
Articles
eBioMedicine
2023;89: 104454

Published Online xxx

https://doi.org/10.
1016/j.ebiom.2023.
104454
Prognostic evaluation of polygenic risk score underlying
pan-cancer analysis: evidence from two large-scale cohorts
Junyi Xin,a,i Xia Jiang,b,c,i Huiqin Li,a,d,i Silu Chen,a,e Zhengdong Zhang,a,e Meilin Wang,a,e Dongying Gu,f ,∗∗ Mulong Du,d,g,∗ and
David C. Christianig,h,j

aDepartment of Environmental Genomics, Jiangsu Key Laboratory of Cancer Biomarkers, Prevention and Treatment, Collaborative
Innovation Center for Cancer Personalized Medicine, Nanjing Medical University, Nanjing, China
bDepartment of Clinical Neuroscience, Center for Molecular Medicine, Karolinska Institutet, Stockholm, Sweden
cDepartment of Epidemiology and Biostatistics, West China School of Public Health and West China Fourth Hospital, Sichuan
University, Chengdu, China
dDepartment of Biostatistics, Center for Global Health, School of Public Health, Nanjing Medical University, Nanjing, China
eDepartment of Genetic Toxicology, The Key Laboratory of Modern Toxicology of Ministry of Education, Center for Global Health,
School of Public Health, Nanjing Medical University, Nanjing, China
fDepartment of Oncology, Nanjing First Hospital, Nanjing Medical University, Nanjing, China
gDepartments of Environmental Health and Epidemiology, Harvard T.H. Chan School of Public Health, 665 Huntington Avenue,
Boston, MA, USA
hDepartment of Medicine, Massachusetts General Hospital, 55 Fruit Street, Boston, MA, USA

Summary
Background Polygenic risk score (PRS) has been demonstrated to be effective in identifying individuals at high risk of
developing cancer, but its prognostic value remains unclear.

Methods We constructed site-specific PRSs by aggregating the risk effect of independent variants derived from
previous genome-wide association studies (GWASs) across 17 cancer types. The Cox proportional hazards model
was used to evaluate the association of each PRS with cancer survival, leveraging data from two prospective
European cohorts, namely the UK Biobank involving 19,628 incident cases and The Cancer Genome Atlas
involving 7079 prevalent cases. The combined PRS (CPRS), determined by merging site-specific PRSs, was
further used to assess the prognostic effect of PRS on overall cancer in a sex-specific manner.

Findings We discovered that the cancer risk-related PRS was associated with neither overall survival (OS) nor cancer-
specific survival (CSS) of each site-specific cancer with an underlying false discovery rate (FDR) P > 0.05, as evidenced
by consistent findings from the two cohorts. Furthermore, the fixed-effect meta-analysis of the two cohorts provided
no evidence to support for an association between CPRS and overall cancer survival in both males [OS: hazard ratio
(HR)meta = 1.00, Pmeta = 0.760; CSS: HRmeta = 1.01, Pmeta = 0.447] and females (OS: HRmeta = 0.97, Pmeta = 0.067; CSS:
HRmeta = 0.96, Pmeta = 0.054). Similar results were observed across multiple sensitivity analyses.

Interpretation Our findings indicate that the risk-specific PRS might not be a clinically useful tool in cancer prognosis
prediction and further studies focusing on the development of polygenic prognostic score are warranted.
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Research in context

Evidence before this study
Polygenic risk score (PRS) has been demonstrated to be
effective in disease risk stratification. Despite it being widely
anticipated that PRS can also serve as an indicator of disease
outcomes, few studies have assessed its actual prognostic
value in clinical practice.

Added value of this study
In this study, we assessed the transferability of PRS in
predicting survival across 17 site-specific cancers evidenced by
two large-scale longitudinal cohorts, namely, the UK Biobank

involving 19,628 incident cases and The Cancer Genome Atlas
involving 7079 prevalent cases. We found that the PRS was
not associated with either overall survival (OS) or cancer-
specific survival (CSS) of site-specific and overall cancer.

Implications of all the available evidence
Results from two large-scale longitudinal cohorts
demonstrate a limited clinical utility of risk-based PRS in
predicting cancer survival, which emphasizes that a polygenic
prognostic score is needed for precision cancer outcome
prediction in the future.
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Introduction
Cancer is the leading cause of death worldwide, with an
estimated 19.3 million new cases and 10.0 million deaths
occurring in 2020.1 It is well known that heritable genetic
factors (e.g., genetic variants) and modifiable exposures
(e.g., lifestyle) contribute to the development and prog-
nosis of cancer.2,3 Therefore, a well-developed prediction
tool based on risk factors or biomarkers would effectively
reduce cancer incidence and mortality.4

To date, genome-wide association studies (GWASs)
have discovered hundreds of single-nucleotide poly-
morphisms (SNPs) involved in cancer susceptibility.5,6

Polygenic risk score (PRS) is a valuable method that
aggregates the modest effect of each GWAS-identified
SNP and effectively identifies populations at high risk
of developing most common cancers, therefore
providing more support for the improvement of cancer
prevention strategies.7–9 Of note, it has been suggested
that PRS could also serve as a biomarker of disease
outcomes, but the actual prognostic value of PRS in
clinical practice has not been fully assessed.10–12 Survival
probability is a direct measure of cancer prognosis that
is clinically important for patients suffering from can-
cer,13 it, however, remains undetermined whether PRS
can be utilized to predict cancer survival.

In this study, we performed a pan-cancer survival
evaluation of PRS across 17 cancer types (i.e., bladder,
brain, breast, colorectal, corpus uteri, esophagus,
gastric, lung, lymphoid leukaemia, multiple myeloma,
oral and pharynx, ovarian, pancreatic, prostate, renal,
skin melanoma and thyroid cancer; Fig. 1), leveraging a
total of 26,707 cancer patients of European ancestry with
genotyping and clinical information derived from two
large-scale longitudinal cohorts, namely the UK Bio-
bank14 and The Cancer Genome Atlas (TCGA).15
Methods
Study subjects
UK biobank
The UK Biobank cohort is a prospective, population-
based study that recruited 502,528 adults aged 40–69
years from the general population between April 2006
and December 2010. Participants visited one of 22
assessment centers across England, Scotland and Wales,
where they completed touchscreen and nurse-led ques-
tionnaires, and provided biological samples. The study
protocol and information about data access are available
online and more details of the recruitment and study
design have been published in previous studies.14,16 This
study was conducted using the UK Biobank Resource
under Application #45611.

After individual-level quality control (QC): (i)
removed individuals with prevalent cancer (except non-
melanoma skin cancer, based on the International
Classification of Diseases, 10th revision [ICD-10, C44])
at baseline; (ii) sex discordance; (iii) outliers for geno-
type missingness or excess heterozygosity; (iv) retained
unrelated participants; (v) restricted to "white British"
participants of European ancestry and (vi) removed in-
dividuals who decided not to participate in this program,
a total of 355,543 participants remained for analysis.17

The follow-up time of cancer risk was calculated
from baseline assessment to the diagnosis of cancer
(defined by ICD-10 codes3), loss to follow-up, death or
end of the follow-up period (December 14, 2016);
similarly, the follow-up time of cancer mortality was
defined from baseline assessment to death, loss to
follow-up or end of the follow-up period. To examine
cancer prognosis, the follow-up time of cancer survival
was calculated from cancer diagnosis to death or the last
follow-up (February 14, 2018), and we determined
whether an individual died of a specific cancer by
considering the ICD-10 codes listed as the primary
cause of death.

TCGA
TCGA is a joint cancer genomics program of the National
Cancer Institute and National Human Genome Research
Institute that began in 2006. Over the past decade, TCGA
collected more than 20,000 primary cancer and matched
normal samples from over 10,000 cases across 33 cancer
types. TCGA included both tumour and normal bio-
specimens with written informed consent under
www.thelancet.com Vol 89 March, 2023
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Fig. 1: Summary of the study design. Note: PRS, polygenic risk score; QC, quality control; MAF, minor allele frequency; HWE, Hardy–Weinberg
equilibrium; SNP, single nucleotide polymorphism; LD, linkage disequilibrium; TCGA, The Cancer Genome Atlas.
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authorization of local institutional review boards. The
study protocol and information about data access
and study design have been published on the TCGA
website (https://www.cancer.gov/about-nci/organization/
ccg/research/structural-genomics/tcga).

After identifying participants of European ancestry,18

a total of 8523 individuals with 33 cancer types were
retained for further analysis. The follow-up time
regarding cancer survival was calculated from cancer
diagnosis to death or the last follow-up, and detailed
clinical information, including overall and cancer-
specific death, was extracted from Liu et al.’s study.19

Ethics
All participants provided written informed consent prior
to data collection. This study was conducted using UK
Biobank Resources (Application #45611) and The Can-
cer Genome Atlas (TCGA). This project was approved by
the Internal Review Board of Nanjing Medical Univer-
sity (NJMUIRB-2022-012).

Genotype and imputation
UK biobank
All samples were genotyped using the UK BiLEVE Axiom
Array (807,411 markers tested for 49,950 participants) or
www.thelancet.com Vol 89 March, 2023
UK Biobank Axiom Array (825,927 markers tested for
438,427 participants) by Affymetrix. The genotyping data
were imputed using SHAPEIT3 and IMPUTE3 based on
the reference panels of Haplotype Reference Consortium
(HRC), UK10K and 1000 Genomes Project (Phase 3). The
study protocol and information about data access are
available online (http://www.ukbiobank.ac.uk/wp-content/
uploads/2011/11/UK-Biobank-Protocol.pdf).

TCGA
We obtained access to the raw genotype data from normal
blood or normal tissue samples in the TCGA database
[https://tcga-data.nci.nih.gov/tcga/; the database of
Genotypes and Phenotypes (dbGaP) accession
phs000178.v11.p8], which included 906,600 SNPs using
the Affymetrix SNP 6.0 array. We subsequently imputed
the non-genotyped SNPs based on the 1000 Genomes
Project (Phase I, version 3, 1092 individuals) using
IMPUTE2. The detailed information was reported in our
previous study.20

Definition of overall survival (OS) and cancer-
specific survival (CSS)
OS is defined as the period from the date of diagnosis
until the date of death from any cause. The censored
3
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time is from the date of initial diagnosis until the date of
last contact (i.e., the largest number of days).

CSS, on the other hand, is defined as the period from
the date of initial diagnosis until the date of death
caused by the diagnosed cancer. The censored time is
from the date of initial diagnosis until the date of death
from any cause or until the date of last contact.

Construction of site-specific PRS and sex-specific
combined PRS (CPRS)
Based on the following criteria: (i) with genome-wide
significant risk loci identified in previous GWASs; and
(ii) number of incident cases in UK Biobank >100, a
total of 17 cancer types (i.e., bladder, brain, breast,
colorectal, corpus uteri, esophagus, gastric, lung,
lymphoid leukaemia, multiple myeloma, oral and
pharynx, ovarian, pancreatic, prostate, renal, skin mel-
anoma and thyroid cancer) were included in our anal-
ysis (Fig. 1). We collected GWAS-reported variants
associated with the risk of the 17 cancers from previous
studies (Supplementary Table S1a-b)3 and included
variants based on a strict QC process consisting of (i)
SNPs located within autosomal chromosomes; (ii)
imputation info score ≥0.3; (iii) minor allele frequency
(MAF) ≥ 0.01; (iv) call rate ≥95% in the UK Biobank or
90% in the TCGA and (v) Hardy–Weinberg Equilibrium
(HWE) P value ≥ 1 × 10−6.

Subsequently, we constructed PRS for each site-
specific cancer based on the remaining independent
[linkage disequilibrium (LD) clumping with an r2 < 0.01]
SNPs using the following equation: PRS = ∑n

i=1βiSNPi,
where SNPi is the risk allele number (0, 1, or 2) of each
SNP, and βi is the logistic regression coefficient derived
from previous studies of European ancestry.

Furthermore, to evaluate the association of PRS with
overall cancer outcomes, we constructed the sex-specific
CPRS using an unweighted method with the following
formula: CPRS = ∑C

c=1PRSc , where PRSc is the PRS of
the c-th cancer (note: prostate cancer for the male-
specific model; breast cancer, ovarian cancer and
corpus uteri for the female-specific model).

Sensitivity analysis
To assess the reliability of the association between PRS
and cancer survival, we performed several sensitivity
analyses: (i) we repeated the evaluation of PRS in 3-year
and 5-year cancer survival prediction; (ii) to exclude the
joint effects between some risk factors (e.g., smoking)
and cancer PRS, we evaluated the association without
additional adjustment of body mass index (BMI),
smoking status and drinking status in the UK Biobank
cohort; (iii) to control for the effect of morbidity severity
on cancer survival, we added the site-specific association
results with additional adjustment of pathology stage
[i.e., American Joint Committee on Cancer (AJCC)
stages for most cancer types; clinical stages for corpus
uteri and ovarian cancer; and clinical grade for brain
cancer] in the TCGA cohort; (iv) to exclude the potential
pleiotropy effect of GWAS SNPs between several cancers,
we repeated the PRS evaluation after excluding shared
variants (LD, r2 ≥ 0.01) across all cancers; (v) we further
evaluated the prognostic role of genome-wide variants
derived PRSs (via a Bayesian approach) of four common
cancers (i.e., breast cancer, colorectal cancer, ovarian can-
cer and prostate cancer; Category: 301; https://biobank.
ndph.ox.ac.uk/ukb/label.cgi?id=300)21 in the UK Biobank
cohort; and (vi) to include the epidemiological differences
between multiple cancer types, we re-calculated the sex-
specific weighted CPRS,3 with the following formula:
CPRS = ∑C

c=1WcPRSc , where Wc is the age-standardized
incidence of c-th cancer in UK population, and PRSc is the
PRS of the c-th cancer.

Statistical analysis
The Cox proportional hazards model was used to
calculate hazard ratios (HRs) and 95% confidence in-
tervals (CIs) for the associations of each SNP (in the
additive genetic model) or PRS with the risk and sur-
vival of site-specific cancer, adjusting for relevant con-
founding factors when appropriate (UK Biobank: sex,
age, BMI, smoking status, drinking status and first 10
principal components; TCGA: sex, age and first 10
principal components). We additionally adjusted cancer
types when evaluating the association of the CPRS with
overall cancer survival. In particular, the logistic
regression model was used to calculate odds ratios
(ORs) and 95% CIs for the associations of the PRS with
site-specific cancer risk in the TCGA cohort, in which
the other cancer cases were considered as controls. The
heterogeneity between the UK Biobank and TCGA was
assessed using Cochrane’s Q test, and Pheterogeneity <
0.01 was considered significant. The false discovery rate
(FDR) method was also performed for multiple com-
parisons. The Spearman rank correlation analysis was
used to measure the relationship of the proportion of
deaths or site-specific cancer risk effects between the
UK Biobank and TCGA cohorts.

All statistical analyses were performed using R
(version 3.6.2) and PLINK (version 1.90) software, and a
two-sided P-value less than 0.05 was usually considered
significant.

Role of funding source
The funder had no role in the design of the study; data
collection, analysis, and interpretation of the data; the
writing of the manuscript; and the decision to submit
the manuscript for publication.
Results
Association of PRS with site-specific cancer survival
in the UK biobank
In the UK Biobank cohort, 19,628 of 355,543 individuals
were diagnosed with one or more of the 17 included
www.thelancet.com Vol 89 March, 2023
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cancer types during a median follow-up time of 7.8
years, ranging from 179 thyroid cancers to 4882 prostate
cancers (Supplementary Table S2); overall, the deaths of
5031 patients were due to all-cause mortality (79.13%
attributed to cancer-specific death) during a median
follow-up time of 4.1 years after the clinical diagnosis.
We collected GWAS-reported SNPs associated with the
risk of 17 site-specific cancer types and observed a
consistent genetic effect and direction of most SNPs on
cancer risk as reported previously. However, no signif-
icant association of any individual SNP with OS or CSS
of site-specific cancer was observed beyond suggestive
genome-wide significance (PCox > 1 × 10−6;
Supplementary Table S1b).

Subsequently, we calculated 17 cancer-specific PRSs
by aggregating the risk effect of independent GWAS
SNPs and found as expected that all PRSs were signif-
icantly associated with an increased risk of site-specific
cancer onset (FDR-adjusted PCox < 0.05; Fig. 2a;
Supplementary Table S3), with HRs per standard devi-
ation (SD) ranging from 1.14 (gastric cancer) to 2.00
(lymphoid leukaemia). Furthermore, we also observed
that most of these PRSs were associated with an
increased risk of site-specific cancer death (FDR-
adjusted PCox < 0.05; Supplementary Table S4), with the
strongest association observed for skin melanoma (HR
per SD = 1.89, PCox = 5.06 × 10−9) and prostate cancer
(HR per SD = 1.66, PCox = 3.14 × 10−16).

However, similar to the finding for individual SNPs,
there was no significant association of PRS with either
OS or CSS for each site-specific cancer in cancer pa-
tients (all FDR-adjusted PCox > 0.05; Fig. 2a;
Supplementary Table S3). For example, the colorectal
cancer-specific PRS showed significant association with
an increased risk of colorectal cancer (HR per SD = 1.56,
FDR-adjusted PCox = 1.85 × 10−113), but not related to the
prognosis of colorectal cancer patients (OS: HR per
SD = 0.93, FDR-adjusted PCox = 0.252; CSS: HR per
SD = 0.96, FDR-adjusted PCox = 0.614).

Association between CPRS and overall cancer
survival in the UK biobank
To further evaluate the prognostic effect of the PRS on
overall cancer, we integrated site-specific PRSs into
sex-specific CPRS due to the differences between males
and females in some cancer incidence rates (e.g., pros-
tate cancer). Intriguingly, the CPRS was associated with
an increased risk of overall cancer onset in both males
(HR per SD = 1.16, PCox = 1.02 × 10−52) and females (HR
per SD = 1.15, PCox = 8.72 × 10−40; Supplementary
Table S3). Moreover, a significant association between
CPRS and an increased risk of overall cancer mortality
was also observed, especially in males (HR per
SD = 1.13, PCox = 2.47 × 10−9; Supplementary Table S4).

Nevertheless, CPRS was not significantly associated
with overall cancer survival in either males (OS: HR per
SD = 1.01, PCox = 0.599; CSS: HR per SD = 1.01,
www.thelancet.com Vol 89 March, 2023
PCox = 0.532) or females (OS: HR per SD = 0.99,
PCox = 0.515; CSS: HR per SD = 0.97, PCox = 0.217).

Replication of the association of PRS with cancer
survival in TCGA
Furthermore, we replicated this evaluation in TCGA
cohort that included 7079 cancer patients with 15 cancer
types (lymphoid leukaemia and multiple myeloma were
not available); with 2366 (33.42%) all-cause deaths and
1678 (23.70%) cancer-specific deaths reported during a
median follow-up time of 2.01 years (Supplementary
Table S5). The proportion of cancer deaths in the
TCGA cohort was positively correlated with that in the
UK Biobank cohort (rall-cause = 0.671, PSpearman = 0.008;
rcancer-specific = 0.679, PSpearman = 0.007; Supplementary
Fig. S1a and b). Similarly, the PRS was significantly
associated with an increased risk of site-specific cancer
compared to other cancers [OR per SD > 1; Fig. 2b;
Supplementary Table S6]. Notably, there was a high
consistency in the association of PRS with site-specific
cancer risk between the two cohorts (all Pheterogeneity >
0.01; Supplementary Fig. S2a), with a high positive
correlation of 0.796 (PSpearman = 6.08 × 10−4;
Supplementary Fig. S2b). In addition, we observed no
significant association between the PRS and site-specific
cancer survival in the TCGA cohort (all FDR-adjusted
PCox > 0.05; Fig. 2b; Supplementary Table S6), in
line with findings from the UK Biobank cohort (all
Pheterogeneity > 0.01; Supplementary Fig. S3a and b).

In terms of CPRS, despite null results with OS and
CSS of overall cancer in males (OS: HR per SD = 0.99;
PCox = 0.789; CSS: HR per SD = 1.02; PCox = 0.664) or
CSS (HR per SD = 0.94; PCox = 0.107) in females, it was
marginally significantly associated with an improved OS
of overall cancer in females (HR per SD = 0.94;
PCox = 0.029; Supplementary Table S6) in the TCGA
cohort. However, further fixed-effect meta-analysis
combining the association of the CPRS with overall
cancer survival in the TCGA and UK Biobank cohorts
still yielded to non-significant results in both males (OS:
HRmeta = 1.00, Pmeta = 0.760, Pheterogeneity = 0.614; CSS:
HRmeta = 1.01, Pmeta = 0.447, Pheterogeneity = 0.960)
and females (OS: HRmeta = 0.97, Pmeta = 0.067,
Pheterogeneity = 0.173; CSS: HRmeta = 0.96, Pmeta = 0.054,
Pheterogeneity = 0.532; Fig. 3a and b).

Sensitivity analysis
To assess the reliability of our findings, several sensi-
tivity analyses were performed via different approaches.
First, we evaluated the prognostic effect of the PRS on
3-year and 5-year cancer survival. After FDR correction,
there was no significant association of the PRS with
site-specific cancer survival in the UK Biobank and
TCGA cohorts (all FDR-adjusted PCox > 0.05;
Supplementary Table S7 and S8), which was consistent
with the results from the primary analysis. Similar
results were also found between the CPRS and overall
5
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Fig. 2: The associations of PRS with site-specific cancer risk and survival in the UK Biobank and TCGA cohorts. (a) UK Biobank, HR (95% CI) per
SD for risk (incident cases/total population) and survival (deaths/cases) evaluation, derived from the Cox proportional hazards regression model
with the adjustment of sex, age, BMI, smoking status, drinking status and first 10 principal components when appropriate. (b) TCGA, OR (95%
CI) per SD for risk evaluation, derived from the logistic regression model (cancer-specific cases vs. other cancer cases) with the adjustment of sex,
age and first 10 principal components when appropriate; HR (95% CI) per SD for survival evaluation, derived from the Cox proportional hazards
regression model (deaths/cases) with the adjustment of sex, age and first 10 principal components when appropriate. Note: PRS, polygenic risk
score; OR, odds ratio; HR, hazards ratio; CI, confidence interval; TCGA, The Cancer Genome Atlas; SD, standard deviation.
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cancer survival (all Pmeta > 0.05; Supplementary
Fig. S4a-d).

Second, when we evaluated the association between
PRS and site-specific cancer survival without additional
adjustment of BMI, smoking status and drinking status
in the UK Biobank cohort, as well as with additional
adjustment of pathology stage in the TCGA cohort,
similar findings (all FDR-adjusted PCox > 0.05;
Supplementary Tables S9 and S10) were also observed.
Third, using independent variants across multiple
www.thelancet.com Vol 89 March, 2023
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Fig. 3: Meta-analysis of the association of sex-specific CPRS with
overall cancer survival between the UK Biobank and TCGA cohorts.
(a) Overall survival; (b) cancer-specific survival. HR (95% CI) per SD,
derived from the Cox proportional hazards regression model (deaths/
cases) with the adjustment of corresponding confounding factors
(UK Biobank: age, BMI, smoking status, drinking status, first 10
principal components and cancer types; TCGA: age, first 10 principal
components and cancer types) when appropriate. Meta-analysis was
performed using a fixed-effect model. Note: CPRS, combined poly-
genic risk score; HR, hazards ratio; CI, confidence interval; TCGA, The
Cancer Genome Atlas; SD, standard deviation.
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cancers, we also found non-significant association between
PRS and site-specific cancer survival in both cohorts (all
FDR-adjusted PCox > 0.05; Supplementary Tables S11 and
S12), as well as between the CPRS and overall cancer
survival in meta-analysis (all Pmeta > 0.05; Supplementary
Fig. S5a and b). Fourth, utilizing PRS derived from
genome-wide variants which showed a stronger ability of
cancer onset risk prediction, similar null association was
found for prognosis (all FDR-adjusted PCox > 0.05;
Supplementary Table S13). Lastly, compared to an un-
weighted CPRS, the weighted CPRS showed a stronger
association with an increased risk of overall cancer in both
males (HR per SD = 1.29, PCox = 7.58 × 10−146) and fe-
males (HR per SD = 1.25, PCox = 1.04 × 10−102) in the UK
Biobank cohort, yet non-significant associations with
prognosis in meta-analysis of two cohorts were still
observed among both males and females (all Pmeta > 0.05;
Supplementary Fig. S6a and b).
www.thelancet.com Vol 89 March, 2023
Discussion
In this pan-cancer study, we evaluated the prognostic
value of PRS across multiple cancer types, and the
consistent results of two large-scale cohorts revealed
no significant association of PRS with the prognosis
(i.e., OS and CSS) of site-specific and overall cancer.

Currently, PRS has been considered as a robust and
cost-efficient tool for translating the findings from
GWASs into clinical implications,22–24 especially for
disease risk stratification and has been successfully
validated in multiple research studies,7,25 as well as in
our current study. An important advantage of PRS is
that compared to conventional risk factors (e.g., life-
style), PRS is constructed on the basis of inherited ge-
netic variants, which are fixed at conception and can
therefore be assessed at an earlier age. It is noteworthy
that early genetic risk information may prompt high-risk
individuals to make behavioural changes (e.g., exercise,
reduced consumption of alcohol and tobacco) to reduce
their risk of developing diseases.

Nevertheless, few studies have systematically evalu-
ated the performance of PRS in predicting disease
progression and outcomes,26–28 such as cancer survival.
Although cancer survival has been steadily improving in
recent decades, it remains a major public health
concern.13 The prediction of cancer survival for indi-
vidual patients may shed light on individualized cancer
therapy that contributes to evaluating tumour behaviour,
treatment response, and the patient’s ability to with-
stand tumour burden.29,30 Here, we performed this
comprehensive analysis to determine the prognostic
potential of the germline PRS on pan-cancer survival,
but we observed no significant association, in agree-
ment with Liu et al.’s findings on the progression of
Parkinson’s disease28 and Macauda et al.’s findings on
the survival of multiple myeloma.31 Interestingly, the
PRS was significantly associated with an increased risk
of cancer-specific mortality among all individuals,
demonstrating that PRS was generally more strongly
related to cancer onset (e.g., risk and death) than cancer
prognosis, which was consistent with a previous study
involving multiple diseases.26 Since most GWASs are
designed as case–control studies, rather than by case
only for prognosis evaluation, little evidence could
support the association between cancer risk-associated
SNPs or PRS and cancer survival, as indicated in this
study. Importantly, our findings confirm that PRS for
risk should not be used for prognosis, in case anyone
was considering that. Future GWASs focusing on ge-
netic determinants of cancer progression are thus
needed.

This large-scale pan-cancer analysis comprehensively
evaluated the relationship of the risk-specific PRS with
site-specific and overall cancer survival based on two
large-scale prospective cohorts with sufficient sample
size. However, several limitations should be acknowl-
edged. First, we only included individuals of European
7
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ancestry for the PRS evaluation, which may miss the
ancestral contribution to cancer progression. Second,
patients with different cancers usually present diverse
survival time, for example, prostate cancer patients
usually exhibit longer survival time, while pancreatic
cancer patients usually have shorter survival time;
therefore, each cancer survival prediction should be
evaluated under a sufficient follow-up. Third, cancer
survival may also be influenced by the use of individu-
alized therapy (e.g., chemotherapy treatment), and the
joint effect between PRS and treatments should be
further evaluated. Fourth, we should further evaluate
the preferential association of PRS with less aggressive
diseases, which may help reveal the potential systematic
bias in GWAS and improve the design of future studies.

In summary, we applied PRS to two large-scale co-
horts and found evidence that the risk-relevant PRS was
not appropriate for cancer survival prediction. The
development of further polygenic prognostic score is
warranted for cancer progression prediction and preci-
sion clinical management.
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