
© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2022;11(9):1809-1822 | https://dx.doi.org/10.21037/tlcr-22-139

Original Article

Development and validation of a polygenic hazard score to predict 
prognosis and adjuvant chemotherapy benefit in early-stage non-
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Background: It remains controversial who would benefit from adjuvant chemotherapy (ACT) in patients 
with early-stage non-small cell lung cancer (NSCLC). We aim to construct a polygenic hazard score (PHS) 
to predict prognosis and ACT benefit among NSCLC patients. 
Methods: We conducted a retrospective study including 1,395 stage I–II NSCLC patients. We performed 
a genome-wide association study (GWAS) on overall survival (OS) in patients treated with ACT (SYSUCC 
ACT set, n=404), and then developed a PHS using LASSO Cox regression in a random subset (training, 
n=202) and tested it in the remaining set (test, n=202). The PHS was further validated in two independent 
datasets (SYSUCC surgery set, n=624; PLCO cohort, n=367). 
Results: The GWAS-derived PHS consisting of 37 single-nucleotide polymorphisms (SNPs) was 
constructed to classify patients into high and low PHS groups. For patients treated with ACT, those with low 
PHS had better clinical outcomes than high PHS (test set: HR =0.21, P<0.001; PLCO ACT set: HR =0.33, 
P=0.260). Similar results were found in the extended validation cohorts including patients with or without 
ACT (SYSUCC: HR =0.48, P<0.001; PLCO: HR =0.60, P=0.033). Within subgroup analysis by treatment 
or clinical factors, we further observed consistent results for the prognostic value of the PHS. Notably, ACT 
significantly improved OS in stage II patients with low PHS (HR =0.26, P<0.001), while there was no ACT 
survival benefit among patients with high PHS (HR =0.97, P=0.860). 
Conclusions: The PHS improved prognostic stratification and could help identify patients who were most 
likely to benefit from ACT in early-stage NSCLC.
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Introduction 

Lung cancer is the leading cause of cancer-related deaths 
in China and around the world (1), and non-small cell lung 
cancer (NSCLC) accounts for about 85% of lung cancer (2).  
Surgical resection is considered the preferred treatment 
for stage I-II NSCLC patients but tumor recurrence and 
metastasis remain the main cause of treatment failure. 
Currently, adjuvant chemotherapy (ACT) has not been 
routinely recommended for stage I patients especially 
in stage IB, since its benefit remains undetermined (3). 
The National Comprehensive Cancer Network (NCCN) 
guidelines recommend that ACT is an appropriate option 
for stage IB patients with high-risk factors such as a poorly 
differentiated tumor, vascular invasion, wedge resection, 
tumor size greater than 4 cm, and pleural vascular invasion (4).  
However, the American Society of Clinical Oncology 
(ASCO) guidelines do not recommend ACT for stage IB 
patients (5). Moreover, although ACT is recommended 
universally without any risk stratification for stage II 
patients, the overall benefit of ACT is limited (6,7) and 
not all patients derive survival benefit from it (8-10). 
Therefore, the current tumor-node-metastasis (TNM) 
stage has limitations in predicting treatment response 
and guiding ACT application, and there is an urgent 
need to develop additional predictors to predict who 
would benefit from ACT. 

Previous studies have found that genetic variation was 
associated with lung cancer predisposition, treatment 
response, and disease progression (11-13). Genetic variations 
involved in therapeutic drugs pharmacokinetics and 
pharmacodynamics, which may partially account for inter-
individual differences in chemotherapy benefits (14). It is 
well known that the DNA repair pathway is an important 
signaling pathway in chemotherapy response (15-17). P53 
and PI3K/PTEN/AKT pathways have also been reported 
to be associated with treatment response, survival, and 
toxicity in NSCLC patients treated with chemotherapy 
(18,19). In addition to candidate gene strategies, genome-
wide association studies (GWAS) had also identified several 
single-nucleotide polymorphisms (SNPs) associated with 
the survival of NSCLC patients treated with chemotherapy 
(20-22). These researches indicated that the genetic 
variations may play an important role in the prognosis and 
suggested individual genetics as a potential biomarker for 
individualized therapeutic decision-making. However, the 
difficulty in applying genetic data to the clinical utility is 
that the effect of a single variant is relatively small, and 

is not informative enough for predicting prognosis. The 
polygenic risk score, combining the genotype dosage of 
multiple SNPs by their respective weight, has emerged as 
the main approach for predicting the genetic component 
of a specific outcome (23-27), and recent studies have 
developed GWAS-derived polygenic scores using SNPs to 
predict clinical survivals and treatment response (28-30).  
To the best of our knowledge, the association between 
polygenic score and prognosis of early-stage NSCLC 
patients has not been studied and their applications remain 
to be explored. 

In this study, we developed and validated a polygenic 
hazard score (PHS) to estimate the clinical outcomes for 
patients with early-stage NSCLC. Further, we investigated 
whether the PHS could identify patients who would 
benefit most from ACT. We present the following article in 
accordance with the TRIPOD reporting Checklist (available 
at https://tlcr.amegroups.com/article/view/10.21037/tlcr-
22-139/rc).

Methods 

Patients and study design

We conducted a retrospective study of patients with stage I–II  
NSCLC. Participants were recruited from two populations 
described before: the Guangzhou GSA GWAS (11) and the 
Prostate, Lung, Colorectal, and Ovarian Cancer Screening 
(PLCO) trial (31). The patients in Guangzhou GSA GWAS 
were collected from Sun Yat-sen University Cancer Center 
(Guangzhou, China) between January 2006 and December 
2017. The PLCO Trial was a randomized control study that 
included ~155,000 volunteers aged 55–74 at enrollment 
between 1993 and 2011 from 10 medical centers in the 
United States. 

The flow chart of the patients is represented in Figure 1.  
Eligible patients were aged 18 years or older with 
histologically confirmed stage I or II NSCLC, radical 
surgery, and complete clinical and follow-up data. The 
exclusion criteria included previous or concurrent malignant 
disease and neoadjuvant treatments for NSCLC. Ultimately, 
404 patients who treated with surgery plus ACT (SYSUCC 
ACT set), with 388/404 (96%) of these patients receiving 
platinum-based ACT, and 624 patients who treated with 
surgery alone (SYSUCC surgery set) were included in this 
study from Guangzhou GSA GWAS. The SYSUCC ACT 
set was randomly divided into a training set (n=202) and a 
test set (n=202). The training set was used to construct the 
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PHS, and the test set and SYSUCC surgery set were used 
as validation cohort (SYSUCC validation cohort, n=826). 
Eligible patients from PLCO Trail were used as an external 
validation cohort (PLCO validation cohort, n=367). The 
study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). The Institutional Review 
Board of Sun Yat-sen University Cancer Center approved 
this study (Approval No. B2022-131-01). Because of the 
retrospective nature of the study, the requirement for 
informed consent was waived.

Clinical and follow-up information

For participants from the Guangzhou GSA GWAS, 
patients’ clinical information, including sex, age at diagnosis, 
smoking status, family history of cancer, histologic grade, 
EGFR mutation status, TNM stage, and treatments were 
reviewed from the medical records. These patients were 
followed up by outpatient visits or telephone contacts as 
the clinicians recommended (last follow-up in September 
2020). The survival status of the patients was obtained 
from the follow-up department of the hospital and the 
death registration at the public security bureau. The PLCO 
Trial gathered clinical information from the first screening 
visit, such as sex, age, family history, and smoking history. 
The patients were followed up for more than 13 years 
after clinical enrollment (32). The endpoint of the study 

was overall survival (OS), which was defined as the date of 
surgery to the date of death or the last day of follow-up.

Genotyping, quality control, and imputation 

For patients from the Guangzhou GSA GWAS, the 
methods of DNA extraction, genotyping, and imputation 
process have been detailed described (11). Briefly, DNA was 
extracted from peripheral blood and SNP genotyping was 
detected by Illumina Infinium® Global Screening Array 
(GSA) v1.0. Quality control at sample level and SNP 
level have been done according to the criteria described 
in the previous study (11). Qualified genotypes were 
imputed by a two-stage imputation approach, using 
SHAPEIT2 (33)  for  phas ing  and IMPUTE2 for 
imputation (34) and the Phase III 1000 Genomes Project 
was set as the reference. For patients from PLCO 
Trial, genomic DNA extracted from the blood samples 
was genotyped with Illumina HumanHap240Sv1.0, 
H u m a n H a p 3 0 0 v 1 . 1 ,  H u m a n H a p 5 5 0 v 3 . 0  a n d 
Human610-Quadv1_B (dbGaP accession: phs000093.
v2.p2 and phs000336.v1.p1) (35,36). We conducted similar 
quality control and imputation methods as we did in the 
Guangzhou GSA GWAS. In brief, we excluded samples 
with genotype completion rates <95%, gender discrepancy, 
familial relationships, extreme heterozygosity rates  
(>6 SD), or population outliers defined by principal 

Figure 1 Schematic illustrating the use of the study datasets in this study. GSA, Global Screening Array; GWAS, genome-wide association 
study; PLCO, the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; ACT, adjuvant chemotherapy; SYSUCC, Sun Yat-sen 
University Cancer Center.

Guangzhou GSA GWAS (n=3,944)

SYSUCC ACT set

Training set SYSUCC validation cohort PLCO validation cohort

SYSUCC surgery set PLCO ACT set PLCO surgery set

PLCO trial (n=155,000)

Excluded criteria (n=2,916):
• Lack of complete data (n=877);
• Age ≤18 years old (n=3);
• Initial TNM stage III or IV (n=1,968);
• Without radical surgery (n=20);
• With neoadjuvant treatments (n=48)

Surgery plus ACT Surgery alone

Test set

Surgery plus ACT Surgery alone

Inclusion criteria (n=1,033):
• Histologically confirmed NSCLC;
• Available genotype data;
• Complete data

Excluded criteria (n=666):
• Initial clinical stage III or IV (n=601);
• Without radical surgery (n=60);
• With neoadjuvant treatments (n=5)
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component analysis (PCA) via EIGENSTRAT. Then, 
we excluded SNPs with call rates <95%, minor allele 
frequencies (MAFs) <0.01, or P<10-12 in testing of Hardy-
Weinberg equilibrium (HWE). We performed quality 
control filtering by using PLINK. Qualified genotypes 
were imputed by a two-stage imputation approach, using 
SHAPEIT2 for phasing and IMPUTE2 for imputation and 
using the Phase III 1000 Genomes Project (Europeans) as 
the reference.

PHS construction

Analysis was restricted to the 2,943,474 SNPs shared 
between Guangzhou GSA GWAS and PLCO datasets. 
The PHS was created in three steps. Firstly, we conducted 
a GWAS to identify variants associated with OS in the 
SYSUCC ACT set. The GWAS was performed using the 
multivariate cox regression model with adjustment for sex 
(male or female), age (≤59 or >59 years, median age as the 
cutoff), smoking status (never smoking, quitting smoking, 
or current smoking), histology (lung adenocarcinoma, lung 
squamous cell carcinoma or other types), grade (G1 or 
G2 or G3), TNM stage (stage I or II), and the top three 
principal components. We performed LD pruning (r2>0.3) 
to keep the independent SNPs and selected candidate 
SNPs with P<1.0×10−3 from the GWAS results. Secondly, 
to avoid overfitting, we used the least absolute shrinkage 
and selection operator (LASSO) model to select the most 
important variants in the training set and the 1 standard 
error of the minimum criteria (the 1-SE) were used as 
criteria. This analysis was performed ten times using ten 
different random number seeds and only SNPs selected 
by all ten models were retained to calculate the PHS. 
Thirdly, the PHS was calculated by LASSO Cox model 
using the sum of values weighted by the coefficients of the 
most discriminative SNPs. We calculated PHS for each 
participant included in this study and the median PHS in 
the training set was used as the cut-off value to split patients 
into low PHS or high PHS groups. 

Statistical analysis

The GWAS was performed with the “gwasurvivr” package 
of R software (37). The LASSO method was used to 
construct the PHS using the “glmnet” package (38). Survival 
analysis was conducted using the R package “survival” 
and “survminer”. Log-rank test was used to compare the 
survival time and survival curves were estimated using the 

Kaplan–Meier method. The association of PHS and other 
clinical factors with OS was assessed using univariate and 
multivariable Cox regression models. Hazard ratios (HR) 
and corresponding 95% confidence interval (CI) were 
evaluated according to Cox proportional hazard models. 
In propensity score matching analyses (39), patients in the 
surgery alone group were matched to the ACT plus surgery 
group with a 1:1 matching based on the sex, age, smoking 
status, histology, grade, and TNM stage. All statistical tests 
were two-sided and considered significant when the P was 
less than 0.05. All analyses were performed in R software, 
version 3.6.3.

Results 

Patient clinical characteristics

One thousand and three hundred ninty-five eligible 
NSCLC patients were included in this study, including 
202 patients in the training set, 826 patients in SYSUCC 
validation cohort, and 367 patients in PLCO validation 
cohort. The median follow-up time was 96.8 months 
[interquartile range (IQR), 78.5–113.1 months] for the 
training set, 96.4 months (IQR, 81.5–113.4 months) for 
SYSUCC validation cohort, and 171.0 months (IQR, 
128.5–207.5 months) for PLCO validation cohort. For the 
above three populations, five-year survival (5-year OS) rates 
were 71.1%, 74.5%, and 74.1%, respectively. The baseline 
characteristics of the participants included in this study were 
summarized in Table 1. Most of the clinical characteristics 
were significantly different (P<0.05) between the study sets, 
which may partly be due to the different study designs of 
the original study cohorts (Table 1).

We investigated which clinical factors were associated 
with OS using a Cox regression model. In univariate 
and multivariate analyses (Table S1), the independent 
prognostic factors were sex (adjusted HR =0.64, 95% CI: 
0.51–0.79, P<0.001), age (adjusted HR =1.68, 95% CI: 
1.35–2.08, P<0.001), tumor grade (adjusted HR =0.90, 95% 
CI: 0.74–1.10, P=0.299 for grade G2; adjusted HR =0.54, 
95% CI: 0.40–0.74, P<0.001 for grade G3), and TNM stage 
(adjusted HR =1.76, 95% CI: 1.43–2.19, P<0.001), which 
were adjusted as covariates in following analyses. 

PHS construction and validation

To build a PHS for predicting ACT treatment outcomes, 
we performed a GWAS among patients who received 

https://cdn.amegroups.cn/static/public/TLCR-22-139-Supplementary.pdf
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Table 1 Baseline characteristics of patients in this study

Characteristics
All patients,  

n=1,395
Training set (n=202)

SYSUCC validation 
cohort (n=826)

PLCO validation 
cohort (n=367)

P

Sex 0.083  

Male 809 (58.0%) 123 (60.9%) 491 59.4%)   195 (53.1%)

Female 586 (42.0%) 79 (39.1%) 335 (40.6%)  172 (46.9%)

Age (year)   <0.001*  

≤59 503 (36.1%) 112 (55.4%) 364 (44.1%)  27 (7.4%) 

>59 892 (63.9%) 90 (44.6%) 462 (55.9%)  340 (92.6%)

Family cancer history   <0.001*  

No 954 (68.4%) 160 (79.2%) 650 (78.7%) 144 (39.3%)

Yes 440 (31.6%) 42 (20.8%) 176 (21.3%) 222 (60.7%)

Smoking   <0.001*  

Never 571 (40.9%) 102 (50.5%) 428 (51.8%) 41 (11.2%) 

Ever 301 (21.6%) 26 (12.9%) 145 (17.6%) 130 (35.4%)

Current 523 (37.5%) 74 (36.6%) 253 (30.6%) 196 (53.4%)

Histology   <0.001*  

AD 891 (63.9%) 138 (68.3%) 546 (66.1%) 207 (56.4%)

SCC 378 (27.1%) 41 (20.3%) 228 (27.6%) 109 (29.7%)

Other† 126 (9.0%) 23 (11.4%) 52 (6.3%) 51 (13.9%) 

EGFR   <0.001*  

Wild type 397 (28.5%) 82 (40.6%) 315 (38.1%) 0 (0.00%) 

Mutation 262 (18.8%) 57 (28.2%) 205 (24.8%) 0 (0.00%) 

Unknown 736 (52.8%) 63 (31.2%) 306 (37.0%) 367 (100%) 

Grade   <0.001*  

G1 634 (45.4%) 111 (55.0%) 380 (46.0%) 143 (39.0%)

G2 524 (37.6%) 81 (40.1%) 312 (37.8%) 131 (35.7%)

G3 187 (13.4%) 10 (5.0%) 114 (13.8%) 63 (17.2%) 

Unknown 50 (3.6%) 0 (0.0%) 20 (2.4%) 30 (8.17%) 

TNM stage <0.001*  

I 980 (70.3%)  90 (44.6%) 582 (70.5%) 308 (83.9%)

II 415 (29.7%) 112 (55.4%) 244 (29.5%) 59 (16.1%) 

ACT <0.001*  

Without 935 (67.0%) 0 (0.0%)  624 (75.5%) 311 (84.7%)

With 460 (33.0%) 202 (100%) 202 (24.5%) 56 (15.3%) 

Radiotherapy   <0.001*  

Without 1,350 (96.8%) 189 (93.6%) 815 (98.7%) 346 (94.3%)

With 45 (3.23%) 13 (6.44%) 11 (1.33%)  21 (5.72%) 

Survival status   <0.001*  

Alive 784 (56.2%) 115 (56.9%) 527 (63.8%) 142 (38.7%)

Dead 611 (43.8%)  87 (43.1%) 299 (36.2%) 225 (61.3%)
†, other subtypes include large cell, adenosquamous, sarcomatoid, basaloid, and unclassifiable NSCLC. *, P<0.05. AD, lung adenocarcinoma; 
SCC, lung squamous cell carcinoma; EGFR, epidermal growth factor receptor; ACT, adjuvant chemotherapy.
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surgery plus ACT (SYSUCC ACT set, n=404) to identify 
variants associated with clinical outcomes following ACT 
(Figure 2A). GWAS identified 125 SNPs with P<1.0×10−3 
and r2 threshold <0.3. The 37 most discriminative variants 
selected by LASSO analyses were used to derive a PHS in 
the training set (Figure 2B,2C; Table S2). The median PHS 
of 2.237 in the training set was used as the cutoff to divide 
each participant into high- and low-PHS subgroups. We 
then analyzed the correlation between PHS groups and 
clinical characteristics and found most of them were not 
associated with PHS, except for family cancer history 
(Table S3).

To test whether PHS can predict clinical outcomes 
following ACT, we investigated the impact of PHS groups 
on clinical outcomes among those who received ACT. 
Low-PHS was significantly associated with prolonged 
OS in test set (HR =0.21, 95% CI: 0.12–0.36, P<0.001;  
Figure 2D). The 5-year OS was 90.5% (95% CI: 84.7–96.6) 
for the low-PHS group and 60.3% (95% CI: 51.3–70.8) 
for the high-PHS group. We further validated the PHS in 
an independent population (PLCO ACT set, n=56) and a 
similar trend was observed (HR =0.33, 95% CI: 0.04–2.48, 
P=0.260; Figure 2E), although the results did not reach 
statistical significance likely due to the limited sample 
size. When including sex, age, grade, and TNM stage in a 
multivariate Cox regression analysis, the PHS still had an 
independent association with ACT outcomes (Table S4). 
These results suggested that PHS was associated with ACT 
outcomes and could affect patients’ survival possibly by 
modulating the ACT response.

Prognostic value for PHS

In addition to the significant associations between PHS and 
treatment outcomes following ACT as described above, 
we further assessed whether PHS was a stable prognostic 
biomarker independent of treatment strategies and other 
clinical factors. We firstly assessed whether PHS has 
a reliable prognostic value regardless of the treatment 
strategy (such as for patients treated with surgery alone). 
We observed similar results among the patients with surgery 
alone that the low PHS patients would have better OS than 
high PHS patients (SYSUCC surgery alone: HR =0.63,  
95% CI: 0.48–0.84, P<0.001; PLCO surgery alone:  
HR =0.63, 95% CI: 0.38–1.03, P=0.063; Combined:  
HR =0.63, 95% CI: 0.50–0.80, P<0.001; Figure 3A). We 
also observed consistent results in the total population for 
patients with or without ACT (SYSUCC: HR =0.48, 95% 

CI: 0.38–0.62, P<0.001; PLCO: HR =0.60, 95% CI: 0.37–
0.96, P=0.033; Combined: HR =0.52, 95% CI: 0.42–0.65, 
P<0.001; Figure 3B). 

We further assessed the prognostic value of the PHS 
within each clinical subgroup of patients stratified by TNM 
stage, sex, age, smoking status, histology, EGFR mutation 
status, and grade in the validation cohorts. Kaplan-Meier 
survival analyses showed significant differences in OS 
between patients with different PHS subgroups in all 
subgroups (Figure S1). We next performed multivariate 
Cox regression analyses and still observed consistent results 
(Figure 3C). Compared with patients with high PHS, 
patients with low PHS had longer OS in all subgroup 
analyses (Figure 3C). 

These results suggest that PHS shows potential as a 
stable prognostic biomarker independent of treatment 
strategies and clinical factors. 

Stage II patients with low-PHS benefit most from ACT

Consistent with previous clinical studies, compared with 
patients treated with surgery alone, stage II patients 
could achieve additional benefit from ACT, while stage  
I patients did not (stage I: HR =1.06, 95% CI: 0.78–1.44, 
P=0.720; stage II: HR =0.66, 95% CI: 0.48–0.92, P=0.022;  
Figure 4A,4B). Of note, the survival benefit from ACT is 
moderate in stage II patients, with 12.3% 5-year OS rates 
improved (ACT: 68.3% vs. surgery alone: 56.0%). 

Since the low PHS was significantly associated with 
longer OS in patients treated with ACT, we hypothesized 
that the low PHS was associated with better ACT benefits. 
To verify this conjecture, we next used the PHS to evaluate 
the survival benefit of ACT. When stratified by PHS, for 
stage I NSCLC patients, ACT did not exhibit additional 
OS benefit, regardless of PHS subgroups (Figure 4A). 
Interestingly, for stage II patients with low PHS, those 
who received ACT experienced significantly longer OS 
(HR =0.26, 95% CI: 0.12–0.58, P<0.001; Figure 4B) than 
those who received surgery alone, with 24.7% 5-year OS 
rate improved (ACT: 90.4% vs. surgery: 65.7%). However, 
among patients with high PHS, patients who received 
ACT showed similar OS to those who underwent surgery 
alone (HR =0.97, 95% CI: 0.68–1.38, P=0.860; Figure 4B). 
Multivariate analyses showed similar results (Figure 4C). 
The HRs of ACT were lower (more protective) in all the 
low-PHS groups than in the corresponding high-PHS 
groups. These results indicated that the addition of ACT to 
surgery was more likely to provide a survival benefit in stage 

https://cdn.amegroups.cn/static/public/TLCR-22-139-Supplementary.pdf
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Figure 2 The construction of PHS. (A) Manhattan plot of P values derived from GWAS. The red horizontal line indicates suggestive level 
(P=1.0×10−3). (B) Partial likelihood deviance for LASSO coefficient profiles, the two vertical dotted lines are shown at the optimal values by 
minimum criteria (right) and 1-SE criteria (left). (C) LASSO coefficient profiles of selected SNPs. Thirty-seven SNPs remained with their 
nonzero LASSO coefficients by 1-SE criteria (left). Kaplan-Meier plot for (D) Testing set (n=202); (E) PLCO ACT set (n=56). P values 
comparing PHS groups were calculated with the log-rank test. Hazard ratios (HRs) and 95% CIs were for low vs. high PHS in univariate 
COX regression analyses. PLCO, the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; PHS, Polygenic Hazard Score; ACT, 
adjuvant chemotherapy.

8

7

6

5

4

3

2

1

1.25

12.0

11.5

11.0

10.5

10.0

9.5

1.00

0.75

0.50

0.25

0.00

1.00

0.75

0.50

0.25

0.00

1.5

1.0

0.5

0.0

–0.5

–1.0

P
ar

tia
l l

ik
el

ih
oo

d 
de

vi
an

ce
O

ve
ra

ll 
su

rv
iv

al

O
ve

ra
ll 

su
rv

iv
al

C
oe

ffi
ci

en
ts

–6           –5           –4           –3            –2
Log lambda

0          24         48         72         96        120 0          24         48         72         96        120
Time, months Time, months

Number at risk Number at risk

–6           –5           –4           –3           –2
Log lambda

–l
og

10
 (P

)

1           2        3         4       5       6       7      8      9     10    11    12   13   14  15 16  17  18 19 20 21 22

37 37 37 36 36 1637 37 37 37 37 32 11 137 36 36 36 36 3635 35

Chromosome

Test set PLCO ACT set
Low PHS
High PHS

Low PHS
High PHS

Low PHS
High PHS

Low PHS
High PHS

98         96         85         72         40          9
104       82         63         49         23          5

3           3           3           3           3            2
53         45         41         35         30          23

Low PHS vs. High PHS

P<0.001

HR =0.21 (0.12–0.35)

Low PHS vs. High PHS

P=0.260

HR =0.33 (0.04–2.48)

A

B C

D E



Li et al. A PHS for NSCLC1816

© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2022;11(9):1809-1822 | https://dx.doi.org/10.21037/tlcr-22-139

Figure 3 Kaplan-Meier and forest plot of subgroup analysis for PHS in validation cohorts. (A) Kaplan-Meier plot for patients treated with 
surgery alone in SYSUCC (n=624, left), PLCO (n=311, middle), and the combined (n=935, right) surgery alone sets. (B) Kaplan-Meier plot 
for total patients treated with ACT or surgery alone in SYSUCC (n=826, left), PLCO (n=367, middle), and the combined (n=1,193, right) 
validation cohorts. P values comparing PHS groups were calculated with the log-rank test. Hazard ratios (HRs) and 95% CIs were for low vs.  
high PHS in univariate COX regression analyses. (C) Forest plot of HRs for PHS in different subgroups stratified by clinical parameters in 
the above three cohorts. HRs and 95% CIs were tested in multivariate Cox regression analyses adjusting for sex, age, grade, TNM stage, and 
ACT. SYSUCC, Sun Yat-sen University Cancer Center; PLCO, the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; PHS, 
Polygenic Hazard Score; ACT, adjuvant chemotherapy; AD, lung adenocarcinoma; SCC, lung squamous cell carcinoma; EGFR, epidermal 
growth factor receptor.
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Figure 4 Kaplan-Meier and multivariate analyses of overall survival by treatment in the combined validation cohort. (A) Kaplan-Meier 
plots for stage I patients for all patients (n=890, left), low-PHS group (n=280, middle), and high-PHS group (n=610, right). (B) Kaplan-
Meier plots for stage II patients for all patients (n=303, left), low-PHS group (n=121, middle), and high-PHS group (n=182, right). P values 
were calculated with the log-rank test. HRs and 95% CIs for surgery plus ACT vs. surgery alone were tested in univariate COX regression 
analyses. (C) Forest plots of HRs of ACT for stage I (n=890, left), and for stage II (n=303, right). HRs and 95% CIs were tested in 
multivariate Cox regression analyses adjusting for sex, age, grade, and TNM stage. PHS, Polygenic Hazard Score; HR, hazard ratio; ACT, 
adjuvant chemotherapy.
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II patients with low PHS.
We used propensity score matching to match the patients 

with and without ACT. After matching, 516 patients 
were included (258 in each group) and no statistically 
significant difference was found in any characteristics 
(Table S5). Similar results were obtained in the matched 
cohort. Notably, ACT significantly improved OS in stage 
II patients with low PHS (HR =0.26, 95% CI: 0.11–0.58, 
P<0.001), while there was no ACT survival benefit among 
patients with high PHS (HR =0.84, 95% CI: 0.57–1.22, 
P=0.360; Figure S2). Therefore, the ACT decision should 
be carefully made based on the TNM stage and PHS as 
well. 

Discussion 

Accurate prediction of clinical outcome and treatment 
response is critical for prognostic stratification and 
treatment decision-making for NSCLC patients. In this 
study, we developed and validated a GWAS-based PHS to 
predict clinical outcomes and ACT benefit in early-stage 
NSCLC. The PHS was significantly associated with clinical 
outcomes and could be used to identify candidates for ACT. 

The TNM stage has been widely used to predict 
prognosis and guide ACT in NSCLC patients (4). For 
patients with stage I NSCLC, the prognosis is generally 
favorable and they are likely to be cured by surgery alone (4).  
For stage II NSCLC, they were thought at a high risk 
of recurrence, and ACT was recommended by NCCN 
guidelines (4). However, the anatomically based TNM 
stage judge the risk of disease progression mainly according 
to tumor invasion without considering the other factors 
associated with individuals’ heterogeneity, such as the 
genetic background. Our study demonstrated that the PHS 
could complement the TNM stage by providing additional 
predictive information. The PHS could classify patients 
with different long-term clinical outcomes independently of 
the TNM stage and other clinical factors. More importantly, 
the PHS showed predictive value for ACT benefit and the 
addition of ACT to surgery was more likely to provide a 
survival benefit in stage II patients with low PHS. Hence, A 
key potential utility of the work is to use the PHS to guide 
individualized treatment plans. For instance, for stage II 
patients with low PHS, the ACT is strongly recommended 
because they can derive considerable survival benefits from 
the ACT. However, for stage II patients with high PHS, 
the ACT might not be the optimal adjuvant therapy, and 
alternative treatment should be received as soon as possible 

to catch the optimal treatment timing. 
Several other predictive signatures for ACT benefit 

prediction have been developed in previous research, such 
as tumor tissue-based transcriptional signatures (40-42),  
blood-based circulating tumor DNA signatures (43), and 
radiomic features (44,45). However, few studies have been 
made on polygenic scores for prediction prognosis and 
treatment response in NSCLC. Investigation into the 
genetic features of the individuals could give additional 
insight into biological rationales for prognosis and drug 
response. Interestingly, several SNPs included in the PHS 
have been reported associated with disease progression, 
implying the potential role of the susceptibility genes 
involved in NSCLC development and survival. For 
example, rs17080884, located at chromosome 5q35.3 
within the intergenic of TRIM7 and MIR463, is associated 
with the survival of NSCLC patients (for T allele:  
OR =2.18, P=8.75×10−6). The expression quantitative 
trait locus (eQTL) from GTEX.v8 data suggested that 
rs17080884-T allele is associated with higher expression of 
TRIM7 expression in several tissues, indicating the potential 
regulatory effect of rs17080884 on TRIM7. TRIM7 is a 
member of the tripartite motif family and its overexpression 
was associated with poor prognosis in osteosarcoma (46). 
Another study found that the high expression of TRIM7 
increased lung tumor burden via increasing tumor growth in 
a Ras-driven cancer model (47). Another variant rs3857953 
located at intronic region of MTSS1, was associated with 
OS (for C allele: OR =0.57, P=2.29×10−4). The eQTL 
analysis suggested that rs3857953-C allele is associated 
with higher expression of MTSS1 expression in the artery 
aorta. MTSS1 is a latent metastasis suppressor gene and has 
been reported to inhibit prostate cancer cell migration and 
proliferation (48), and also plays a role in the invasion and 
metastasis of lung cancer cells (49). The collective evidence 
suggested that these variants may be associated with the 
prognosis of NSCLC via the regulation effect on gene 
expression. We think this work provides more evidence to 
verify the concept that treatment recommendation strategy 
can be further optimized with genetic data. However, the 
biological mechanism of PHS affecting the treatment 
outcome has not been elucidated and further investigations 
into the SNPs functions might provide possible treatment 
targets. 

The potential benefits of polygenic scores include 
predicting disease risk (11), stratifying patients (50), and 
delivering personalized treatment (29,30). Despite these 
potential benefits, there are potential risks that should be 

https://cdn.amegroups.cn/static/public/TLCR-22-139-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-22-139-Supplementary.pdf
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acknowledged. First of all, the construction of a standard 
and robust genetic score is an important premise of 
polygenic scores applications. In our study, The GWAS 
population had strict inclusion and exclusion criteria, as 
a subgroup from a larger study cohort (Guangzhou GSA 
GWAS). Patients in the GWAS cohort received the same 
treatment region (surgery plus ACT) and the homogenous 
population allowed us to focus on genetic variants with 
fewer biases. Second, it is very important that test the 
polygenic score performance in an independent dataset 
so that its reproducibility can be validated. In the present 
study, the performance of the PHS was firstly validated 
in an independent dataset of SYSUCC surgery set and 
subsequently in PLCO cohort, which proceeds from 
a population-based cohort better representing a real-
world study cohort (31). Finally, genetics is merely one 
contributing factor to prognosis and additional predictive 
biomarkers (such as those mentioned above), as well 
as clinical factors, would further improve the ability of 
clinicians to optimize ACT strategies.

The limitations of our study are worthy of discussion. 
First, the SNPs used to construct the PHS did not exceed 
the genome-wide threshold for significance of 5×10−8 given 
the limited sample size of this GWAS. Nevertheless, it can 
be noted that despite the small sample sizes, our PHS was 
successfully validated associated with clinical outcomes in 
independent datasets. In the future, multi-center studies 
with larger sample sizes are still needed to optimize and 
validate the PHS. Second, the PHS showed a relatively 
higher prognostic value for Asian population (Guangzhou 
GSA GWAS cohort)  than that  for  the European 
populations (PLCO cohort). Previous studies have shown 
that the prediction accuracy for polygenic scores would 
be decreased across different racial populations, especially 
when the discovery and target samples are from different 
races, with the population-specific allele frequencies and 
linkage disequilibrium (LD) patterns being two main 
reasons for this phenomenon (25,51-53). Therefore, 
in further research, it is needed to develop population-
specific PHSs for other ancestral groups (e.g., European 
or African ancestry). Third, although the PLCO cohort 
was a subset of a prospective cohort, the other datasets 
were retrospective cohorts which could have introduced 
selection bias. While we have attempted to minimize the 
bias by adjusting for baseline clinical factors, other factors, 
that we failed to include in this study, could play a role, 
such as lymphovascular invasion (LVI), the spread of tumor 
through the airspaces (STAS), PD-L1 expression status and 

other driver gene’s expression. Considering the limitation 
mentioned, future studies with more rigorous design and 
comprehensive clinical data are needed to confirm the study 
findings. 

In conclusion, we constructed a GWAS-derived PHS that 
effectively predicted clinical outcomes and ACT benefits in 
NSCLC patients. The PHS might help clinicians identify 
which patients are expected to benefit from ACT. Further 
research is also needed to optimize the PHS and ascertain 
how PHS can be effectively applied to clinical practice.
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Supplementary

Table S1 Univariate and multivariate analyses of clinical characteristics associated with overall survival in 1193 validation populations

Characteristics
Univariate analyses  Multivariate analyses

HR (95%CI) P HR (95%CI) P

Sex (Female vs. Male) 0.53(0.44-0.63) <0.001* 0.64(0.51-0.79) <0.001*

Age (>59 vs. ≤59)-Year 1.66(1.35-2.04) <0.001* 1.68(1.35-2.08) <0.001*

Family cancer history (Yes vs. No) 0.92(0.77-1.10) 0.382 0.99(0.82-1.20) 0.931

Smoking (vs. Never)

Ever 1.69(1.35-2.13) <0.001* 1.17(0.89-1.55) 0.258

Current 1.55(1.25-1.91) <0.001* 1.09(0.50-1.41) 0.497

Histology (vs. AD)

SCC 1.51(1.25-1.82) <0.001* 1.02(0.82-1.26) 0.868

Other† 1.12(0.82-1.53) 0.470 0.91(0.65-1.26) 0.554

EGFR (vs. wild type)

Mutation 0.86(0.65-1.15) 0.320 1.20(0.88-1.62) 0.254

Unknown 0.91(0.73-1.12) 0.378 0.95(0.76-1.20) 0.688

Grade (vs. G1)

G2 0.83(0.69-1.00) 0.046* 0.90(0.74-1.10) 0.299

G3 0.44(0.33-0.59) <0.001* 0.54(0.40-0.74) <0.001*

Missing 0.45(0.28-0.72) 0.001* 0.53(0.33-0.86) 0.011*

TNM stage (II vs. I) 1.85(1.54-2.23) <0.001* 1.76(1.43-2.19) <0.001*

Radiotherapy (With vs. Without) 1.36(0.87-2.12) 0.182 1.06(0.67-1.70) 0.797

ACT (With vs. Without) 1.11(0.90-1.36) 0.339 0.84(0.67-1.06) 0.144
†: Other subtype includes large cell, adenosquamous, sarcomatoid, basaloid, and unclassifiable NSCLC. *: P<0.05. AD, lung 
adenocarcinoma; SCC: lung squamous cell carcinoma; EGFR, epidermal growth factor receptor; ACT, adjuvant chemotherapy.
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Table S2 Variants included in the polygenic hazard score construction

SNP Locus Function Gene A1† A2 Frequency‡ HR§ P*

rs17080884 5q35.3 intergenic TRIM7; MIR4638 C T 0.09 2.2 8.75E-06

rs7526539 1q41 intergenic CCDC185; CAPN8 G A 0.06 2.3 1.45E-05

rs11147267 12q24.33 intergenic ZNF10; ZNF268 T G 0.09 2.0 2.45E-05

rs12051246 16q21 intergenic CFAP20; CSNK2A2 G A 0.49 1.6 2.63E-05

rs9295494 6p22.3 intronic CDKAL1 T C 0.33 1.6 3.66E-05

rs9856392 3p24.2 intronic RARB A G 0.40 0.6 4.59E-05

rs3803803 17q24.2 intronic PITPNC1 T C 0.14 1.7 8.19E-05

rs10894205 11q24.3 intergenic ADAMTS15; MIR8052 G C 0.26 1.6 8.41E-05

rs4751329 10q26.3 intronic TCERG1L C T 0.49 1.6 1.27E-04

rs150640050 5q13.3 intronic SV2C G A 0.05 2.2 1.33E-04

rs12901901 15q26.3 intergenic LINC02348; TM2D3 T C 0.44 1.5 1.45E-04

rs1881704 3p24.2 intronic RARB G C 0.08 1.9 2.16E-04

rs7512365 1q41 intronic ESRRG C G 0.50 1.5 2.19E-04

rs3857953 8q24.13 intronic MTSS1 T C 0.21 0.6 2.29E-04

rs2351131 6q25.2 intronic CNKSR3 C T 0.32 1.5 2.68E-04

rs1807209 8p23.1 intronic ANGPT2; MCPH1 T C 0.12 1.7 3.00E-04

rs6564755 16q23.2 intronic LOC102724084 C A 0.25 1.5 3.07E-04

rs35852284 12q14.3 intergenic GRIP1; LOC102724421 G A 0.07 2.1 3.29E-04

rs9570021 13q21.1 intergenic LINC00374; DIAPH3 T C 0.48 0.7 3.74E-04

rs13218513 6q22.33 intronic SOGA3 T C 0.05 2.1 4.34E-04

rs2969584 2q22.3 intronic ARHGAP15 T C 0.19 1.6 4.70E-04

rs1427897 5q23.2 intergenic LOC101927488; GRAMD2B C T 0.20 0.6 4.92E-04

rs7765054 6q22.1 intergenic HDAC2-AS2; LOC105377962 C T 0.50 1.5 5.09E-04

rs9863866 3q13.31 intergenic LINC00903; TUSC7 T G 0.39 1.5 5.37E-04

rs17674822 13q32.3 intronic LOC101927437 G A 0.23 1.5 5.52E-04

rs766908 4q35.1 intergenic LINC02427; LINC02365 A G 0.21 1.6 5.95E-04

rs968763 2p25.1 intronic LOC101929551 A G 0.38 1.5 7.04E-04

rs71232209 12p11.21 intergenic DDX11; FAM60A A G 0.06 2.1 7.22E-04

rs55928628 10q24.33 intronic NEURL1 T C 0.34 1.5 7.35E-04

rs12444272 16p12.3 upstream ITPRIPL2 G A 0.12 1.7 7.67E-04

rs7097972 10p12.2 intronic PIP4K2A T C 0.43 1.5 7.75E-04

rs799169 7q11.23 intergenic MLXIPL; VPS37D A G 0.20 1.5 7.85E-04

rs1294340 1q42.2 intergenic PCNX2; MAP3K21 T G 0.29 1.5 8.60E-04

rs838854 12q24.31 intergenic NCOR2; SCARB1 A G 0.40 1.4 8.68E-04

rs138451104 10q11.21 intergenic ZNF22; RSU1P2 A G 0.13 1.6 8.85E-04

rs62034970 16p12.3 intronic PDILT G C 0.12 1.7 9.08E-04

rs9644758 8p23.1 intergenic CTSB; DEFB136 A C 0.48 0.7 9.49E-04
†: A1, Effect allele; ‡: Frequency of Effect allele.; 

§
: Hazard ratio of Effect allele from GWAS; *: P-value from GWAS. 
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Table S3 Baseline characteristics of patients with different PHS groups of the study cohorts

Characteristics
SYSUCC validation cohort PLCO cohort

High PHS (n=463) Low PHS (n=363) P High PHS (n=329) Low PHS (n=38) P

Sex 0.855 0.356 

Male 277 (59.8%) 214 (59.0%) 178 (54.1%) 17 (44.7%)

Female 186 (40.2%) 149 (41.0%) 151 (45.9%) 21 (55.3%)

Age (Year) 0.728 1.000 

≤59 207 (44.7%) 157 (43.3%) 25 (7.6%) 2 (5.3%)

>59 256 (55.3%) 206 (56.7%) 304 (92.4%) 36 (94.7%)

Family cancer history 0.015* 1.000 

No 379 (81.9%) 271 (74.7%) 129 (39.3%) 15 (39.5%)

Yes 84 (18.1%) 92 (25.3%) 199 (60.7%) 23 (60.5%)

Smoking 0.816 0.170 

Never 237 (51.2%) 191 (52.6%) 38 (11.6%) 3 (79%)

Ever 80 (17.3%) 65 (17.9%) 121 (36.8%) 9 (23.7%)

Current 146 (31.5%) 107 (29.5%) 170 (51.7%) 26 (68.4%)

Histology 0.114 0.391 

AD 313 (67.6%) 233 (64.2%) 188 (57.1%) 19 (50.0%)

SCC 128 (27.6%) 100 (27.5%) 98 (29.8%) 11 (28.9%)

Other† 22 (4.8%) 30 (8.3%) 43 (13.1%) 8 (21.1%)

EGFR¶ 0.192 -

Wild type 184 (39.7%) 131 (36.1%) - -

Mutation 120 (25.9%) 85 (23.4%) - -

Unknown 159 (34.3%) 147 (40.5%) - -

Grade 0.715 0.955 

G1 218 (47.1%) 162 (44.6%) 127 (38.6%) 16 (42.1%)

G2 167 (36.1%) 145 (39.9%) 119 (36.2%) 12 (31.6%)

G3 66 (14.3%) 48 (13.2%) 56 (17.0%) 7 (18.4%)

Unknown 12 (2.6%) 8 (2.2%) 27 (8.2%) 3 (7.9%)

TNM Stage 0.154 0.453 

I 336 (72.6%) 246 (67.8%) 274 (83.3%) 34 (89.5%)

II 127 (27.4%) 117 (32.2%) 55 (16.7%) 4 (10.5%)
†: other subtype includes large cell, adenosquamous, sarcomatoid, basaloid, and unclassifiable NSCLC. ¶: Data on EGFR mutation status 
for PLCO cohort was not available. *: P < 0.05. AD, lung adenocarcinoma; SCC: lung squamous cell carcinoma; EGFR, epidermal growth 
factor receptor. PHS, Polygenic Hazard Score.
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Table S4 Multivariate analyses of PHS and clinicopathological characteristics associated with overall survival

Characteristics
Test set PLCO ACT set

HR (95%CI) P HR (95%CI) P

Sex (Female vs. Male) 0.65(0.40-1.06) 0.084 0.39(0.17-0.89) 0.026*

Age (>59 vs. ≤59)-Year 1.57(1.00-2.47) 0.052 1.09(0.30-3.96) 0.892

Grade (vs. G1)

G2 1.25(0.79-1.99) 0.343 1.40(0.60-3.26) 0.430

G3 0.62(0.14-2.70) 0.524 1.08(0.35-3.30) 0.893

TNM stage (II vs. I) 1.25(0.79-1.98) 0.349 1.71(0.81-3.61) 0.158

PHS (Low vs. High PHS) 0.20(0.12-0.35) <0.001* 0.52(0.07-4.01) 0.534

*: P < 0.05. ACT, adjuvant chemotherapy; PHS, Polygenic Hazard Score.

Table S5 Baseline characteristics of patients in the combined validation patients after propensity score matching

Characteristics
Matched cohort

All patients n=516 (%) Surgery alone (n=258) Surgery + ACT (n=258) P

Sex                                    0.520  

Male 332 (64.3%) 170 (65.9%) 162 (62.8%)          

Female 184 (35.7%) 88 (34.1%) 96 (37.2%)          

Age (Year)                                    0.289  

≤59 235 (45.5%) 111 (43.0%) 124 (48.1%)          

>59 281 (54.5%) 147 (57.0%) 134 (51.9%)          

Family cancer history                                    0.200  

No 374 (72.5%) 194 (75.2%) 180 (69.8%)          

Yes 142 (27.5%) 64 (24.8%) 78 (30.2%)          

Smoking                                    0.995  

Never 207 (40.1%) 103 (39.9%) 104 (40.3%)          

Ever 112 (21.7%) 56 (21.7%) 56 (21.7%)          

Current 197 (38.2%) 99 (38.4%) 98 (38.0%)          

Histology                                    0.531  

AD 307 (59.5%) 148 (57.4%) 159 (61.6%)          

SCC 170 (32.9%) 91 (35.3%) 79 (30.6%)          

Other† 39 (7.6%) 19 (7.7%) 20 (7.8%)          

EGFR

Wild type 182 (35.3%) 90 (34.9%) 92 (35.7%)   0.773  

Mutation 84 (16.3%) 45 (17.4%) 39 (15.1%)

Unknown 250 (48.4%) 123 (47.7%) 127 (49.2%)

Grade                                    0.864  

G1 286 (55.4%) 139 (53.9%) 147 (57.0%)          

G2 195 (37.8%) 102 (39.5%) 93 (36.0%)          

G3 33 (6.4%) 16 (6.2%) 17 (6.6%)          

TNM Stage                                    0.660  

I 250 (48.4%) 128 (49.6%) 122 (47.3%)          

II 266 (51.6%) 130 (50.4%) 136 (52.7%)          
†: other subtype includes large cell, adenosquamous, sarcomatoid, basaloid, and unclassifiable NSCLC. AD, lung adenocarcinoma; SCC: 
lung squamous cell carcinoma; EGFR, epidermal growth factor receptor; ACT, adjuvant chemotherapy.
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Figure S1 Kaplan-Meier analyses of overall survival by PHS in combined validation cohort stratified by clinical parameters. (A) Stage I, 
n=890; (B) Stage II, n=303. (C) Male, n=686; (D) Female, n=507; (E) ≤ 59 years old, n=391; (F) > 59 years old, n=802; (G) Never-smokers, 
n=469; (H) Former- or current-smokers, n=724; (I) Lung adenocarcinoma (AD), n=753; (J) Lung squamous cell carcinoma (SCC), n=337; 
(K) Grade G1 patients, n=523; (L) Grade G2-3 patients, n=620; (M) EGFR mutation, n=205; (N) EGFR wild type, n=315; (O) Patients with 
ACT plus surgery, n=258; (P) Patients with surgery alone, n=935. P values comparing PHS groups were calculated with the log-rank test. 
Hazard ratios (HRs) and 95% CIs were for low vs. high PHS in univariate COX regression analyses. PHS, Polygenic Hazard Score; EGFR, 
epidermal growth factor receptor; ACT, adjuvant chemotherapy.
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Figure S2 Kaplan-Meier and multivariate analyses of overall survival by treatment in matched cohort. (A), Kaplan-Meier plots for stage 
I patients for all patients (n=250, left), low-PHS group (n=94, middle), and high-PHS group (n=156, right). (B), Kaplan-Meier plots for 
stage II patients for all patients (n=266, left), low-PHS group (n=109, middle), and high-PHS group (n=157, right). P values were calculated 
with the log-rank test. Hazard ratios (HRs) and 95% CIs for surgery plus ACT vs. surgery alone were tested in univariate COX regression 
analyses. (C), Forest plots of HRs of ACT for stage I and stage II patients. HRs and 95% CIs were tested in multivariate Cox regression 
analyses adjusting for sex, age, grade, and TNM stage. ACT, adjuvant chemotherapy; PHS, Polygenic Hazard Score.
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