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Abstract: Background: Epidemiological studies suggest lung cancer results from the com-
bined effects of smoking and genetic susceptibility. The clinical application of polygenic risk
scores (PRSs), derived from combining the results from multiple germline genetic variants,
have not yet been explored in a lung cancer screening cohort. Methods: This was a post
hoc analysis of 9191 non-Hispanic white subjects from the National Lung Screening Trial
(NLST), a sub-study of high-risk smokers randomised to annual computed tomography (CT)
or chest X-ray (CXR) and followed for 6.4 years (mean). This study’s primary aim was to
examine the relationship between a composite polygenic risk score (PRS) calculated from
12 validated risk genotypes and developing or dying from lung cancer during screening.
Validation was undertaken in the UK Biobank of unscreened ever-smokers (N = 167,796) fol-
lowed for 10 years (median). Results: In this prospective study, we found our PRS correlated
with lung cancer incidence (p < 0.0001) and mortality (p = 0.004). In an adjusted multivari-
able logistic regression analysis, PRS was independently associated with lung cancer death
(p = 0.0027). Screening participants with intermediate and high PRS scores had a higher lung
cancer mortality, relative to those with a low PRS score (rate ratios = 1.73 (95%CI 1.14–2.64,
p = 0.010) and 1.89 (95%CI 1.28–2.78, p = 0.009), respectively). This was despite comparable
baseline demographics (including lung function) and comparable lung cancer characteristics.
The PRS’s association with lung cancer mortality was validated in an unscreened cohort
from the UK Biobank (p = 0.002). Conclusions: In this biomarker-based cohort study, an
elevated PRS was independently associated with dying from lung cancer in both screening
and non-screening cohorts.

Keywords: lung cancer; screening; polygenic risk score; outcomes

1. Introduction
Lung cancer results mainly from the combined effect of genetic susceptibility and

exposure to smoking or other aero-pollutants [1]. Epidemiological studies have identified a
number of clinical risk variables underlying lung cancer susceptibility, which have been
combined in models such as that derived from the Prostate, Lung, Colorectal and Ovarian
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Cancer Screening Trial (PLCOM2012) to estimate the risk for future lung cancer [2]. These
risk models have been validated in independent cohorts to a variable degree and for
performance characteristics [3]. Studies have identified single-nucleotide polymorphisms
(SNPs) that are consistently associated with lung cancer, although some methodological
issues exist in these studies [1,4,5]. This includes a cross-sectional study design with the
potential for confounding effects and survival bias [6,7]. None of these genetic studies
have validated their risk SNPs in screening populations until recently [8]. It is generally
accepted that among ever-smokers, the presence of chronic obstructive pulmonary disease
(COPD) is highly relevant to susceptibility to lung cancer, independent of age and smoking
exposure [8,9]. We and others show that the genetic susceptibility to lung cancer among
ever-smokers includes genes that also confer a risk of COPD [9–13]. This might explain in
part the association between COPD and lung cancer [4,8].

Through candidate gene and genome-wide association studies (GWASs), several well-
replicated associations between SNP variants and lung cancer have been reported [1,5]. More
recently, there has been a growing interest in combining germline genetic data to derive
personalised composite risk scores (termed a polygenic risk score or PRS) [14]. These risk
scores are generally based on simple algorithms combining allele or genotype counts according
to genotyping results and have been reported to correlate with breast and prostate cancer
outcomes [15,16]. We and others have reported on PRSs for lung cancer from case–control
studies [17,18] although none to date have been tested in a prospective cohort study fully
representative of high-risk smokers in the community. PRSs might inform clinical practice,
including targeted screening or preventive strategies for those at higher-than-average risk [14].
One aspect of this approach is the ability of the PRS to predict the behaviour or lethality of a
cancer and thus the basis for more or less aggressive surveillance [16].

We have suggested that gene-based risk assessment may have clinical applicability in
the setting of lung cancer screening [4,19,20]. This is because the outcomes of screening
result from a complex interplay between the characteristics of the screening participant (e.g.,
age, comorbid disease and life expectancy) and their lung cancer biology (e.g., histology,
stage and volume doubling time) [20]. The current study aimed to examine the application
of a validated 12 SNP panel, selected according to their consistent replication in studies by
us and others [1,5,8–13,17,18,21], to determine the panel’s effect on lung cancer risk and
mortality in the context of a lung cancer screening trial. The preliminary results of this
study have been reported in abstract form [21]. The effect of the 12-SNP PRS on lung cancer
mortality was explored in a validation study of ever-smokers from the UK Biobank overall
and in subgroups meeting the National Lung Screening Trial (NLST) and United States
Preventive Services Task Force—2021 criteria for lung cancer screening.

2. Methods
2.1. Subjects

This is a secondary data analysis of the NLST. The recruitment and study design of this
trial, involving 53,452 screening participants yielding 2058 histology-confirmed lung cancers,
has been described elsewhere [22]. In the American College of Radiology Imaging Network
(ACRIN) sub-cohort of the NLST, participants from 23 US-based centres agreed to undergo a
baseline pre-bronchodilator spirometry and blood sampling for biomarker analysis (N = 10,054)
(Supplementary Figure S1). Demographic data for this representative sample, including a history
of pre-morbid disease, were collected through an extensive questionnaire and are summarised
in Supplementary Table S1. From the total group (all ethnicities), we analysed genomic data
for non-Hispanic whites comprising 9367 high-risk smokers, from which 380 lung cancers were
diagnosed during the study follow-up (Supplementary Figure S1). In the NLST-ACRIN sub-
study, pre-bronchodilator spirometry was measured at baseline screening (T0) in the majority of
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participants according to a previously published protocol [8,22]. The severity of airflow limitation
was defined according to the Global Initiative on Chronic Obstructive Lung Disease (GOLD)
criteria, grades 1–4 (www.GOLD.org, accessed 2 March 2021). In a validation cohort from the UK
Biobank (N = 167,796 white ever-smokers), including subgroups meeting USPSTF-2021 and -NLST
eligibility criteria, the 12-SNP PRS’s effect on lung cancer mortality was re-examined (imputed
data).

2.2. Lung Cancer Outcomes

The lung cancer cases included all those diagnosed during the NLST (N = 380),
whether screening- or non-screening-detected (interval), or prevalent (diagnosed at T0
or during the first year) or incident lung cancers (diagnosed during subsequent years T1
to T6) or at post-mortem [22]. All lung cancer cases were confirmed upon histological
sampling according to accepted international classification criteria. Lung function results
and mortality outcomes were available for all 380 lung cancer cases (100% of total). Cause
of death was ascertained through a review of clinical records and death certification. Our
primary aim was to examine the relationship between our PRS and the lung cancer rate
(per 1000) and lung cancer deaths per 1000 screened (lung cancer mortality), independent
of screening [21]. We also examined the percentage of all lung cancer deaths/all deaths and,
in a secondary analysis, the percentage of lung cancer deaths/all lung cancers (lethality)
before and after screening (lung cancer deaths averted with CT relative to CXR, CXR-CT)
to specifically explore the PRS’s effects on screening-related outcomes.

2.3. Genotyping and Algorithms

Genomic DNA was extracted from buffy coat samples using standard salt-based methods,
and purified genomic DNA was aliquoted (10 ng·µL−1 concentration) into 384-well plates.
The DNA concentration and purity were determined using Nanodrop spectrophotometry.
Genotyping entailed using the SequenomTM system (SequenomTM Autoflex Mass Spectrometer
and Samsung 24 pin nanodispenser) by Agena (Agena BioScience, San Diego, CA, USA)
multiplexed into 2 assays (Agena MassARRAY Assay Design 3.0). The SequenomTM sequences
were designed in-house by Agena, with amplification and separation methods (iPLEX™,
www.sequenom.com) as previously described (8). Based on prior studies in the literature, the
risk genotype/s were pre-specified and assigned as susceptible (odds > 1.0) or protective (odds
< 1.0) according to reported findings [17]. A call rate for each SNP of >98% was achieved.
Replication using this method was undertaken in 2000 random samples and achieved a 99%
accuracy for genotyping across the 12 SNPs. Using our pre-specified algorithm [17,21], the sum
of the 6 susceptible genotypes (+1 for each) was added to the 6 protective genotypes (−1 for
each), deriving the PRS (range −4 to +6). Genotyping and PRS were assigned blind to clinical
and screening outcomes (Supplementary Tables S2 and S3). Genotyping in the UK Biobank
cohort has been described elsewhere (https://www.ukbiobank.ac.uk/enable-your-research/
about-our-data/genetic-data), URL accessed on 5 July 2022.

2.4. Statistical Analysis

Differences between groups for continuous variables were sought using an analysis of
variance. Significant differences were further explored as appropriate using Tukey’s post
hoc method. Differences between groups for categorical variables were sought using the
chi-squared test (or exact methods where appropriate). Multivariable logistic regression
(PRS as a continuous variable or grouped into tertiles) and general linear modelling (binary
distribution, logit link function) were used to estimate the odds of lung cancer death, with
and without an adjustment for clinical risk variables [2]. Mid-P Exact risk and rate differences
were used to assess the magnitude and direction of the association (www.openpepi.com,
accessed 25 March 2021). Lastly, the role of the PRS in predicting the risk of lung cancer was

www.GOLD.org
www.sequenom.com
https://www.ukbiobank.ac.uk/enable-your-research/about-our-data/genetic-data
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assessed using an area-under-the-curve analysis and a comparison made with an existing
risk model [2]. Statistical significance was defined as a two-tailed p < 0.05. No adjustment for
multiplicity was performed. All planned comparisons are presented in the tables of this paper.
All analyses were performed using SAS (V 9.4, SAS Institute Inc., Cary, NC, USA), STATA v10.

3. Results
Based on the genotype results from 12 independent risk genotypes, we calculated a PRS

for each participant (N = 9191) and sub grouped them according to low (scores −4 to −1,
predominantly protective genotypes), intermediate (neutral score of zero, equal protective
and susceptible genotypes) and high (scores 1 to 6, predominantly susceptible genotypes) that
encompassed 31% (N = 2813), 27% (N = 2504) and 42% of the subjects (N = 3874), respectively
(crude tertiles). The demographic data for these PRS subgroups are summarised in Table 1.
The groups were not significantly different for most of the baseline demographic variables
associated with a risk of lung cancer, specifically, age, sex, smoking status, years smoked,
years quit, family history of lung cancer, self-reported history of COPD, BMI, education
and pre-existing comorbidities. An increasing PRS was associated with a slightly greater
cigarettes per day and pack-years, but the differences across these risk groups were small
(1 cigarette/day and 1 pack year). Despite a comparable lung function, a higher PRS was
associated with a slightly greater spirometry-defined COPD (GOLD grades 1–4), although
again the differences were very small (33% vs. 36%, p = 0.02) (Table 1).

Table 1. Lung cancer risk factors and demographic variables according to 12-SNP polygenic risk
score (PRS) severity in the NLST-ACRIN sub-study (N = 9191).

Polygenic Risk Score Groups
(Absolute Score Range)

Low Score
(−4 to −1)

Neutral Score
0

High Score
(1 to 6) p Value

N = 9191 (% total) NHW 2813 (30.6%) 2504 (27.2%) 3874 (42.1%)
Demographics
Age—mean (SD) 61.7 (5.2) 61.9 (5.1) 61.8 (5.1) 0.40
Sex—% male 1608 (57.2%) 1428 (57.0%) 2190 (56.5%) 0.86
Smoking status—current smoker 1374 (48.8%) 1161 (46.4%) 1882 (48.6%) 0.14
Pack-years—mean (SD) 55.2 (22.7) 55.7 (23.2) 57.1 (23.7) 0.0021
Cigarettes/day—mean (SD) 27.7 (10.8) 28.0 (10.9) 28.7 (11.3) 0.0002
Years quit mean (SD) 3.6 (5.0) 3.8 (5.1) 3.8 (5.1) 0.40
Smoking duration years mean (SD) 40.3 (7.1) 40.4 (7.5) 40.3 (7.6) 0.93
Family history of lung cancer—yes (%) 671 (23.9%) 607 (24.2%) 912 (23.5%) 0.81
Self-reported Hx of COPD (%) ‡ 561 (19.9%) 508 (20.3%) 819 (21.1%) 0.46
BMI mean (SD) 27.8 (5.0) 27.9 (5.2) 27.9 (5.1) 0.87
Education Level—N (%)
-High school or less 809 (28.8%) 677 (27.0%) 1138 (29.4%)
-Post high School/some college 995 (35.4%) 912 (36.4%) 1359 (35.1%)
-College graduate 508 (18.1%) 403 (16.1%) 661 (17.1%) 0.05
-Postgraduate/professional 423 (15.0%) 453 (18.1%) 617 (15.9%)
-Other/unknown 78 (2.8%) 59 (2.4%) 99 (2.6%)
Lung Function
FEV1/FVC—mean (SD) 71.4 (10.7) 70.93 (10.9) 70.8 (10.6) 0.057
FEV1% predicted—mean (SD) 81.9 (19.4) 81.4 (20.5) 80.9 (20.2) 0.15
Total COPD GOLD 1–4 925 (32.9%) 895 (35.7%) 1394 (36.0%) 0.02
Pre-morbid conditions (self-report)
COPD 182 (6.5%) 195 (7.8%) 285 (7.4%) 0.16
Chronic bronchitis 327 (11.6%) 254 (10.1%) 442 (11.5%) 0.18
Emphysema 232 (8.2%) 237 (9.5%) 378 (9.8%) 0.10
Asthma—adult 181 (6.4%) 171 (6.8%) 272 (7.0%) 0.60
Pneumonia 772 (27.4%) 709 (28.3%) 1099 (28.4%) 0.67
Heart disease 392 (13.9%) 312 (12.5%) 521 (13.4%) 0.28
Hypertension 1002 (35.6%) 890 (35.5%) 1374 (35.5%) 0.99
Stroke 91 (3.2%) 66 (2.6%) 109 (2.8%) 0.40
Diabetes 243 (8.6%) 251 (10.0%) 342 (8.8%) 0.16
Any cancer history 121 (4.3%) 97 (3.9%) 163 (4.2%) 0.71

‡ Self-reported history of COPD = “Has a doctor ever told you that you have any of the following conditions?”
COPD, emphysema, chronic bronchitis or adult asthma (where prior childhood asthma is excluded). COPD = chronic
obstructive pulmonary disease. p < 0.05 are bolded.
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Before randomisation by screening arm: An increasing PRS was associated with a linear
increase in lung cancer incidence (p < 0.0001), absolute lung cancer deaths (p = 0.0040) (Table 2,
Supplementary Table S2 and S3) and lung cancer deaths as a proportion of total deaths (p = 0.0012)
(Table 2 and Figure 1). Notably, subjects in the intermediate (neutral) and high-risk PRS subgroups
had a similar lung cancer mortality (mortality rate ratios, Table 2), which were 1.7- and 1.9-fold
greater, respectively (p = 0.01 and p = 0.0009), than those in the low-PRS group (Table 2, Figure 1).
These findings were evident, despite a very similar lung function, histology, stage, detection
method, surgical rates and diagnostic screening interval (Supplementary Table S2). When we
compared cause-specific deaths according to an increasing PRS, only lung cancer mortality
demonstrated a positive relationship (Table 2, Supplementary Figure S2). After adjustment for
various clinical variables, we found that lung cancer mortality remained significantly greater in the
high- versus low-PRS groups (Supplementary Figure S3). PRS, as a continuous variable, remained
an independent predictor of lung cancer death after extensive adjustment in our multivariable
model (reduced model p = 0.0027, Table 3). In our secondary analysis the lethality was 47%
and 41% for an elevated PRS (neutral/high) and a low PRS, respectively (p = 0.40). In the UK
Biobank sample of 167,796 ever-smokers, the PRS was again independently associated with
dying from lung cancer (p = 0.002), albeit with a reduced odds ratio (OR = 1.06, 95% CI 1.02–
1.10) (Supplementary Table S4a). In substantially smaller sub-cohorts, meeting the USPSTF 2021
criteria (N = 34,356) and NLST-eligible criteria (N = 20,796), the magnitude of the PRS association
with lung cancer mortality (OR) was unchanged, albeit no longer statistically significant at a 5%
threshold with smaller sample sizes (Supplementary Tables S4 and S5).

Table 2. Overall mortality and reduction in lung cancer deaths after screening according to polygenic
risk score (PRS) groups (low, neutral or high) in the NLST-ACRIN sub-study (N = 9191).

Polygenic Risk Score Groups
(Absolute Score Range)

Low Score
(−4 to −1)

Neutral Score
0

High Score
(1 to 6)

N = 9191 NHW (% of total cohort) 2813 (30.6%) 2504 (27.2%) 3874 (42.1%)
Lung Cancer (LC) (% total, N = 380) ‡ 78 (20.5%) 102 (26.8%) 200 (52.6%)
Incidence/per 1000 (95% CI) 27.7 (22.3,34.5) 40.7 (33.7,49.2) 51.6 (45.1,59.1) 1

Overall Mortality (prevalence)
Total Deaths (%, per 100) 187 (6.6%) 178 (7.1%) 276 (7.1%)
% and 95% CI all deaths (N = 641) 29.2%, (25.8, 32.9) 27.8% (24.4, 31.4) 43.1% (39.3, 46.9)
-LC Deaths (% total deaths by group) 35/187 (18.7%) 54/178 (30.3%) 91/276 (33.0%) 2

-% all deaths (N = 641) 5.5% (4.0, 7.5) 8.4% (6.5, 10.8) 14.2% (11.7, 17.1)
-% all deaths by tertile 1.2% (0.90, 1.73) 2.2% (1.7, 2.8) 2.3% (1.9, 2.9) 3

-Cardiovascular (CVD) Deaths 41 (21.9%) 40 (22.5%) 63 (22.8%)
-% all deaths (N = 641) 6.4% (4.8, 8.6) 6.2% (0.2,1.6) 9.8% (7.8, 12.4)
-% all deaths by tertile 1.5% (1.1, 2.0) 1.6% (1.2, 2.2) 1.6% (1.3, 2.1)
-Respiratory Deaths 22 (11.8%) 16 (9.0%) 19 (6.9%)
-% all deaths (N = 641) 3.4% (2.3, 5.1) 2.5% (1.5, 4.0) 3.0% (1.9, 4.6)
-% all deaths by tertile 0.78% (0.52, 1.18) 0.64% (0.39, 1.04) 0.49% (0.31, 0.76)
-Other Cancer Deaths 42 (22.5%) 41 (23.0%) 56 (20.3%)
-% all deaths (N = 641) 6.6% (4.9, 8.7) 6.4% (4.8, 8.6) 8.7% (6.8, 11.2)
-% all deaths by tertile 1.5% (1.1, 2.0) 1.6% (1.2, 2.2) 1.4% (1.1, 1.9)
-Other Deaths or Cause Unknown 47 (25.1%) 27 (15.2%) 47 (17.0%)
-% all deaths (N = 641) 7.3% (5.6, 9.6) 4.2% (2.9, 6.1) 7.3% (5.6, 9.6)
-% all deaths by tertile 1.7% (1.3, 2.2) 1.1% (0.7, 1.6) 1.2%(0.9, 1.6)
Lung Cancer Mortality—rate ratios ‡

Low vs. Neutral
ref

1.73 1.89
(95% CI), p value (1.14–2.64), p = 0.010 (1.28–2.78), p = 0.0009
Neutral vs. High - ref

1.09
(95% CI), p value (0.78–1.52), p = 0.62
Lung Cancer Screening Outcomes
Outcomes Low vs. Neutral + High Low—CXR vs. CT Neutral + High—CXR vs. CT
Surgery rates % (95% CI) favouring CT
over CXR for PRS subgroup

17/39 vs. 20/34 61/133 vs. 96/161
44% (29, 59) vs. 59% (42, 74) 46% (38, 54) vs. 60% (52, 67)

Risk difference—% (95% CI) −15% (−38, 7.5) −14% (−25, −2.41)
p value p = 0.21 p = 0.019
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Table 2. Cont.

Polygenic Risk Score Groups
(Absolute Score Range)

Low Score
(−4 to −1)

Neutral Score
0

High Score
(1 to 6)

Lung Cancer (LC) Lethality Low—CXR vs. CT Neutral + High—CXR vs. CT
LC lethality in CXR vs. CT ‡‡ 18/39 vs. 12/34 77/133 vs. 60/161
% (95% CI) 46% (32, 61) vs. 35% (21, 52) 58% (49, 66) vs. 37% (30, 45)
Risk difference—% difference (95% CI) +11.0 (−12, 33) +21% (9.4,32)
p value p = 0.36 p = 0.0004
Odds ratio (OR) of LC lethality in CXR
vs. CT (95% CI) OR = 1.57 (0.61, 4.04) OR = 2.32 (1.15, 3.70)
p value p = 0.35 p = 0.0005
Lung Cancer Deaths Averted by
Screening (CXR-CT)
Deaths averted CT versus CXR 18/1406 vs. 12/1405 77/3204 vs. 60/3174
Absolute difference/1000 screened (%
relative reduction)

−4.3 (−3.4, 12) −5.1 (−2.0, 12)
34% relative reduction 21% relative reduction

Odds ratio (OR) of LC deaths averted in
CXR vs. CT (95% CI) OR = 0.66 (−0.31, 1.38) OR = 0.79 (0.56, 1.10)
p value p = 0.28 p = 0.16

‡ Includes lung cancer deaths identified at post-mortem (N = 180), ‡‡ Only lung cancers diagnosed during
screening and follow-up (N = 367). p value according to PRS group. (95% CI) = 95% confidence interval. p < 0.05
is bold. p < 0.0001 1, p = 0.0012 2, p = 0.0040 3.
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After randomisation by lung cancer screening arm (CT vs. CXR): After stratification 
by screening arm, participants in the elevated (neutral–high) PRS group had a greater 

Figure 1. Outcomes for lung cancer according to the lung cancer polygenic risk score (PRS) groups (Table 2).
Legend: The lung cancer death rate according to PRS category (low, neutral and high) is significantly
different (p = 0.004) and may in part reflect lung cancer incidence or risk (p < 0.0001). However, we found
that, despite similar demographics, there were significant differences in the %lung cancer deaths/total
deaths according to these subgroups (p = 0.0012), and relative to a low score (19%), death rates were 30%
and 33% for those with a neutral and high score, respectively (p = 0.010 and p = 0.0006, respectively). This
may indicate an independent effect on lung cancer biology toward greater aggressivity in those with an
elevated (neutral or high) PRS.

After randomisation by lung cancer screening arm (CT vs. CXR): After stratifica-
tion by screening arm, participants in the elevated (neutral–high) PRS group had a greater
lung cancer death rate/1000 screened compared to a low PRS (CT arm p = 0.0073 and CXR
p = 0.012) (Figure 2a). Those in the elevated-PRS group randomised to CXR had the greatest lung
cancer lethality (21% higher than CT, p = 0.0004, Table 2, Figure 2b). Those in the elevated-PRS
group also had a greater odds ratio (OR) of lung cancer death in the CXR arm compared to
the CT arm (37% vs. 58%, OR = 2.32, 95% CI 1.15–3.70, p = 0.0005), which was a difference not
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observed in the low-PRS group (35% vs. 46%, OR = 1.57, 95% CI 0.61–4.04, p = 0.36) (Table 2,
Figure 2b). This was in conjunction with comparable surgical rates favouring those randomised
to CT screening over CXR (15%, p = 0.21 and 14%, p = 0.019 for low and elevated PRS groups,
respectively) and comparable lung cancer characteristics (Supplementary Table S3). However,
while the risk difference for lung cancer deaths averted after randomisation was not significantly
different between CT and CXR, according to elevated- and low-PRS subgroups (21% vs. 34%
respectively), the screening appeared marginally more efficient in the elevated-PRS group (5.1
vs. 4.3 lung cancer deaths averted per 1000 screened), where lung cancer accounted for >30% of
all deaths compared to only 19% in the low-PRS group (p = 0.0012) (Table 2).

Table 3. Multivariable logistic regression predicting lung cancer death according to known risk
variables, including PRS (treated as a continuous variable), in the NLST-ACRIN sub-study (N = 9191).

Variable Full Model Reduced Model *

Point Estimate 95% CI p Value Point Estimate 95% CI p Value

Age 1.07 1.04–1.10 <0.0001 1.07 1.03–1.10 <0.0001

Sex (male vs. female) 0.98 0.67–1.38 0.89

Current smoker 1.69 1.19–2.40 0.0031 1.69 1.19–2.39 0.0033

Pack-years 1.01 1.01–1.02 0.0004 1.01 1.01–1.02 0.0002

Family history of LC 1.28 0.89–1.85 0.18

Self-reported COPD 1.40 0.97–2.03 0.070 1.41 0.98–2.02 0.07

BMI 0.95 0.91–0.99 0.0076 0.95 0.92–0.99 0.0073

High school/some college 1.49 1.03–2.16 0.035 1.52 1.05–2.19 0.027

12-SNP lung cancer PRS 1.18 1.06–1.32 0.0026 1.18 1.06–1.32 0.0027

COPD (GOLD 1–4) # 1.45 1.03–2.06 0.036 1.47 1.04–2.09 0.029

Screening arm (CXR vs. CT) 1.23 0.88–1.71 0.22

# COPD (GOLD 1–4) = airflow limitation upon pre-bronchodilator spirometry. * Reduced model where variables
with p > 0.15 were removed. LC = lung cancer. PRS = polygenic risk score. BMI = body mass index. CXR = chest
X-ray, CT = computed tomography. Legend: Given the marginal increase across the PRS tertiles in Table 1 for
smoking (pack-years and cigs/day) and COPD (GOLD 1–4) status, an extensive adjustment for all these risk
variables was undertaken.

Discriminative performance: We found that our model, using PRS alone to predict
the risk of dying of lung cancer, had an area under the receiver operating curve (AUC)
of 0.568 (95% confidence interval (CI) = 0.528–0.608, p = 0.0009 relative to chance); and
according to the PRS plus clinical score (composite gene-based score), an AUC = 0.661 (95%
CI = 0.623–0.698, p < 0.0001 relative to the PRS alone). Using the same analysis for the risk
of developing lung cancer, we found for the clinical score alone an AUC = 0.647 (95%CI
0.620–0.674, p < 0.0001 relative to chance), and adding the PRS score to the clinical score
increased the AUC (AUC = 0.667, 95% CI 0.640–0.693, p = 0.018 compared to the clinical
score alone). When this was limited to those in the CT arm, the clinical-only AUC (0.640,
95% CI 0.602–0.678) increased when adding the PRS (0.668, 95% CI 0.602–0.705, p = 0.011).
Using the PLCOM2012 model for developing lung cancer in this cohort (2), we found an AUC
= 0.677 (95% CI 0.651–0.704, p < 0.0001) relative to chance. The 6-year risk of developing
lung cancer based on our gene-based model was linear and compared favourably with
the PLCOM2012 model in this representative sample of the NLST (Supplementary Table
S1 and Supplementary Figure S4). For the UK Biobank analysis meeting NLST criteria
(N = 20,796), the 6-year risk of developing lung cancer in the composite score had an AUC
= 0.628 (95% CI 0.607–0.648), not quite overlapping to that derived using the PLCOM2012

(AUC = 0.675, 95% CI 0.654–0.694). The AUC for the clinical score alone (0.627 95% CI
0.602–0.634) increased marginally with the inclusion of the PRS (AUC for PRS alone = 0.511,
95% CI 0.500–0.528) (Supplementary Table S5).
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Figure 2. Risk difference for (a) lung cancer deaths averted per 1000 screened and (b) lung cancer
lethality, according to PRS risk grouping after screening randomisation (Table 2). Legend: Comparing
the lung cancers death rate/1000 screened according to screening arm (Figure 2a); for a low v
elevated (neutral–high) PRS score in the CXR arm (p = 0.012) and for those in the CT arm (p = 0.0073).
This indicates that the greater lung cancer mortality in those with an elevated versus low PRS is
independent of screening arm.

4. Discussion
In this biomarker-based study in a subgroup of the NLST, we report that a lung cancer

polygenic risk score (PRS), calculated from 12 independent risk genotypes, appears to
correlate with lung cancer mortality. The PRS was based on germline mutations and is
independent of lung cancer risk factors, notably, age, smoking, family history, education,
BMI, lung function and pre-existing comorbidity. While we expected there to be more
cancers developing in those with the higher PRS scores, we were surprised to find that
an elevated PRS was also significantly and linearly associated with greater lung cancer
deaths. This could not be explained by a variation in lung cancer stage, histology, detection
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methods, screening interval or surgical rates. Although there was a weak association with
smoking pack-years across the PRS groups, due primarily to smoking one extra cigarette
per day, this would not explain our findings. Similarly, there was marginally more airflow
limitation in those with an elevated PRS, but neither this, nor any other clinical variables
examined after extensive adjustment, could account for the persisting effect between
PRS and lung cancer mortality in our multivariable model. While we note our PRS was
independently associated with lung cancer mortality (but not other causes of death), the
basis of this remains unclear. After stratification by screening arm, a significant reduction
in lung cancer lethality in the CT arm was found in those with an elevated score but not
a low score (a 21% versus 11% reduction, respectively). The association with lung cancer
mortality was validated, after adjustments including age, smoking and lung function, in an
unscreened cohort of ever-smokers from the UK Biobank. We conclude that our lung cancer
PRS appears to provide an independent and specific biomarker of lung cancer death in
the setting of a screening study and, on this basis, may contribute to optimising screening
outcomes [23].

There has been considerable interest in assessing high-risk smokers eligible for lung
cancer screening using clinical risk models [24]. The most validated of these risk models
is the PLCOM2012, which combines a number of clinical risk variables to derive a 6-year
risk for developing lung cancer [2]. However, we have shown that the PLCOM2012 also
predicts the likelihood of having an airflow limitation and COPD [20,25]. This is important,
because pre-existing COPD is associated with a greater lung cancer risk, more aggressive
lung cancer histological subtypes, less surgery, more comorbidity with increasing non-lung
cancer deaths and a reduced benefit of lung cancer screening [20]. This means those at the
greatest risk of lung cancer may not achieve the greatest benefits from screening due to an
attenuation of this risk–benefit relationship at the highest end of the risk spectrum [20,26].
As the benefits of lung cancer screening result from a complex interplay between a number
of variables [20], it might be helpful to identify a biomarker of lung cancer mortality as
part of the general risk assessment of screening participants [20,23,27]. This is because
it is recognised there exists considerable biological variability between lung cancers and
that this variability will affect outcomes following screening [28]. For example, for elderly
participants with a high PRS and high clinical risk score with severe COPD, the harms of
screening may outweigh the benefits and attenuate the efficiency of screening [29]. Similarly,
those with a low PRS with a low clinical score and negative CT may defer screening or
screen two-yearly. Alternatively, an elevated PRS may be used as a motivational tool for
screening adherence and smoking cessation. We propose that a biomarker of lung cancer
biology could be combined with clinical risk variables to improve screening outcomes
(participation or adherence) and better individualise the risk versus benefits of screening.

The application of adding genetic data to clinical risk scores for cancer has been gaining
support in the clinical setting of optimising screening for prostate and breast cancer [15,16].
Investigators have previously shown that SNP-based data add a small but clinically meaningful
contribution to risk-stratifying high-risk populations. In this setting, we have shown in the
current study that our PRS, based on previously validated SNPs, adds to the risk assessment for
lung cancer in a lung cancer screening cohort where lung cancer was diagnosed prospectively.
In the current analysis, we show that while the PRS is associated with a small increase in the
risk of developing lung cancer (it improves the AUC when added to our clinical score), it is
associated with a 1.7–1.9-fold greater mortality from lung cancer. This latter finding persisted
after extensive adjustment for various clinical variables and was also independent of known
lung cancer variables such as stage and histology.

This study has strengths and limitations. The modest number of lung cancers reflects the
challenge of prospective studies of lung cancer. The full NLST enrolled over 53,000 high-risk
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smokers and identified about 2000 lung cancer cases across the two screening arms [22]. In our
study, we have just under one-fifth of the original 50,000. While further validation studies are
necessary [27,29], only a limited number of randomised control trials have collected biomarker
specimens for clinical validation [22]. Another limitation of this study is the use of specific
SNP variants, albeit highly replicated in several large cohorts, with an associated biological
plausibility [10–12,30–59]. In the future, entire genetic regions may be sequenced to better
refine risk. The further limitations of this study are that the PRS relates to non-Hispanic
whites only, the interactions between SNPs (epigenetic effects) are unknown, and residual
confounding from non-genetic factors remains a possibility. These limitations are shared
with all SNP-based polygenic risk scores and may be better understood with larger data sets
and advances in analytical approaches [60–62]. The strengths of this study include statistical
evidence of the clinical validity of the PRS in a highly representative, albeit older, screening-
eligible population (55–74 yo with 30+ pack-years) [27,30]; genotyping was performed blind
to screening outcomes and targeted well-validated SNPs; and the algorithm combining risk
genotypes made no assumptions about effect size or gene–gene interaction (to minimise over-
fitting). The current study is part of an ongoing validation (not model building), where we
have used pre-specified risk genotypes and a pre-specified algorithmic approach to calculate
the PRS [17,21]. In this proof-of-concept study, after extensive adjustment the PRS was again
independently associated with dying of lung cancer in a subgroup of the UK Biobank, an
unscreened cohort matched for ethnicity but distinctly different lung cancer risk profiles
(Supplementary Table S1). The PRS was also associated with lung cancer mortality in those
meeting USPSTF-2021 eligibility. Interestingly, we found the time to lung cancer diagnosis
was shorter in the high-PRS group (data not shown). Lastly, our PRS was correlated with
those who died of their lung cancer, not just those who developed lung cancer, as reported
by retrospective case–control studies [1,5]. A novel approach in this study was the inclusion
of genetic factors underlying both lung cancer and COPD. We note the PRS did correlate
weakly with smoking intensity and COPD but not severity of airflow limitation. These
represent potentially confounding (or mediating) effects that have to date been overlooked
when examining the genetic basis of lung cancer [1,4,5].

In summary, we have calculated a polygenic risk score for lung cancer that appears to
independently correlate with lung cancer incidence and mortality in a prospective clinical
validity study [27,29]. This PRS was also associated with greater mortality specifically for
lung cancer and regardless of the screening arm. We propose, subject to further validation,
that this PRS may represent a marker of lung cancer biology. As a PRS represents a very
stable, cheap, and easily accessible bioassay, it could be incorporated into the optimisation
of screening programmes. Specifically, it could help contribute to assessing lung cancer
screening participants with regards to the benefits of screening at an individualised level
(clinical utility) [20,29].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm14093110/s1, Figure S1: Consort figure of the genetic study subgroup
from the NLST; Figure S2: Cause-specific mortality analysed across PRS groups as (a) percentage of
all deaths and (b) deaths per 1000 within each PRS risk group by crude tertiles; Figure S3: Odds of
lung cancer deaths referenced against the low PRS risk group and adjusted according to clinical factors,
clinical score, and GOLD 1–4 status; Figure S4: Lung cancer prevalence per 1000 using the gene-based
(blue), and PLCOM2012 (red) models according to quintiles of 6-year risk of developing lung cancer
Table S1: Comparison of the ACRIN sub-cohort (N = 9191), CT arm of the NLST (N = 26,723) and
NLST-eligible UK Biobank sub-study (N = 20,796), according to clinical variable; Table S2: Lung cancer
(LC) characteristics according to the lung cancer polygenic risk score (PRS) score (Low, Neutral, High;
Table S3: Algorithm and referencing for the polygenic risk score (PRS) and clinical score for lung cancer;
Table S4: Multivariable logistic regression predicting lung cancer death according to known risk variables
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including PRS (treated as a continuous variable) in the UK Biobank of ever smokers and those according
to USPSTF and NLST screening criteria; Table S5: Area-under-the curve analyses for 6-year risk of
developing or dying of lung cancer in the NLST and UK biobank (validation) sub-groups according to
the gene-based composite (PRS + Clinical) score and PLCOM2012 model.
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