Check for
updates

pISSN 1598-2998, elSSN 2005-9256

https://doi.org/10.4143/crt.2023.728

Original Article

Cancer Res Treat. 2024;56(1):104-114

Clinical Impact of Genomic and Pathway Alterations in Stage | EGFR-Mutant

Lung Adenocarcinoma
Jae Seok Lee ™", Eun Kyung Kim ‘2, Kyung A Kim®, Hyo Sup Shim

'Department of Pathology, Samsung Changwon Hospital, Sungkyunkwan University School of Medicine, Changwon, *Department of Pathology,
National Health Insurance Service llsan Hospital, Goyang, *Department of Pathology, Yonsei University College of Medicine, Seoul, Korea

Purpose We investigated the clinical impact of genomic and pathway alterations in stage | epidermal growth factor receptor (EGFR)-
mutant lung adenocarcinomas, which have a high recurrence rate despite complete surgical resection.

Materials and Methods Out of the initial cohort of 257 patients with completely resected stage | EGFR-mutant lung adenocarci-
noma, tumor samples from 105 patients were subjected to analysis using large-panel next-generation sequencing. We analyzed 11
canonical oncogenic pathways and determined the number of pathway alterations (NPA). Survival analyses were performed based
on co-occurring alterations and NPA in three patient groups: all patients, patients with International Association for the Study of Lung
Cancer (IASLC) pathology grade 2, and patients with recurrent tumors treated with EGFR-tyrosine kinase inhibitor (TKI).

Results In the univariate analysis, pathological stage, IASLC grade, TP53 mutation, NPA, phosphoinositide 3-kinase pathway, p53
pathway, and cell cycle pathway exhibited significant associations with worse recurrence-free survival (RFS). Moreover, RPS6KB1 or
EGFR amplifications were linked to a poorer RFS. Multivariate analysis revealed that pathologic stage, IASLC grade, and cell cycle
pathway alteration were independent poor prognostic factors for RFS (p=0.002, p < 0.001, and p=0.006, respectively). In the grade 2
subgroup, higher NPA was independently associated with worse RFS (p=0.003). Additionally, in patients with recurrence treated with
EGFR-TKIs, co-occurring TP53 mutations were linked to shorter progression-free survival (p=0.025).

Conclusion Genomic and pathway alterations, particularly cell cycle alterations, high NPA, and TP53 mutations, were associated with
worse clinical outcomes in stage | EGFR-mutant lung adenocarcinoma. These findings may have implications for risk stratification and

the development of new therapeutic strategies in early-stage EGFR-mutant lung cancer patients.
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Introduction

Complete surgical resection with mediastinal lymph node
dissection remains the gold standard treatment for patients
with early-stage non-small cell lung carcinoma (NSCLC)
[1]. However, 20%-50% of patients experience recurrence
and eventually die of recurrent lung cancer [2]. Adjuvant
chemotherapy is recommended for patients with stage IT and
III lung cancer to prevent recurrence; however, it is not rec-
ommended for patients with stage IA of the disease. Further,
even though the use of adjuvant chemotherapy for patients
with stage IB lung cancer is controversial, it is recommended
for patients with high-risk clinicopathological factors, such
as lymphovascular invasion, visceral pleural invasion, and
poor differentiation. However, using only clinicopathologi-
cal factors to stratify the risk of tumor recurrence in patients
with early-stage NSCLC to determine the course of adjuvant
therapy is inadequate. To fully clarify the potential benefits

of adjuvant chemotherapy or targeted therapy in patients
with early-stage lung cancer, it is necessary to predict the risk
of tumor recurrence using additional genomic alterations.
Epidermal growth factor receptor (EGFR) mutations are
the most common driver mutations in East Asian patients
with lung adenocarcinoma (40%-60%), and several potent
EGFR-tyrosine kinase inhibitors (TKIs) have increased the
median overall survival of patients with advanced-stage
disease to longer than 2.5 years. However, not all patients
benefit equally from TKI treatment owing to clinical and
biological heterogeneity. Recently, the ADAURA clinical trial
revealed that adjuvant treatment of resected stage IB-IIIA
EGFR-mutant NSCLCs with third-generation EGFR-TKI osi-
mertinib shows significantly better outcomes than placebo
[3]. However, considering the high cost, adverse effects, and
long treatment period associated with EGFR-TKIs, whether
all patients with stage I NSCLC should be treated via this
approach is still controversial. Thus, a strategy for the selec-
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tion of patients at high risk of recurrence is necessary when
considering adjuvant TKI therapy. Studies on predictive
genomic markers of the benefits of adjuvant TKI therapy in
patients with early-stage EGFR-mutant lung adenocarcinoma
are limited [4]. Recent studies have focused on the risk strati-
fication of advanced-stage EGFR-mutant NSCLC using next-
generation sequencing (NGS) [5]. Further, several studies
have been conducted to discover novel predictive biomarkers
for the recurrence of resected early-stage NSCLC using vari-
ous methods, such as gene expression profiling, quantitative
reverse transcriptase—polymerase chain reaction, microRNA
assays, and mass spectrometry [6-8]. Despite these efforts,
the genomic biomarkers and mechanisms associated with
recurrence of resected early-stage NSCLC are still unclear.
NGS allows the simultaneous evaluation of multiple genes
and has recently been used in clinical practice to elucidate
tumor biology and select targeted therapies to facilitate pre-
cision medicine strategies for patients with lung cancer [9].
Compared to traditional single-gene assays, NGS is a feasi-
ble and cost-effective method for diagnostic genomic profil-
ing. However, it is unclear how the high volume of genomic
alterations identified via NGS interact and how they can
be used alongside EGFR mutation status and clinicopatho-
logical predictors to stratify the risk of tumor recurrence. To
address this issue, we used large-panel NGS to analyze stage
I EGFR-mutant lung adenocarcinoma specimens to investi-
gate genomic alterations and oncogenic pathway co-altera-
tions as well as their association with clinical outcomes.

Materials and Methods

1. Patients and samples

Patients with lung cancer who underwent complete tumor
resection and were histologically confirmed to have stage I
lung adenocarcinoma between 2005 and 2013 were screened
for inclusion in this study. Of these patients, those with
EGFR-mutant stage I adenocarcinoma were selected based
on a review of electronic pathological reports and additional
confirmation of EGFR mutation status using the PNAClamp
EGFR Mutation Detection Kit (Panagene Inc., Daejeon,
Korea) or the PANAMutyper EGFR Kit (Panagene Inc.),
according to the manufacturer’s instructions. Electronic
medical records were reviewed, and age, sex, smoking his-
tory, pathologic stage, lymphovascular invasion, visceral
pleural invasion, and dates of tumor recurrence and death/
last follow-up were collected. Patients with non-adenocarci-
noma histology, insufficient tumor specimens for complete
molecular analysis, and those who received neoadjuvant
treatment were excluded. Pathological stages were reviewed
and assigned according to the 8th American Joint Committee

on Cancer (AJCC) criteria. Further, the International Asso-
ciation for the Study of Lung Cancer (IASLC) grades were
determined according to previously described criteria [10].
This retrospective study was approved by the institutional
review board (approval No. 4-2021-1181).

2. Targeted NGS and interpretation

DNA was extracted from formalin-fixed, paraffin-emb-
edded whole tissue sections with more than 30% tumor
cellularity using a QIAamp DNA kit (QIAGEN GmbH,
Hilden, Germany) according to the manufacturer’s proto-
col. A TrueSight Oncology 500 panel (Illumina, San Diego,
CA) was used to target 523 cancer-related genes. Further,
libraries were sequenced on the NextSeq 550Dx platform
(Illumina). Raw sequencing data were processed, and vari-
ants were identified using the Illumina bioinformatics pipe-
line (Illumina). Somatic mutations, including single-nucleo-
tide variations, small insertions and deletions (indels), and
copy number variations (CNVs) were also identified. Patho-
genic and likely pathogenic somatic mutations with variant
allele frequencies (VAFs) > 5% were regarded as significant
and used for analysis. Fold changes above 1.5 or below 0.5
were regarded as CNVs. Furthermore, variant interpreta-
tion was based on recommendations from the Association
for Molecular Pathology, the American Society of Clinical
Oncology, and the College of American Pathologists [11].

The tumor mutation burden (TMB) scores (total vari-
ant number/megabase) were calculated according to the
TrueSight Oncology 500 Local App Manual (Illumina). We
also included single-nucleotide variants, insertions, and
deletions in the coding region with a VAF between 5% and
90% and a read depth of 50x. However, we excluded certain
variants that were annotated with > 50 counts in the COS-
MIC database, = 10 counts in normal population databases
(gnomAD exome/genome, 1000 Genomes), or were present
in the internal germline variant database. For the classifica-
tion of samples based on TMB, we categorized samples with
TMB scores below the median as ‘low TMB, while those
with TMB scores equal to or above the median were classi-
fied as ‘high TMB.’

3. Number of pathway alterations

We evaluated 11 recognized signaling pathways using
templates provided by The Cancer Genome Atlas PanCan-
cer Atlas project [12]. The analyzed pathways included the
receptor tyrosine kinase (RTK/RAS), Hippo, phospho-
inositide 3-kinase (PI3K), transforming growth factor p
(TGEFB), B-catenin/ Wnt, Myc, p53, oxidative stress response /
Nrf2, Notch, cell cycle, and DNA damage pathways. A
tumor sample was considered “altered’ with respect to a spe-
cific pathway when one or more genes in the pathway con-
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Table 1. Patient characteristics based on recurrence status (n=105)

Characteristic Total (n=105) Recurrence (n=50) No recurrence (n=55) p-value
Age at diagnosis (yr), mean (range) 63.8 (26-87) 63 (26-77) 64.6 (42-87) 0.477
Sex
Male 46 (43.8) 22 (44.0) 24 (43.6) 0.970
Female 59 (56.2) 28 (56.0) 31 (56.4)
Smoking status
Ever 31(29.5) 15 (30.0) 16 (29.1) 0.919
Never 74 (70.5) 35 (70.0) 39 (70.9)
Pack-years, mean (range) 8.2 (0-110) 9.1 (0-110) 7.3 (0-60) 0.625
Pathologic stage
IA1 8(7.6) 0 8(14.5) <0.001
IA2 20 (19.0) 2 (4.0) 18 (32.7)
IA3 35(33.3) 15 (30.0) 20 (36.4)
1B 42 (40.0) 33 (66.0) 9 (16.4)
IASLC grade
1 20 (19.0) 0 20 (36.4) <0.001
2 60 (57.1) 27 (54.0) 33 (60.0)
3 25(23.8) 23 (46.0) 2(3.6)
Lymphovascular invasion
Present 8(7.6) 7 (14.0) 1(1.8) 0.019
Absent 97 (92.4) 43 (86.0) 54 (98.2)
Visceral pleural invasion
Present 34(32.4) 26 (52.0) 8(14.5) <0.001
Absent 71 (67.6) 24 (48.0) 47 (85.5)
EGFR mutation
E19del 40 (38.1) 22 (44.0) 17 (30.9) <0.001
L858R 56 (53.3) 19 (38.0) 38 (69.1)
Others 9(8.6) 9 (18.0) 0
TP53 mutation
Mutant 17 (16.2 11 (22.0) 6 (10.9) 0.123
Wild type 88 (83.8) 39 (78.0) 49 (89.1)
NPA
1 40 (38.1) 10 (20.0) 30 (54.5) <0.001
32(30.5) 14 (28.0) 18 (32.7)
3 24 (22.9) 17 (34.0) 7(12.7)
4 9(8.6) 9 (18.0) 0
TMB
Low (<4.7) 49 (46.7) 15 (30.0) 34 (61.8) 0.001
High (= 4.7) 56 (53.3) 35 (70.0) 21 (38.2)

Values are presented as number (%). EGFR, epidermal growth factor receptor; E19del, exon 19 deletion; IASLC, International Association
for the Study of Lung Cancer; NPA, number of pathway alterations; TMB, tumor mutational burden.

tained a recurrent or known driver alteration. Additionally,
the status of specific pathways was determined to be either
altered or wild-type for each patient, and the number of path-
way alterations (NPA) in each sample was calculated as the
total number of altered pathways [13]. We classified samples
with one or two pathway alterations as ‘NPA low,” and those
with three or more pathway alterations as “NPA high,” and
grouped them accordingly.
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4. Statistical analysis

Clinical and pathological parameters were evaluated by
performing the chi-square test or Fisher’s exact test for cat-
egorical variables and the Spearman rank correlation test for
continuous variables. To assess prognostic values, we per-
formed survival analyses. Recurrence-free survival (RFS) is
the period from complete surgical resection to the time of
the first documentation of recurrence or last follow-up, and
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Fig. 1. Genomic landscape of stage I EGFR-mutant lung adenocarcinoma according to recurrence status. EGFR, epidermal growth factor

receptor; NR, not recurred; PY, pack-years; R, recurred.

progression-free survival (PFS) is the period from EGFR-TKI
treatment to the time of progression or last follow-up, were
analyzed using the Kaplan-Meier method, and differences
were tested using the log-rank test via univariate analysis.
Additionally, the Cox proportional hazards model was used
for multivariate survival analysis. Statistical significance was
set at p < 0.05. All statistical analyses were performed using
the SPSS software ver. 26 (IBM Corp., Armonk, NY).

Results

1. Clinicopathological characteristics

Of 412 patients with stage I lung adenocarcinoma identi-
fied, 257 (62%) harbored EGFR mutations, and of these, 50
(19.5%) experience disease recurrence. All recurrent tumors
(n=50) as well as randomly selected non-recurrent tumors
(n=55) were further analyzed via NGS. The distributions
of age, sex, smoking history, pathologic stage, and follow-
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Fig. 3. Survival curves based on IASLC grades and genomic alterations. (A) RFS of all patients based on IASLC grades. (B) RFS for all
patients based on cell cycle pathway alterations. (C) RES for patients with IASLC grade 2 EGFR-mutant lung adenocarcinoma based on
NPA. (D) PFS for patients treated with EGFR-TKI after recurrence based on TP53 mutations. EGFR, epidermal growth factor receptor;
IASLC, International Association for the Study of Lung Cancer; NPA, number of pathway alterations; PFS, progression-free survival; RFS,

recurrence-free survival; TKI, tyrosine kinase inhibitor.

up time of the 55 patients in the non-recurrent group were
similar to those of the remaining 152 unselected patients (S1
Table). The median follow-up duration was 65 months
(range, 7 to 126 months). The patient characteristics are sum-
marized in Table 1, from which it is evident that the mean
patient age was 63.8 years (range, 26 to 87 years). Further,
59 patients (56.2%) were female and 74 (70.5%) had never
smoked. The mean number of pack-years smoked was 8.2
(range, 0 to 110), and the baseline pathological stage distribu-
tion was as follows: stage IA1, 8 (7.6%); stage IA2, 20 (19.0%);
stage IA3, 35 (33.3%); and stage IB, 42 (40.0%). Furthermore,
TASLC grades 1, 2, and 3 of the disease were observed in 20
(19.0 %), 60 (57.1%), and 25 (23.8%) patients, respectively.

2. Genomic characteristics

The L858R mutation in exon 21 was the most frequently
observed EGFR alteration (53.3%), followed by exon 19
deletions (E19del) (38.1%) and other alteration types (8.6%).
The co-occurring genetic alterations in all the 105 patients

included are shown in Fig. 1 and S2 Table. Among the
co-occurring mutations, TP53 mutations were the most fre-
quently observed (n=17, 16.2%), followed by RBM10 muta-
tions (n=9, 8.6%). Further, the most frequent co-occurring
CNVs were: RPS6KB1 amplification, EGFR amplification,
MDM?2 amplification, CDK4 amplification, and MYC amp-
lification observed in 25 (23.8%), 22 (21.0%), 12 (11.4%), 10
(9.5%), and 10 (9.5%) tumors, respectively.

The distribution of pathway alterations is shown in Fig.
2. From this figure, the p53 pathway was identified as the
most frequently altered pathway (n=39, 37.1%), followed by
the PI3K pathway (n=29, 27.6%), cell cycle (n=22,20.9%), and
DNA damage (n=15, 14.2%). The NPA distributions were
as follows: NPA1, 40 (38.1%); NPA2, 32 (30.5%); NPA3, 24
(22.9%); and NPA4, 9 (8.5%). Additionally, the median NPAs
were 2 (range, 1 to 4) for all patients, 2.5 (range, 1 to 4) for the
recurrence group, and 1.5 (range, 1 to 3) for the non-recur-
rence group.

The median TMB was 4.7 per megabase considering all the
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Table 2. Prognostic factors for recurrence-free survival according to univariate and multivariate analyses involving all patients (n=105)

Univariate analysis

Multivariate analysis
95% CI

Variable

HR 95% CI  p-value HR p-value

Pathologic stage IB vs. IAY 3.687  2.034-6.685 < 0.001 2,665  1.448-4.904  0.002%
IASLC grade Grade 3 vs. Grade 2 or 19 5.028 2.815-8.978 <0.001 4008 2.221-7.231 <0.001%
Lymphovascular invasion Present vs. Absent” 3.035 1.351-6.818  0.005 - - -
Visceral pleural invasion Present vs. Absent? 2.842 1.610-5.017 <0.001 - - -
TP53 mutation TP53 mutation vs. Wild type? 1966  1.002-3.857  0.049 - - -
NPA High (3-4) vs. Low (1-2)? 3.241  1.849-5.681 <0.001 = = =
PI3K pathway Altered vs. Wild type? 2853  1.625-5.009 <0.001 - - -
p53 pathway Altered vs. Wild type” 2405 1.376-4.202  0.002 - - -
Cell cycle pathway Altered vs. Wild type” 2536 1.390-4.626  0.002 2325  1.267-4.265  0.006"
RPS6KB1 Amp Amp vs. Wild type? 3119 1.764-5.513 <0.001 - - -
EGFR Amp Amp vs. Wild type? 2110 1.091-4.082  0.026 - - -
TMB High vs. Low? 2419  1.315-4449  0.004 - - -

Amp, amplification; CI, confidence interval; EGFR, epidermal growth factor receptor; HR, hazard ratio; IASLC, International Association
for the Study of Lung Cancer; NPA, number of pathway alterations; PI3K, phosphoinositide 3-kinase; TMB, tumor mutational burden.
“Reference variable, Yp-values calculated via multivariate stepwise Cox regression analysis.

Table 3. Prognostic factors for recurrence-free survival according to univariate and multivariate analysis in patients with IASLC grade 2
(n=60)

Univariate analysis

HR 95% CI

Multivariate analysis

95% CI

Category Variable

p-value HR

p-value

Pathologic stage IB vs. [AY 3.349  1.495-7.505  0.003 3327  1.465-7.557 0.004"
Visceral pleural invasion Present vs. Absent” 2360  1.102-5.056  0.023 = = >
TP53 mutation TP53 mutation vs. Wild type? 1335 0.458-3.8901  0.597 - - -
NPA High (3-4) vs. Low (1-2)Y 3.303 1.536-7.102  0.002 3271  1.497-7.147 0.003"
PI3K pathway Altered vs. Wild type” 3.048  1.402-6.624  0.005 - - -
p53 pathway Altered vs. Wild type” 1.934  0.904-4.138  0.089 = = =
Cell cycle pathway Altered vs. Wild type” 2203  1.002-4.843  0.049 - - -
RPS6KBI Amp Amp vs. Wild type? 3.047 1.360-6.827  0.007 - - -
EGER Amp Amp vs. Wild type” 1501 0.563-4.006  0.414 - - -

Amp, amplification; CI, confidence interval; EGFR, epidermal growth factor receptor; HR, hazard ratio; IASLC, International Association
for the Study of Lung Cancer; NPA, number of pathway alterations; PI3K, phosphoinositide 3-kinase. *Reference variable, "p-values cal-
culated via multivariate stepwise Cox regression analysis.

patients. We also observed a high TMB (> 4.7) in 56 patients
(53.3%). The median TMB was 5.7 (range, 0.8 to 40.1) in the
recurrent group, and 3.9 (range, 0.8 to 49.8) in the non-recur-
rent group.

3. Prognostic factors of RES in all patients

In the univariate analysis, pathological stage, IASLC grade
(Fig. 3A), lymphovascular invasion, visceral pleural inva-
sion, TP53 mutation, NPA, PI3K pathway, p53 pathway, and
cell cycle pathway (Fig. 3B) were significantly associated
with a worse RFS. The hazard ratio (HR), 95% confidence
interval (CI), and p-values are shown in Table 2. Addition-
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ally, RPS6KB1 or EGFR amplifications were associated with
a worse RFS (Table 2). A high TMB was also associated with
poor RFS (p=0.004).

Multivariate Cox regression analysis revealed that inde-
pendent risk factors for RFS included a higher pathologic
stage (HR, 2.665; 95% CI, 1.448 to 4.904; p=0.002), higher
IASLC grade (HR, 4.008; 95% CI, 2.221 to 7.231; p < 0.001),
and an altered cell cycle pathway (HR, 2.325; 95% CI, 1.267 to
4.265; p=0.006) (Table 2).
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4. Prognostic factors of RFS in patients with IASLC grade 2

No disease recurrence was observed in patients with grade
1 of the disease, and as expected, patients with grade 2 dis-
ease (n=60) showed an intermediate prognosis among the
three patient groups according to the IASLC grading sys-
tem (Fig. 3A). Additionally, univariate analysis showed that
pathological stage, visceral pleural invasion, NPA (Fig. 3C),
PI3K pathway, cell cycle pathway, and RPS6KB1 amplifica-
tion were significantly associated with a worse RFS. The HR,
95% CI, and p-values are shown in Table 3.

Multivariate Cox regression analysis further revealed that
independent risk factors for RFS included a higher patho-
logical stage (HR, 3.327; 95% CI, 1.465 to 7.557; p=0.004) and
a higher NPA (HR, 3.271; 95% CI, 1.497 to 7.147; p=0.003)
(Table 3).

5. Prognostic factors of PFS in patients treated with EGFR-
TKI after recurrence

Among patients with recurrence who underwent EGFR-
TKI treatment (n=37), those with co-occurring TP53 muta-
tions showed shorter PFS periods (p=0.025) (Fig. 3D). Other
factors did not show statistically significant associations bet-
ween PFS and the EGFR-TKI treatment.

Discussion

Here, we evaluated the prognosticimplications of co-occur-
ring genetic and pathway alterations in patients with surgi-
cally resected stage I EGFR-mutant lung adenocarcinoma.
Thus, we observed that: (1) cell cycle pathway alteration
and IASLC grade were independent poor prognostic fac-
tors in stage I EGFR-mutant adenocarcinoma, (2) a higher
NPA was an independent prognostic factor in IASLC grade
2 EGFR-mutant adenocarcinoma, and (3) TP53 mutation was
associated with a poor response to EGFR-TKI therapy after
recurrence in completely resected stage I EGFR-mutant ade-
nocarcinoma.

The prognostic factors associated with disease recurrence
in early-stage lung adenocarcinomas after complete resection
have been investigated in previous studies. Among these,
it has been consistently reported that a histologically high-
grade pattern is associated with a poor prognosis [14-16]. As
an extension of these findings, the IASLC pathology commit-
tee proposed a grading system for invasive non-mucinous
lung adenocarcinoma [10], and this grading system has been
validated in another cohort [17-19]. Thus, as expected, IA-
SLC grade was identified as an independent prognostic fac-
tor for RFS in patients with stage I EGFR-mutant cancers.

The use of NGS panel testing has become increasingly
common in clinical practice, particularly for patients with

advanced lung cancer. This test primarily provides infor-
mation on targetable genetic alterations [9]. In addition to
targetable drivers, the presence of co-occurring genetic alte-
rations can affect cancer biology, microenvironmental inter-
actions, and therapeutic outcomes [20]. Thus, comprehen-
sive genomic profiling of cancer-related genes has become
important, and large-panel NGS, which offers the possibility
to detect mutations in tumor suppressor genes and CNVs, is
frequently used in clinical settings. In this study, mutations
or amplifications in the genes, TP53, or RPS6KBI were asso-
ciated with a worse RFS. These findings confirmed the effect
of co-occurring genetic alterations on clinical outcomes, even
in stage I lung cancers, including EGFR oncogene-driven ad-
enocarcinomas.

In addition to the gene-centric approach described above,
the pathway-centric approach can also provide additional
clinical information [13]. In this study, we investigated 11
oncogenic pathway alterations as well as NPA and observed
that certain co-occurring pathway alterations (PI3K, p53, and
cell cycle) and a high NPA (> 3) were associated with a worse
prognosis. Via multivariate analysis of the study population,
we also observed that an altered cell cycle pathway and a
high NPA were independent prognostic markers associated
with poor RFS. This possibly indicated that the pathway-cen-
tric approach offers the possibility to more effectively identi-
fy patients at high risk of recurrence as well as candidates for
adjuvant therapy following lung adenocarcinoma resection.
Similar findings using the pathway-centric approach were
obtained in a study on resected lung adenocarcinoma [13].
In this previous study, NPA was identified as an independ-
ent risk factor for a poor RFS and cell cycle, Hippo, TGE,
and p53 pathway alterations were also found to be associ-
ated with a poor RFS [13]. Another recent study found that
higher NPA, TMB, and CNVs are linked to high-grade histo-
logic patterns and worse clinical outcomes in stages I-IIl lung
adenocarcinoma [21].

In this study, TP53 mutations, which were the most fre-
quently observed co-mutations, were associated with a
worse RFS. Previous studies have suggested that TP53 al-
terations may be associated with treatment resistance and
shorter survival in patients with EGFR-mutant lung cancer
[22-24]. Further, it was recently suggested that TP53 muta-
tions influence clinical outcomes by facilitating genomic
instability and the acquisition of additional co-occurring
driver events in early-stage EGFR-mutant lung cancer [25].
Furthermore, TP53 mutations are associated with faster
resistance evolution independent of the resistance mecha-
nism after TKI treatment in advanced-stage EGFR-mutant
lung cancer [26]. In this study, TP53 mutations showed an
association with a poor PFS following EGFR-TKI treatment
in patients with recurrent disease after complete surgical
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resection of stage I disease.

Our results also indicated that RPS6KB1 and EGFR ampli-
fications were significantly associated with a worse RFS in
stage I EGFR-mutant lung adenocarcinoma. Among these,
RPS6KB1 amplification was the most frequently observed
(in 23.8% of cases). Reportedly, the RPS6KB1 gene encodes a
member of the ribosomal S6 family of serine and threonine
kinases. The encoded proteins then respond to mTOR signal-
ing to promote protein synthesis, cell growth, and prolifera-
tion. Additionally, RPS6KB1 amplification has been reported
in approximately 10% of breast cancers and is associated
with poor clinical outcomes [27]. Hyperphosphorylation of
RPS6KBI has recently been correlated with poor clinical out-
comes in patients with NSCLC after surgical excision [28].
Notwithstanding, further studies on RPS6KB1 amplification
in a larger cohort with functional validation are needed to
confirm its biological and clinical significance.

Surgically resected lung adenocarcinoma is graded accord-
ing to the IASLC-proposed grading system [10]. Real-world
data show that grade 2 tumors constitute the largest propor-
tion (> 50%) of lung adenocarcinomas [19]. Further, grade 2
tumors, formerly intermediate-grade adenocarcinoma, can
be heterogeneous tumors with various clinical outcomes
[29]. In the present study, we examined the significance of
co-occurring genetic and pathway alterations in grade 2
tumors. In particular, NPA was identified as an independ-
ent prognostic factor for a worse RFS. This indicated that
genomic analysis of tumors with an intermediate prognosis
could provide additional information for predicting clinical
behavior in lung cancer.

Systemic targeted or immunotherapies have been increas-
ingly used in adjuvant or neoadjuvant settings for patients
with resectable early-stage lung cancer [30]. Accordingly, the
early determination of genomic and immunological infor-
mation for early-stage lung cancer is becoming increasingly
important [31]. NGS, which is intensively performed for
advanced-stage cancers, is expected to expand the indica-
tions for early-stage cancers. We believe that understanding
the detailed genetic and pathway alterations in early-stage
lung cancer may facilitate the development of new therapeu-
tic strategies to improve patient care, such as risk stratifica-
tion and the development of novel candidates for combina-
tion therapy, even in patients with stage I EGFR-mutant lung
adenocarcinoma.

Our study had several limitations. First, this was a retro-
spective study; therefore, the possibility of selection bias can-
notbe ruled out. Second, we used only DNA sequencing data.
Genes that were epigenetically silenced were excluded from
the analysis; transcriptome analysis can provide additional
information on high-risk factors [24]. Third, we sequenced
only a portion (27%) of the non-recurrent tumors owing to

112 CANCER RESEARCH AND TREATMENT

resource limitations. Although the selected non-recurrent
group showed a similar distribution of clinical characteris-
tics as the remaining unselected patients, there could be a
selection bias. The non-recurrent group was predominantly
composed of patients with grades 1 and 2 tumors. Addition-
ally, in this study, we mainly focused on recurrence-associ-
ated genomic factors. Due to the limited number of cases in
our study, we did not perform detailed analyses regarding
grade-associated genomic alterations. It is worth noting that
previous reports have described associations between high-
grade tumors and their genomic findings [21,32].

In conclusion, the results of this study suggested that
large-panel NGS with genomic and pathway-centric analy-
sis strategies may provide valuable information for the risk
stratification of patients with resected stage I EGFR-mutant
lung adenocarcinoma. In particular, cell cycle alterations and
high NPA were independently associated with a worse RFS,
and TP53 mutations were associated with poor response to
EGFR-TKIs after recurrence. These results may facilitate risk
stratification and the development of new therapeutic strate-
gies for patients with early-stage EGFR-mutant lung cancer.
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