

To increase statistical power and enhance the represen-
tation of East Asian populations, we also incorporated
GWAS summary statistics for CRC from the BioBank
Japan Project, which included 7,062 cases and 195,745
controls. The details have been published previously [16].

Prospective cohort for PRS assessment

The predictive performance of multiple candidate PRSs
constructed using different approaches was prospec-
tively evaluated in the China Kadoorie Biobank (CKB),
a large population-based cohort study in China. The
details of the study design have been reported previously
[17]. In brief, a total of 512,714 adults aged 30-79 years
were recruited from 10 geographically diverse areas in
China between 2004 and 2008. Trained staff used elec-
tronic questionnaires to collect information and per-
formed physical examinations and blood collection. This
study was approved by the Ethical Review Committee
of the Chinese Center for Disease Control and Preven-
tion (Beijing, China) and the Oxford Tropical Research
Ethics Committee of the University of Oxford (Oxford,
United Kingdom). All the participants provided written
informed consent. In this study, a total of 100,639 CKB
participants were selected for genotyping and passed the
quality control. Detailed procedures have been described
elsewhere [18]. We excluded participants diagnosed
with cancer at baseline; thus, 100,219 participants were
included in the analysis.

Population-based screening trial for PRS validation and
application

The TARGET-C study (Comparative Evaluation of Novel
Screening Strategies for Colorectal Cancer Screen-
ing) is a multicenter randomized controlled trial con-
ducted in six study centers across five provinces in China
(Jiangsu, Zhejiang, Anhui, Hunan, and Yunnan). The trial
aimed to compare the effectiveness and resource utili-
zation of three CRC screening strategies: colonoscopy,
fecal immunochemical testing (FIT), and risk-adapted
screening. Eligible participants were adults aged 50-74
years recruited from community-based screening pro-
grams. Individuals with a prior diagnosis of CRC, severe
comorbidities preventing colonoscopy, or other contra-
indications to screening were excluded. After providing
written informed consent, participants were random-
ized in a 1:2:2 ratio to one-time colonoscopy (n=3,937),
annual FIT screening (n=7,858), or a risk-adapted
screening strategy (n="7,787).
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Participant recruitment began in May 2018, and four
screening rounds (baseline and three annual follow-up
rounds) were completed by October 2023. The primary
outcome of the trial was the detection rate of advanced
colorectal neoplasms, defined as CRC or advanced pre-
cancerous lesions. Secondary outcomes included detec-
tion of any colorectal neoplasm, screening participation,
colonoscopy demand, and screening-related costs. The
TARGET-C trial was prospectively registered in the Chi-
nese Clinical Trial Registry (ChiCTR1800015506) on
April 4, 2018. A detailed description of the TARGET-C
study design and protocol has been published previously
[19] and is provided in the Additional file 1. This study
was approved by the Ethics Committees of the National
Cancer Center, Chinese Academy of Medical Sciences,
and Peking Union Medical College. All the participants
provided written informed consent. We included partici-
pants who underwent colonoscopy during the baseline
screening phase and who provided qualified plasma sam-
ples (N=2,821). Detailed quality control procedures are
described in the Additional file 2. The genotyping data
from the TARGET-C study have been deposited in a pub-
licly accessible repository [20].

Outcomes

In the CKB cohort, all newly diagnosed CRC cases were
identified using the 10th revision of the International
Classification of Diseases (codes C18—C20). In the TAR-
GET-C trial, the outcomes were classified as (i) CRC, (ii)
advanced adenoma (AA), (iii) non-advanced adenoma
(NAA), and (iv) healthy control (HC). Both CRC and AA
are considered advanced neoplasias (AN). The specific
definitions for each outcome are provided in the Addi-
tional file 2.

Approaches to construct the PRS

Approach 1: PRS based on the GWAS-identified CRC risk
single nucleotide polymorphisms (SNPs)

We used the PRS;;5 g5 and PRScg, pas pug as well-estab-
lished EAS PRSs for subsequent assessment [11, 21].
The selection basis is provided in the Additional file 2.
We calculated the PRS based on the following formula:
PRS = Z?ZlﬁiSNPi, where n indicates the number of
SNPs, SNP; indicates the number of risk alleles for the
i-th SNP (0, 1, or 2), and Pi indicates the effect size car-
ried by the risk allele.

Approach 2: PRS with SNP selection based on the GWAS
meta-analysis

We performed a meta-analysis based on the summary
statistics of the Nanjing, Wuhan, and Japanese GWAS
using the METAL software [22]. SNPs with substantial
heterogeneity (P peqerogencity < 0-001) or those that were not
present in any of the GWAS were excluded. A total of 2.2
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million SNPs remained for meta-analysis. FUMA GWAS
was used to perform functional annotation of the GWAS
results [23]. We developed several candidate PRSs using
clumping and P-value thresholding, and PRS-CS [24]. We
set the linkage disequilibrium (LD) r? to 0.01, with differ-
ent P value thresholds (5x 1078, 5x 107, 5 x 107%). For the
PRS-CS, we restricted our study to HapMap3 SNPs and
used a precalculated LD reference panel of East Asians.

Approach 3: combined PRS using SNPs identified by the
GWAS meta-analysis and well-established PRS

We constructed a combined PRS by integrating vari-
ants from the PRS;;5psg with additional SNPs identi-
fied through a GWAS meta-analysis. To ensure that
the newly added variants provided independent infor-
mation beyond the established PRS, a two-step SNP
selection procedure was applied. First, within each pre-
specified P-value threshold (5x1078 and 5x107%), lead
SNPs were identified using LD clumping (r?<0.01 within
a 1 Mb window). Second, to avoid overlap with the SNPs
included in PRS115-EAS, SNPs showing LD with any
PRS;;5 pas SNP (r220.1) were excluded. For the 115 SNPs
from PRS, 5 pos We used the effect sizes reported in the
published model from approach 1. This strategy allowed
us to enrich the PRS with additional meta-analysis-
derived SNPs while maintaining a cost-effective design by
avoiding a genome-wide SNP selection strategy, such as
PRS-CS.

Construction of a healthy lifestyle index using the CKB

A modified healthy lifestyle index (HLI) based on the
World Cancer Research Fund recommendations was
applied, which includes diet, alcohol intake, smoking sta-
tus, physical activity, and body weight measures [25]. The
detailed definitions of these components and scoring sys-
tems are provided in Additional file 3: Table S1.

Calculation of a modified Asia-Pacific Colorectal Screening
(APCS) score in the TARGET-C

We used a modified APCS score, which enables risk
stratification according to age, sex, FH of CRC, smok-
ing status, and body mass index (BMI) [26]. The scoring
details are provided in the Additional file 2. Participants
with a score >4 were defined as high risk.

Risk-adapted screening strategy in the TARGET-C trial

Risk-adapted screening was implemented using four
strategies: the PRS-based strategy, the APCS-based strat-
egy, the dual high-risk strategy, and the any high-risk
strategy. For the PRS-based strategy, participants with a
PRS in the top 20% of the distribution were classified as
high risk, while for the APCS-based strategy, high risk
was defined as an APCS score=4. For the dual high-risk
strategy, participants were classified as high risk only if
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they had both an APCS score>4 and a PRS in the top
20%. For the any high-risk strategy, high risk was defined
as having either an APCS score>4 or a PRS in the top
20%.

In all risk-adapted strategies, individuals at high risk
were referred directly for colonoscopy. Low-risk par-
ticipants underwent the FIT, and those with positive FIT
results were assigned to undergo a colonoscopy (Fig. 1).
The FIT product used in our study was the FIT OC-SEN-
SOR (Eiken Chemical Co, Tokyo, Japan). Following the
manufacturer's recommendation, a cut-off value of>100
ng Hb/mL was used to define a positive result. Details of
the colonoscopies and FIT tests are provided in the Addi-
tional file 2.

Statistical analysis

In the CKB, we applied the Fine—Gray competing risk
model to estimate the impact of the PRS on CRC [27].
The results are reported as the hazard ratio (HR) and 95%
confidence interval (CI). Participants were followed-up
from the date of recruitment until the date of CRC diag-
nosis, death, loss to follow-up, or December 31, 2018,
whichever came first. The models were adjusted for sex,
the top ten genetic principal components, and the HLI in
the analysis of genetic risk. The discriminatory ability of
the PRSs was evaluated using the C-index and HRs.

We further compared the PRS distribution between the
HC and CRC groups. Adjusted HRs across the PRS quin-
tiles were calculated. We assessed the combined effects
of genetic and lifestyle factors on CRC risk. The PRS was
categorized into low (bottom 20%), intermediate (20—
80%), and high genetic risk (top 20%). Lifestyle was clas-
sified as unfavorable (bottom tertile), moderate (middle
tertile), or favorable (top tertile) according to the HLI ter-
tiles. The log-rank test was used to evaluate the difference
in cumulative incidence (one minus the Kaplan—Meier
estimate) stratified by different levels of PRS or HLI. The
absolute risk was calculated using the Aalen—Johansen
estimator [28]. Age-standardized incidence rates were
calculated using data from the 2020 Chinese Population
Census [29]. We also analyzed the interaction between
genetic risk and lifestyle.

In TARGET-C, we used multivariable logistic regres-
sion to assess the impact of the PRS on different neo-
plasms, adjusting for age, sex, the top ten genetic
principal components, and the FH of CRC. The results
are reported as odds ratios (ORs) and 95% CIs. We also
calculated the adjusted ORs across the PRS quintiles.
Further, we assessed the combined effect of genetic risk
and APCS on CRC risk using multivariate logistic regres-
sion models. In addition, we investigated the combined
effects and interactions between genetic risk and FH.

The predictive performance of the PRS was compared
with conventional risk factors, including age, sex, FH,
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BM]I, and the APCS score. We further evaluated the pre-
dictive performances of different combinations of these
factors. Indicators included the area under the curve
(AUC), integrated discrimination improvement (IDI),
and net reclassification index. To account for poten-
tial confounding by established risk factors, we also
estimated the partial AUCs. The risk-adapted screen-
ing strategy was compared to the conventional FIT-only
screening strategy (. Indicators included the detection
rate, sensitivity, specificity, positive predictive value
(PPV), cumulative required colonoscopies and number
needed to be screened (NNS).

To assess the generalizability of the findings, we com-
pared the baseline characteristics between the CKB
cohort and TARGET-C trial, and between TARGET-C
participants with and without available FIT results. Stan-
dardized mean differences (SMDs) were calculated for
the demographic, lifestyle, and genetic variables.

PLINK (version 1.9) [30] and the PRS-CS (version
1.0.0) [24] were used to construct the PRS. Statistical
analyses were performed using R software (version 4.3)
[31], and a two-sided P-value less than 0.05 was consid-
ered to indicate statistical significance.

Results

Three approaches to develop the PRS and the assessment
results in the CKB cohort

To construct an optimal PRS for CRC risk stratification
in the EAS population, we developed PRS models using
three approaches (Fig. 1). In approach 2, the combined
EAS GWAS datasets of CRC comprised 12,621 cases and
164,593 controls. We identified 15 independent SNPs
that were significantly associated with CRC risk beyond
genome-wide significance (P<5x107% Fig. 2a). A QQ
plot of the GWAS meta-analysis is shown in Additional
file 4: Fig S1. All these SNPs were located within 1 Mb of
well-identified regions reported by previous GWAS. The
annotation of the significant SNPs is shown in Fig. 2b. A
total of 100,219 participants were enrolled in the CKB,
including 810 incident CRC cases, during a median fol-
low-up of 14.0 years (Fig. 1). The baseline characteristics
of the participants are summarized in Additional file 3:
Table S2. The performance metrics of the different PRSs
models in the CKB cohort are listed in Table 1. PRS; ;5 pas
demonstrated a moderate discriminatory ability for
CRC (C-index=0.596; HR=1.41), comparable to that of
PRScg as pur (C-index=0.598; HR=1.41). For the C+T
method, three different parameter settings were evalu-
ated (LD r?=0.01, P values=5x107%, 5x107%, 5x107%),
and the 5e-6 (0.01) parameter yielded the best results
(C-index=0.562; HR=1.25). PRS-CS (auto) showed
improved prediction (C-index=0.572; HR =1.45). Nota-
bly, the combination of PRS;;5 ,s With six SNPs from
the GWAS meta-analysis that met the P-value threshold
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of 5x 1078 which consisted of 121 SNPs (PRS,,;), out-
performed the other PRS models. PRS,;,; achieved the
highest discriminatory ability (C-index = 0.602; HR = 1.42;
Table 1). Therefore, it was selected as the optimal PRS for
further analysis. A summary of the SNPs used to con-
struct PRS;,; is shown in Additional file 3: Table S3.

Joint impact of PRS121 and lifestyle on CRC in the CKB
cohort

Patients with CRC tended to have higher PRS values than
controls (P=1.45E-22; Fig. 3a). We observed a dose—
response effect across the PRS quintiles, with the risk
increasing progressively from the lowest to the highest
quintile. The highest quintile (top 20%) showed a 2.69-
fold increase in CRC risk compared with the lowest quin-
tile (Fig. 3b).

The cumulative incidence curves showed signifi-
cant differences in CRC risk across the distinct groups
(P<0.0001; Fig. 3¢, Additional file 4: Fig S2). Using indi-
viduals with low genetic risk and favorable lifestyle as the
reference group, the highest risk was observed in partici-
pants with high genetic risk and an unfavorable lifestyle
(HR=3.32, 95% CI: 1.80-6.11), followed by those with a
high genetic risk and moderate lifestyle (HR =2.24, 95%
CI: 1.23-4.05) (Fig. 3d). The cumulative risk curves for
developing CRC stratified by different PRS and HLI cat-
egories are presented in Additional file 4: Fig S3 and S4.

Age-specific analyses showed clear separation of the
absolute risk trajectories across different PRS and life-
style groups. By the age of 75 years, individuals with a
high PRS and an unfavorable lifestyle reached an absolute
risk of approximately 3% (Fig. 3e). Although no statisti-
cally significant multiplicative or additive interaction was
detected between genetic risk and lifestyle (Additional
file 3: Table S4), the clinical benefit of a favorable life-
style was more pronounced among individuals with high
genetic risk. Specifically, the difference in standardized
incidence rates between unfavorable and favorable life-
styles was 135.8 events per 100,000 person-years in the
high genetic risk group, compared to only 20.9 events
per 100,000 person-years in the low genetic risk group
(Fig. 3f).

Joint impact of PRS121 and APCS in the TARGET-C
screening cohort

A total of 2,821 participants were included from a
population-based CRC screening trial (TARGET-C),
including 415 patients with advanced neoplasia (AN;
31 CRC and 384 AA), 750 patients with NAA, and
1,656 HCs (Fig. 1). The baseline characteristics of the
participants are summarized in Additional file 3: Table
S5. The CKB and TARGET-C cohorts showed small-
to-moderate differences in most demographic and life-
style variables at baseline. The SMD for age was larger
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rs8022952 14 51394480 T Cc 0.4345 PYGL intronic
15112540150 18 46449925 T c 0.1270 SMAD7 intronic
rs6085662 20 6698372 (o] G 0.2242 RP5-859D4.3 intergenic
52423272 20 7806450 T c 0.3363 RP5-836E8.1 intergenic

Fig. 2 Results for identified CRC risk loci from the GWAS meta-analysis. a Manhattan plot of GWAS meta-analysis results, the P values (-log10) of the SNPs
(y-axis) are presented according to their chromosomal positions (x-axis). Horizontal dashed line represents the genome-wide significance threshold
(P=5x107%). Fifteen loci exceeded genome-wide significance, with the most significant SNPs labeled. b Summary table of the 15 genome-wide signifi-
cant loci. Abbreviations: Chr, chromosome; MAF, minor allele frequency; ncRNA, non-coding RNA

(0.86), which was consistent with the age eligibility cri-
teria of the TARGET-C screening trial (50-74 years).
The PRS,,, distribution was similar between the two
cohorts, with an SMD of 0.20 (Additional file 3: Table
S6).

We observed that the PRS distribution followed an
increasing trend across the dynamic adenoma-carci-
noma sequences. Individuals with AN exhibited a signif-
icantly higher PRS than those with NAA (P=0.021) and
healthy controls (P<0.001). The NAA group showed a
higher PRS than the healthy control group (P<0.001;
Fig. 4a). To investigate the risk differences across vari-
ous disease stages, we categorized the participants into
distinct case and control groups: (i) AN and NAA ver-
sus HC, (ii) AN versus HC, (iii) AN versus NAA and

HC, and (iv) AN versus NAA. The strongest associa-
tion was observed between the AN and HC groups. ORs
increased steadily across PRS quintiles and reached 3.66
in the top 20% of the PRS distribution. Similar trends
were observed in other comparisons (Fig. 4b).

Additionally, we assessed the combined effects of dif-
ferent genetic risk factors and APCS levels. The high-
est risk was observed in the high genetic risk and high
APCS group for AN vs. HC (OR=4.12, 95% CI: 2.12—
8.01; Fig. 4c). No multiplicative or additive interactions
were observed between the genetic risk and APCS levels
(Additional file 3: Table S7).
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Table 1 The CRC risk prediction performance metrics of PRSs derived from different approaches in the CKB cohort
PRS method Parameter Ngnp C-index (95% Cl) HR?(95%Cl) P value HRb (95%CI) P value
Well-developed PRS 15 as” 115 0596 (0.581,0622) 140 (131,1.50) 180E-22 141(1.31,150) 664E-23
PRScox.cas fuR” 1,145689 0.598(0.583,0.623) 141(1.32,151) 160E-22 141 (131, 51) 423E-21
Clumping and P value thresholding P=5e-4 (LD r’=0.01) 564 0.557 (0.545,0.586) 1.23(1.15,1.31) 197E-09 1.23(1.15,1.32) 548E-09
P=5e-6 (LD r’=0.01) 53 0.562 (0.547,0.588) 1.25(1.17,1 34) 3.12E-10 1.25(1.17,1.34) 364E-10
P=5e-8 (LD r’=0.01) 15 0.559 (0.542,0.586) 1.24(1.16,1.34) 446E-09 1.24(1.16,1.34) 495E-09
PRS-CS Auto 417,502 0572(0.553,0.591) 1.30(1.21,1.40) 259E-12 1.45(1.33,1.58) 193E-17
Combined PRS,i5+5e-6 (LD ’=001) 143 0.600 (0.582,0.623) 1.40(1.31,149) 290E-23 1.40(1.31,1.50) 299E-23
PRS;;5+5e-8 (LD r’=001) 121 0.602 (0.582,0.622) 1.41(1.32,1.51) 491E-24 142(1.33,1.52) 130E-24

Abbreviations: CRC Colorectal cancer, CKB China Kadoorie Biobank, PRS Polygenic risk score, HR Hazard ratio, C/ Confidence interval, LD Linkage disequilibrium

“The model includes continuous z-transformed PRS

bThe model includes age, sex, top 10 principal components, and continuous z-transformed PRS

“Developing and validating polygenic risk scores for colorectal cancer risk prediction in East Asians. Int J Cancer. 2022 Nov 15;151(10):1726-1736

dRisk assessment for colorectal cancer via polygenic risk score and lifestyle exposure: a large-scale association study of East Asian and European populations.

Genome Med. 2023 Jan 24;15(1):4

Discriminative performance of PRS121 and conventional
risk factors in the TARGET-C screening cohort

The PRS demonstrated the highest discriminative ability
among the conventional risk factors, including age, sex,
BM]I, FH, and APCS. The PRS consistently achieved the
highest AUC and partial AUC among all comparisons
(AUC: 0.629 for AN vs. HC, 0.591 for AN+ NAA vs. HC,
0.598 for AN vs. NAA + HC, and 0.554 for AN vs. NAA;
partial AUC: 0.624 for AN vs. HC, 0.590 for AN+ NAA
vs. HC, 0.593 for AN vs. NAA + HC, and 0.550 for AN vs.
NAA; Fig. 5a, Additional file 3: Table S8).

For different risk factor combinations, incorporat-
ing PRS consistently improved the discriminative abil-
ity across all comparisons. For AN vs. HC, the AUC
increased from 0.558 (age+sex) to 0.599 (adding
BMI), 0.612 (adding FH of CRC), 0.626 (adding smok-
ing), and 0.679 (adding the PRS). Similar results were
observed in other comparisons (Fig. 5b). The full model
(age +sex+BMI + FH + smoking + PRS)  showed  the
best discriminative ability for all the outcomes. For
AN vs. HC, simpler models had negative IDI values
(e.g., age+sex: IDI=-0.059, 95% CI: —-0.074 to -0.045;
P<0.001) and NRI values (continuous NRI = -0.447, 95%
CI: -0.582 to -0.312; categorical NRI=-0.172, 95% CI:
-0.246 to —0.098) compared with the full model. Similar
trends were observed in other groups (Additional file 3:
Table S9-S12).

Evaluation of the screening yield of traditional and novel
risk-adapted screening strategies

Among the 2,821 participants, 1,275 had no FIT results.
Therefore, the performance evaluation study of the risk-
adapted screening strategy ultimately included 1,546 par-
ticipants (Fig. 1). Comparisons between individuals with
and without available FIT results showed modest differ-
ences in demographic and lifestyle characteristics (SMDs
0.12-0.27). PRS,,; distributions were nearly identical

between the two groups (SMD=0.00, Additional file 3:
Table S13).

Figure 6 compares the screening performance across
different strategies. In terms of AN detection, all risk-
adapted strategies demonstrated higher detection rates
than the FIT-only strategy. The detection rate increased
from 13.1% with FIT-only screening to 16.7% with the
PRS-based strategy (P=0.024), and further to 21.0%
with the any high-risk strategy integrating both PRS and
APCS (P=2.72E-06).

Regarding diagnostic accuracy, the any high-risk strat-
egy achieved the highest sensitivity (87.2%), substantially
exceeding that of the FIT-only strategy (54.1%, P=3.10E-
15). In contrast, specificity and positive predictive value
(PPV) were highest in the FIT-only strategy (73.9% and
39.7%, respectively) and decreased in risk-adapted strate-
gies, reflecting the expected trade-off between sensitivity
and specificity.

In terms of resource utilization, the PRS-based strategy
required more colonoscopies than FIT-only screening
(462 vs. 330), while the any high-risk strategy required
the greatest number (687). However, colonoscopy effi-
ciency remained comparable across strategies, with the
number of colonoscopies required to detect one AN
being 2.52 for FIT-only screening, 2.75 for the PRS-based
strategy, and 3.26 for the any high-risk strategy.

Importantly, the PRS-based risk-adapted strategy iden-
tified a substantial proportion of AN cases that would
have been missed by FIT-only screening. Specifically,
35 of 166 detected AN cases (21.1%) were FIT-negative
but classified as high risk by PRS, indicating that over
one-fifth of AN cases were uniquely identified through
genetic risk stratification rather than FIT positivity.
When PRS and APCS were combined, this proportion
increased to 80 of 211 cases (37.9%), demonstrating
that integrated risk stratification substantially improves
detection of FIT-negative lesions. These findings are fur-
ther illustrated in Fig. 7.
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Fig. 6 Comparison of screening performance across FIT-only and risk-adapted screening strategies. a Cumulative detection rate of advanced neoplasia
(AN); (b) Sensitivity; (c) Specificity; (d) Positive predictive value (PPV); (e) Total number of colonoscopies required. f Number of colonoscopies needed to
screen (NNS) one AN case. Risk-adapted strategies included PRS-based, APCS-based, dual high-risk (PRS and APCS), and any high-risk (PRS or APCS) ap-
proaches. Statistical significance was assessed using appropriate comparative tests (*P <0.05; **P <0.01; ***P <0.001). Data shown are derived from the
study cohort. Abbreviations: AN, advanced neoplasia; PRS, polygenic risk score; APCS, Asia—Pacific Colorectal Screening Score
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Discussion

This study evaluated the utility of the PRS for CRC risk
prediction in a large-scale prospective cohort and its
utility as a risk-adapted screening strategy within a
population-based screening setting. The PRS;,; demon-
strated superior discriminatory performance compared
with conventional risk factors and existing PRS models,
highlighting the potential of integrating the PRS with
established screening modalities—such as FIT and colo-
noscopy—within risk-adapted CRC screening strategies.

Unlike previous studies that primarily relied on cross-
sectional data [10, 11], our analysis utilized the CKB, a
large-scale prospective cohort, and rigorously accounted
for competing risks through statistical calibration. Our
results demonstrated a robust association between the
PRS and CRC risk, which is consistent with previous
studies [32, 33], providing compelling evidence for the
utility of genetic risk stratification. The PRS,,;, derived
from a combination of well-established GWAS-identi-
fied SNPs and additional variants from our EAS GWAS
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meta-analysis, outperformed the other models. Notably,
the performance of the PRS;,; was achieved with only
121 SNPs, in contrast to genome-wide approaches such
as the PRS-CS, which require substantially more vari-
ants for computation. This optimized SNP panel-based
strategy offers a cost-effective alternative to genome-wide
PRS methods, as it reduces the genotyping burden while
maintaining robust discriminative ability.

Importantly, lifestyle factors substantially modified
CRC risk across genetic risk strata. Among individuals
with high genetic risk, those with favorable lifestyle had
markedly lower risk compared with those with unfavor-
able lifestyle. These findings highlight the important role
of lifestyle modification in mitigating inherited CRC
risk and support its relevance for precision prevention
strategies.

A key strength of our study was the assessment of
the real-world clinical utility of the PRS in risk-adapted
screening for CRC. To our knowledge, this is the first
study to conduct such an evaluation. CRC predominantly
develops via the adenoma-carcinoma sequence. Early
detection and removal of precancerous lesions, particu-
larly AA, are more effective for CRC prevention than the
detection of established CRC, making it a primary objec-
tive of screening programs. In this study, we observed
that PRS and FIT exhibited complementary performance
in detecting advanced colorectal neoplasia: PRS dem-
onstrated higher sensitivity, whereas FIT showed better
specificity. Evidence from previous systematic reviews
also indicates that the sensitivity of the FIT for detect-
ing precancerous lesions is substantially lower than that
for detecting CRC and varies depending on the positiv-
ity threshold [34]. For example, the sensitivity of FIT for
detecting CRC was high (91% at a threshold of 10 pg/g),
whereas its sensitivity for AA was considerably lower
(40% at the same threshold) [34]. This dichotomy sup-
ports the potential utility of a risk-adapted screening
approach in which the PRS could serve as an initial risk
stratification tool to identify candidates for subsequent
FIT testing or direct colonoscopy. Our findings demon-
strate that a risk-adapted screening strategy integrating
the PRS with existing screening modalities, including the
FIT and colonoscopy, offers a promising approach for
enhancing the CRC screening efficacy. The PRS-based
risk-adapted strategy achieved a more favorable balance
between sensitivity and specificity than FIT alone, with
a significantly higher detection rate. This strategy may
optimize the trade-offs among sensitivity, specificity,
and resource utilization in population-based screening
programs.

Risk-adapted screening necessitates risk assessment
across the target population, which inevitably incurs
additional costs. Several studies have explored the
potential cost-effectiveness of PRS risk-adapted CRC
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screening. However, the findings are not consistent.
Some studies have reported no economic health benefits
from integrating the PRS into CRC population screening
[35, 36]. Regarding China’s organized cancer screening
programs, a modeling study of the PRS-adapted screen-
ing strategy demonstrated moderate improvement in
clinical benefits and cost-effectiveness [37]. Although
our cross-sectional analysis suggests that PRS stratifica-
tion may modestly improve screening efficiency, robust
evidence from RCTs is still needed, considering ancestral
inequities, societal acceptability, a potential reduction in
current screening uptake, and logistical challenges. Evi-
dence of a favorable benefit—-harm balance in research
settings does not necessarily guarantee similar outcomes
in real-world practice.

Despite these advancements, this study has some limi-
tations. First, the generalizability of our findings may
be constrained by the predominant EAS ancestry of the
study population. Validation with diverse ethnic groups
is necessary to ensure broader applicability. Second,
the incremental benefit of the PRS over conventional
risk factors, although statistically significant, was mod-
est for some comparisons. Further improvements in
PRS models, possibly through the inclusion of rare vari-
ants or functional genomic data, may enhance predic-
tive performance. Third, the effectiveness of PRS-based
risk-adapted screening was evaluated in a cross-sec-
tional manner. Its long-term impact on CRC incidence
and mortality, compared to other strategies, should be
assessed in prospective cohorts or RCTs with longer fol-
low-up periods. Lastly, the cost-effectiveness of the PRS-
based screening strategy was not evaluated in the current
study, as it falls outside its scope. However, this aspect
should be assessed in future studies.

Conclusions

Our study demonstrates that PRS enables effective risk
stratification for colorectal cancer and improves detec-
tion of advanced neoplasia by identifying high-risk indi-
viduals missed by FIT, supporting its utility in precision
risk-adapted screening. Future research should focus on
validating these findings across diverse populations and
evaluating the long-term effects of PRS-based screening
on CRC incidence and mortality.
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