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Background NFE2L2 (nuclear factor erythroid-2-related factor-2) encodes a basic
leucine zipper (bZIP) transcription factor and exhibits variations in various tumor
types, including lung cancer. In this study, we comprehensively investigated the impact
of simultaneous mutations on the survival of NFE2L2-mutant lung cancer patients
within specific subgroups.

Methods A cohort of 1,103 lung cancer patients was analyzed using hybridization
capture-based next-generation sequencing.

Results The NFE2L2 gene had alterations in 3.0% (33/1,103) of lung cancer samples,
including 1.5% (15/992) in adenocarcinoma and 16.2% (18/111) in squamous cell
carcinoma. Thirty-four variations were found, mainly in exons 2 (27/34). New variations
in exon 2 (p.D21H, p.V36_E45del, p.F37_E45del, p.R42P, p.E67Q, and p.L76_E78de-
linsQ) were identified. Some patients had copy number amplifications. Co-occurrence
with TP53 (84.8%), CDKN2A (33.3%), KMT2B (33.3%), LRP1B (33.3%), and PIK3CA (27.3%)
mutations was common. Variations of NFE2L2 displayed the tightest co-occurrence
with IRF2, TERC, ATR, ZMAT3, and SOX2 (p<0.001). In The Cancer Genome Atlas
Pulmonary Squamous Carcinoma project, patients with NFE2L2 variations and 3q26
amplification had longer median survival (63.59 vs. 32.04 months, p=0.0459) and
better overall survival.

Conclusions NFE2L2 mutations display notable heterogeneity in lung cancer. The
coexistence of NFE2L2 mutations and 326 amplification warrants in-depth exploration
of their potential clinical implications and treatment approaches for affected patients.
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Introduction

NFE2L2 (nuclear factor erythroid-2-related factor-2), encod-
ing NRF2, is a crucial transcription factor responsible for
regulating the expression of genes involved in various cellu-
lar processes, such as the antioxidant metabolism, lipid and
iron catabolism, and proteostasis.' The Cancer Genome Atlas
(TCGA) data reveal that NFE2L2 mutations occur in approxi-
mately 20% of squamous cell carcinoma (SCC).2 Activation of
the NRF2 pathway can provide a significant advantage in
shielding tumor cells from the detrimental effects of oxida-
tive stress.> Cancer cells that exhibit sustained activation of
NRF2 often acquire a reliance on this pathway and contribute
to the development of malignant phenotypes, ultimately
leading to unfavorable prognoses in cancer patients.* Accu-
mulating evidence indicates the functional involvement of
NRF2 in the progression and development of nonsmall cell
lung carcinoma (NSCLC).>® Satoh et al demonstrated a rela-
tive decrease in the number of tumors with more malignant
characteristics in NRF2 knockout mice, underscoring the
importance of NRF2 in the initiation and progression of
lung cancer.” Furthermore, NRF2 activation has been associ-
ated with poor treatment response and prognosis in clinical
patients.8 The unfavorable prognosis observed in NFE2L2-
mutant NSCLC has been partially attributed to the inade-
quate response to radiotherapy® as well as second- and third-
line chemotherapy.'® This diminished responsiveness is
primarily associated with resistance mediated by the mutant
Nrf2 pathway.!" Through bioinformatics analysis of NRF2
transcripts in NSCLC cells, a recurring loss of exon 2 or exons
2/3 in NRF2 mRNA was observed as a result of alternative
splicing.’> The deletion of exon 2 presents a sophisticated
mechanism for tumors to enhance NRF2 stability by elimi-
nating its interaction sites—specifically, the DLG and ETGE
motifs—with KEAP1. Additionally, oncogenic signals like
KRAS, BRAF, and MYC activate NRF2 transcription,13

The signaling pathway of NRF2 is tightly regulated by
KEAP1, which acts as a substrate adapter protein for the E3
ubiquitin ligase complex CUL3/RBX1 consisting of human
cullin-3 and human RING box protein 1.'% Extensive research
has demonstrated that the KEAP1-NRF2 pathway exhibits
bidirectional regulatory effects in carcinogenesis. On one
hand, it possesses tumor preventive properties, whereas on
the other hand, it can promote tumor progression.'> Muta-
tions in NFE2L2/KEAP1 have been linked to increased tumor
mutational burden (TMB) and PD-L1 expression, resulting in
improved clinical responses to immunotherapy and favor-
able patient outcomes.'® Additionally, lung adenocarcinoma
patients with co-occurring mutations in NFE2L2 and KEAP1
have shown poorer survival outcomes compared with those
with a single mutation in either gene.!”

The PIK3CA gene, located on the q26 region of the long arm
of chromosome 3 (3q26), frequently undergoes activating
mutations or copy number amplifications in lung can-
cer.'®21 PIK3CA is responsible for regulating the phosphati-
dylinositol 3-kinase (PI3K)/Akt signaling pathway, crucial in
governing cell proliferation, adhesion, differentiation, and
motility.22 Activated PI3K signaling leads to increased NRF2
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accumulation in the nucleus,?> thereby enhancing various
biological processes, including de novo purine nucleotide
synthesis, glutamine metabolism, and the pentose phos-
phate pathway. The PI3K inhibitor NVP-BKM120 reduces
NRF2 expression in squamous lung cancer cells.>* Diosmetin
selectively induces apoptosis and enhances paclitaxel effica-
cy in NSCLC cells by accumulating reactive oxygen species
through disrupting the PI3K/Akt/GSK-3/Nrf2 pathway.25
Recent studies have revealed the involvement of NFE2L2 in
DNA repair. There exists a significant association between
NFE2L2 mutations and ATR gene expression.?® NRF2 interacts
with ATR at DNA damage sites, promoting ATR activation
through its AAD-like domain and thereby facilitating G2 cell
cycle arrest.?’ Notably, the ATR gene, a key regulator of the
DNA damage response (DDR), is also located on 3q26.

Indeed, the genetic fitness of tumors is influenced by the
nonadditive contributions of multiple genes within cancer
pathways, underscoring the importance of interactions be-
tween mutations that may signify genetic epistasis.?® In the
context of lung cancer, the concept of epistatic mutation
interactions has garnered substantial support. For example,
in the realm of targeted therapy, the presence of TP53
mutations has been linked to diminished responsiveness to
tyrosine kinase inhibitors and a poorer prognosis in patients
with EGFR-mutated NSCLC.?° Additionally, early studies have
demonstrated the mutually exclusive nature of EGFR and
KRAS mutations, delineating two subtypes of NSCLC patients
with distinct clinical outcomes.3?3 Regarding immunother-
apy, patients harboring concurrent TP53 and KRAS mutations
may potentially derive greater benefits from PD-L1 inhibitors
compared with those with a single mutation.>>33 Further-
more, the presence of STK11/LKB1 mutations has been shown
to facilitate resistance to PD-1/PD-L1 inhibitors in KRAS-
mutant lung adenocarcinoma (LUAD).34

In this comprehensive investigation, we employed tar-
geted next-generation sequencing analysis on a robust co-
hort comprising 1,103 individuals diagnosed with lung
cancer. Our principal objective centered on the meticulous
exploration of potential deleterious co-occurrences associ-
ated with the NFE2L2 gene within the context of lung cancer.

Patients and Methods

Patients and Specimens
We collected blood and tumor tissue specimens from a cohort
of 1,103 individuals diagnosed with lung cancer. These
patients received treatment at multiple clinical centers from
January 2020 to July 2022. Prior to specimen collection, all
participants provided written informed consent. The study
protocol was approved by the Ethics Committee of the First
Hospital of Hebei Medical University, ensuring compliance
with ethical guidelines for research involving human subjects.
During the selection process, patients with histopathological
evidence of either lung adenocarcinoma (LUAD) or lung squa-
mous cell carcinoma (LUSC) and who underwent standard
treatment were included. Patients with other types of cancers
showing multiple malignant tumor cell components (such as
adenosquamous carcinoma) were excluded.
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Data Collection

High-quality total DNA was extracted from tissues using a
commercial Universal Columnar Genome Extraction Kit
(Kangwei, China). Sample Purification Beads (Illumina)
were employed to purify fragmented DNA. To generate
DNA fragments of 180 to 280bp, hydrodynamic shearing
was conducted using the M220 Focused-ultrasonicator
(Covaris) on 0.6 g of genomic DNA. Subsequently, adapter-
ligated libraries were generated using the TruSeq Nano DNA
Sample Prep Kits (Illumina). For target enrichment, the
constructed libraries were hybridized to custom-designed
biotinylated oligonucleotide probes (Roche NimbleGen) cov-
ering 364 cancer-related genes (~Supplementary Table S1,
available in online version only). Subsequently, the index-
coded library samples were clustered on an Illumina cBot
Cluster Generation System, and the DNA libraries were
sequenced using an Illumina HiSeq 2000 system. Genomic
alterations, including single-nucleotide variants, small inser-
tions and deletions (Indels), copy number alterations, and
gene fusions/rearrangements, were detected with GATK,
MuTect (version 1.1.4) and BreakDancer, respectively. For
quality control, tumor tissue somatic mutations were refined
using the following criteria: (1) variants with a frequency of
<1% in the 1000 Genomes Project (https://www.internatio-
nalgenome.org/) and the Exome Aggregation Consortium;
(2) not present in paired germline DNA from peripheral
blood lymphocytes; and (3) detected in five or more high-
quality reads and without paired-end reads bias.

Data related to the TCGA cohorts were downloaded from
cBioPortal (http://cbioportal.org). In addition, the data access
period was June 2022. Briefly, we collected data on patients
with lung cancer from this online database, including molec-
ular characteristics (somatic mutations, copy number varia-
tion [CNV], and TMB), clinical information (gender, age,
pathology, and smoking history), and overall survival (OS).

Statistical Analysis

The Kaplan-Meier curves were used to estimate OS, and
statistical significance was calculated using the log-rank test.
Multivariate Cox analysis was used to examine the associa-
tion between OS and genomic features, as well as clinical
phenotypes. The related estimates were reported as hazard
ratio and 95% confidence interval. For all the analysis, a p-
value below 0.05 was considered significant. Statistical anal-
yses were carried out using R software.

Results

The Prevalence and Distribution of NFE2L2 Mutations
with Lung Cancer

We conducted a retrospective analysis of sequencing data
from 1,103 lung cancer patients between 2020 and 2022.
The clinical characteristics of these patients were listed
in =Table 1. Among the cohort of patients, a total of 33
individuals with NFE2L2 mutations were identified. Nota-
bly, all of these individuals were male, with a median age of
66 years (range: 38-87) (=~Supplementary Table S2, avail-
able in online version only). In comparison to patients with
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Table 1 Clinical characteristics of nonsmall cell lung carcinoma
patients with NFE2L2 mutations and NFE2L2 wild type

Patient NFE2L2 mutated | NFE2L2 wild-type
characteristics (N=33) (N=1,070)
Age (mean£SD) | 65.97 +9.61 61.93+£10.51
Gender

Male 33 560

Female 0 510
Type

LUSC 18 93

LUAD 15 977
Smoking status

Ever 14 316

Never 19 752

NA 0 2
Stage

I 9 393

Il 9 227

1} 14 287

v 1 132

NA 0 31
Site

Left lung 13 444

Right lung 20 624

NA 0 2

Abbreviations: LUAD, lung adenocarcinoma; LUSC, lung squamous cell
carcinoma; NA, not applicable; SD, standard deviation.

wild-type NFE2L2, those carrying NFE2L2 mutations exhib-
ited a slightly higher average age (p = 0.029). The prevalence
of NFE2L2 mutations is summarized in =Fig. 1A, indicating
a relatively high mutation frequency of 16% in LUSC. Unex-
pectedly, a lower mutation frequency of 3% was observed in
LUAD, which is still relatively high when compared with
previous reports.m’35 Furthermore, NFE2L2 mutations
showed no significant correlation with disease stage (I/II
vs. IlII/IV, p=0.681), primary lesion location (left lung vs.
right lung, p=0.944), or smoking history (ever vs. never,
p=0.164). Aberrations in NFE2L2 commonly arise from
somatic mutations or CNVs. In our study, we identified a
total of 34 NFE2L2 variations, with 27 located in exon 2, 4 in
exon 5,2 in exon 3, and 1 in exon 4 (~Fig. 1B). Most of them
occur in DLG or ETGE motifs, and the majority of them lead
to the activation of the NRF2 pathway in cancer.® Addi-
tionally, we identified three cases of copy number amplifi-
cation variant of NFE2L2 in LUSC, which also resulted in
activation of the NRF2 pathway. Our investigation further
revealed the presence of several previously unreported
mutations within exon 2 of the NFE2L2 gene. These novel
mutations include D21H, V36_E45del, F37_E45del, R42P,
E67Q, and L76_E78delinsQ.
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Fig. 1 The prevalence and distribution of NFE2L2 mutations in Chinese NSCLC. (A) The prevalence of NFE2L2 mutations in patients with LUAD
and LUSC. (B) The distribution of NFE2L2 mutations are shown on protein schematics. Symbols indicate the mutation type and location.
LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; NSCLC, nonsmall cell lung carcinoma.

Identification of NFE2L2 Co-occurring Mutations
Based on the genomic data obtained from the cohort of 33
patients, we further elucidated the comprehensive land-
scape of NFE2L2 gene alterations (=Fig. 2A). Our findings
indicated that individuals harboring NFE2L2 mutations also
exhibited other actionable or driver mutations, with TP53
being the most frequently mutated gene (84.8%), followed
by CDKN2A (33.3%), KMT2B (33.3%), LRP1B (33.3%), and
PIK3CA (27.3%). Subsequently, a set of genes whose alter-
ations showed the most pronounced co-occurrence with
NFE2L2 were identified (~Fig. 2B). This gene set (IRF2, TERC,
ATR, ZMAT3, and SOX2) exhibited significant co-occurrence
with NFE2L2 (p <0.001). Remarkably, a majority of these
genes are situated in the q26 region of the long arm of
chromosome 3 (3q26), which is frequently amplified in
TCGA LUSC cohort (=Fig. 2C). Furthermore, our study
revealed that the amplification of four genes (PIK3CA,
SOX2, TERC, ZMAT3) located on chromosome 3q26 was
also found to co-occur with NFE2L2 (=Fig. 2D). Previous
studies have suggested that NFE2L2 is a poor prognosis
marker in lung cancer.®3” Thus, we further investigated
whether the co-occurrence of NFE2L2 and 3q26 amplifica-
tion defines a molecular subset of lung cancer with unique
clinical outcomes.

Overall Survival Features of Lung Cancer Carrying Co-
mutations

In order to determine whether the co-occurrence of NFE2L2
mutations and 3q26 amplification has a different impact on the

prognosis of lung cancer patients than what has been previ-
ously reported, we conducted an analysis of the TCGA Pan-Lung
Cancer database (http: //cbioportal.org/msk-impact).2> This da-
tabase includes data from 1,144 patients with various types of
lung cancer. After excluding patients without survival data, we
ultimately analyzed 982 patients to assess survival. Our analy-
sis revealed that in the cohort of patients with NFE2L2 muta-
tions, those who carried 3q26 amplification had significantly
longer survival than those who did not carry the amplification
(=Fig.3A, median overall survival: 55.23 vs.32.04,p = 0.0166).
However, within the subgroup of patients lacking NFE2L2
mutations, our analysis did not identify any noteworthy dis-
parity in survival outcomes between individuals with and
without 3q26 amplification (=~Fig. 3B).

Risk of Death of Lung Cancer Carrying Co-mutations

Given the variable prevalence of NFE2L2 mutations in LUSC
and LUAD, it is essential to investigate whether the difference
in prognosis associated with the presence or absence of 3q26
amplification in NFE2L2-mutated patients is caused by dis-
tinct clinical features. Multivariate Cox regression analyses
were conducted to identify potential predictors of survival in
the TCGA Pan-Lung Cancer cohort. Among the molecular
characteristics and clinical information examined, the pres-
ence or absence of NFE2L2 mutations co-occurring with 3q26
amplification was the only significant predictor of OS
(=Fig. 4A). In addition, considering that previous studies
have mostly reported NFE2L2 as a marker of poor prognosis
in pan-cancer or LUAD,337-38 we separately analyzed OS in
Vol. 11
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TCGA LUSC patients with only NFE2L2 mutations versus
those with coexisting mutations. Our findings suggest that
the synergistic effect of 3q26 amplification on NFE2L2 still
holds true, as patients carrying coexisting mutations
(CoMut) had better prognoses than those with only
NFE2L2 mutations (=Fig. 4B). These results confirmed that
the co-occurrence of NFE2L2 and 3q26 defined a molecular
subset of lung cancer with better clinical outcomes com-
pared with NFE2L2 alone, and this difference is not related to
clinical features.

Discussion

NFE2L2 mutations commonly coincide with additional driver
mutations across diverse cancer types, such as LUSC, head
and neck cancer, bladder cancer, and esophageal cancer.
Consequently, the inhibition of the NRF2 pathway may exert
an epistatic interaction with other driving variants, resulting
in the suppression of cancer growth.>® The primary objective

of our investigation was to examine NFE2L2, given its high
frequency of genetic alterations in lung cancer and its
established correlation with adverse clinical outcomes. Fur-
thermore, NFE2L2-mutated cancers often display concurrent
alterations, and ongoing clinical trials (NCT05275673,
NCT04518137) are evaluating NFE2L2 as a potential thera-
peutic target. This offers a unique opportunity to identify key
prognostic markers and potential targets for future clinical
interventions. Furthermore, our investigation unveiled a
significant co-occurrence of NFE2L2 with the amplification
of four genes (PIK3CA, SOX2, TERC, ZMAT3) located on chro-
mosome 326, as indicated by the examination of co-muta-
tion correlation patterns.

CNVs represent recurrent genetic alterations commonly
identified in human tumors. The amplification of the long
arm of chromosome 3 (3q) was initially documented nearly
two decades ago in head and neck squamous cell carcinoma
(HNSCC).40 Subsequent evidence has demonstrated that
3q26 amplification is a frequent occurrence in malignant
Vol. 11
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tumors and is potentially associated with tumor invasive-
ness. This suggests that 3q26 amplification plays a substan-
tial functional role in the transition from premalignancy to
malignancy in several tumor types, including laryngeal
squamous cell carcinoma, HNSCC, and cervical cancer. These
tumor types have been consistently observed to exhibit 3q26
amplification.*1=43

The SOX2 protein is a transcription factor that plays a crucial
role in regulating the pluripotency of embryonic stem cells as
well as in the morphogenesis and homoeostasis of tracheo-
bronchial epithelia. The current hypothesis suggests that SOX2
is involved in various stages of invasive carcinoma develop-
ment from normal epithelium, driving the expression of
squamous histology markers such as P63. Studies have dem-
onstrated that silencing SOX2 expression results in apoptosis,
reduced tumorigenicity, and decreased stemness in lung can-
cer cells.**~4® Amplification of the SOX2 gene has been identi-
fied as a driver of its expression in various SCCs, such as lung
and esophageal cancers.*’*8 Researchers have demonstrated a
correlation between heightened levels of SOX2 expression and
an unfavorable prognosis in both lung adenocarcinoma® and
small cell lung cancer.*® Paradoxically, in NSCLC patients, SOX2
expression has been linked to better clinical outcomes, indicat-
ing that complex multigenic interactions are involved in driv-
ing aggressive behavior and unfavorable clinical outcomes in
tumors with 3q26 amplification.>®

Another gene that has robust evidence supporting its
driving role in 3q26 amplification tumors and other tumor
types is PIK3CA. It is located on the 3q26 genomic region,
downstream of SOX2, and encodes the p110«a protein, which
is the catalytic subunit of PI3K. PIK3CA is responsible for
regulating the PI3K/Akt signaling pathway, which is critical
for cell survival in human cancer.? Notably, there is a higher
prevalence of genetic alterations in PIK3CA in LUSC compared
with LUAD.'®'? Okudela and colleagues demonstrated
PIK3CA copy number gains by FISH in 43% of Japanese
LUSC patients. Similarly, Ji and coworkers noted amplifica-
tion by PCR in 42% of Chinese LUSC patients.?%?! Further-
more, a study conducted by Best et al elucidated the
synergistic interplay between the KEAP1/NRF2 and PI3K
pathways, which contributes to the development of NSCLC
with an altered immune microenvironment.”' The research-
ers observed that NRF2 exhibits oncogenic activity down-
stream of the PI3K pathway. Intriguingly, they also
discovered that prolonged activation of NRF2 under homeo-
static conditions does not trigger the development of malig-
nant pathologies. Moreover, our investigation revealed a
notable co-occurrence between NFE2L2 and the amplifica-
tion of PIK3CA, which is located on chromosome 3q26.
However, further large-scale follow-up studies are war-
ranted to determine whether this co-mutation has an impact
on the prognosis of lung cancer patients.

ATR serves as a key regulator of the DDR in mammary
cells, exerting a master control over this process. In cells
experiencing DNA double-strand breaks, crosslinks, or rep-
lication stress, the replication protein A (RPA) envelops the
single-stranded DNA (ssDNA) present at the sites of DNA
damage. ATR effectively detects and recognizes this sSDNA
Vol. 11
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coated with RPA through its interaction with the protein
ATRIP.>? Recruiting ATR/ATRIP to RPA-coated ssDNA alone is
insufficient to achieve optimal activation; additional pro-
teins are required as activators. NRF2 has emerged as a
potential activator of ATR, playing a crucial role in maintain-
ing genomic stability by facilitating ATR activation and
promoting G2 cell cycle arrest.”” We found that alterations
of ATR also showed significant co-occurrence with NFE2L2.
Further investigation is required to describe whether the
abnormal activation of NFE2L2 can compensate for the
impairment of homologous recombination repair caused
by ATR deficiency and effectively preserve genome stability.

TERC encodes the human telomerase RNA, and its increased
gene expression is frequently detected in various human
cancers.”> The expression of TERC was differentially regulated
during the oncogenesis process in the histological subtypes of
lung carcinoma, with higher TERC expression observed in
LUSC.>* Recent studies have reported a positive feedback
regulation between TERC and the PI3K/Akt pathway, operating
independently of telomerase activity in human fibroblasts to
control cell proliferation.”® The amplification of TERC and its
co-occurrence with NFE2L2 in our study suggests a potential
mutual synergistic effect between TERC and NFE2L2 through
the PI3K/Akt pathways. ZMAT3 (Zinc Finger Matrin 3), encod-
ing a zinc finger RNA-binding protein, is a crucial downstream
tumor suppressor of the tumor protein p53. Its expression is
highly dependent on p53 in KRAS®'?°-driven LUAD, and simi-
lar to p53, ZMAT3 inhibits LUAD growth by impeding prolifer-
ation without inducing apoptosis.56 Interestingly, we observed
that ZMAT3 amplification is associated with a better prognosis
in patients with NFE2L2 mutations. However, no such differ-
ence was observed in patients with wild-type NFE2L2. We
speculate that ZMAT3 may play a positive tumor-suppressive
role in the progression of NFE2L2-mutated tumors. Neverthe-
less, these speculations need validation in future in vitro or in
vivo studies.

A notable observation in our study is that all 33 patients
with NFE2L2 mutations were male. Consistent with previous
investigations, where among 262 patients, all 6 individuals
with NFE2L2 mutations were also male.3” In this study, all 6
patients were smokers with LUSC. Prolonged and repetitive
exposure of the respiratory tract to cigarette smoke typically
triggers the activation of cellular defense mechanisms, while
the substances deposited induce a multifaceted adaptive
response aimed at restoring tissue homeostasis. A previous
study suggests that the activation of the transcription factor
NREF2 is considered a prominent characteristic of this defense
system, acting as the master regulator of the cellular antiox-
idant response.”’ Besides NFE2L2's involvement in antioxi-
dant metabolism related to smoking, the precise mechanism
underlying the higher propensity for NFE2L2 mutations in
males remains currently unclear.

This study reveals a notable disparity in the frequency of
NFE2L2 gene alterations between lung adenocarcinoma and
SCC, offering crucial insights into the molecular character-
istics of distinct lung cancer subtypes. This contributes to a
better comprehension of the molecular classification of lung
cancer, providing valuable guidance for personalized



Co-mutations of NFE2L2 in Nonsmall Cell Lung Carcinoma

therapeutic approaches. In the TCGA Pulmonary Squamous
Carcinoma project, patients harboring NFE2L2 mutations
along with 3q26 amplification exhibit prolonged median
survival and superior OS. This preliminary evidence under-
scores the potential prognostic value of NFE2L2 mutations in
assessing the outcomes of lung cancer patients. For individ-
uals concurrently carrying NFE2L2 mutations and 3q26
amplification, further exploration of the prospective clinical
applications within this subset is warranted. This may in-
volve the development of more personalized treatment
strategies tailored to the unique characteristics of this sub-
group. In summary, this study not only sheds light on the role
of NFE2L2 mutations in lung cancer but also provides a novel
perspective and insights into their potential therapeutic
applications. Our study has several limitations that need to
be acknowledged. Firstly, the compared subgroups had
different sizes, which could introduce a potential bias in
the analysis. Additionally, the lack of follow-up data limited
our ability to assess long-term outcomes. To address these
limitations, we utilized the TCGA survival database to com-
plement our analysis and examine the association between
genetic mutations and prognosis. However, it is important to
note that discrepancies between our dataset and the TCGA
database could introduce bias and restrict the generalizabil-
ity of our findings to the Chinese population. Furthermore,
due to the low occurrence rate of the co-occurrence in LUAD,
our study may have had insufficient statistical power to fully
evaluate the potential impact of this co-occurrence on prog-
nosis in LUAD patients.

Conclusions

Our findings demonstrate that the co-occurrence of NFE2L2
and 3q26 is observed in approximately 3% of NSCLC cases.
Notably, patients with NFE2L2/3q26 mutations show a more
favorable prognosis compared with those with sole NFE2L2
mutations without 3q26 amplification. As a result, further
investigations should focus on elucidating whether patients
with NFE2L2 mutations may benefit from more aggressive
upfront therapy when compared with individuals harboring
NFE2L2/3q26 mutations.

Availability of Data and Materials

The majority of data presented in the study are included in
the article; further inquiries can be directed to the cor-
responding author.

Authors’ Contributions

J.L. contributed to data curation. S.L., D.L., and F.Z. helped
in investigation. H.L. and F.Z. helped in writing—review,
editing, and resources. S.L., H.L., and F.Z. helped in super-
vision. ].L. contributed to visualization and writing—orig-
inal draft. All authors have read and agreed to the
published version of the manuscript.

Funding
This study was funded by the National Key R&D Program
of China (grant number: 2021YFC2500900).

Liu et al.

Conflict of Interest
None declared.

Acknowledgments
Thanks to the support of Yinfeng Gene Technology Co.,
Ltd. in next-generation sequencing and bioinformatics
data arrangement.

References
1 Cuadrado A,Manda G, Hassan A, et al. Transcription factor NRF2 as
a therapeutic target for chronic diseases: a systems medicine
approach. Pharmacol Rev 2018;70(02):348-383
2 Cancer Genome Atlas Research Network. Comprehensive geno-
mic characterization of squamous cell lung cancers. Nature 2012;
489(7417):519-525
3 DeBlasi JM, DeNicola GM. Dissecting the crosstalk between NRF2
signaling and metabolic processes in cancer. Cancers (Basel)
2020;12(10):3023
4 Kitamura H, Motohashi H. NRF2 addiction in cancer cells. Cancer
Sci 2018;109(04):900-911
5 Colburn NH, Kensler TW. Targeting transcription factors for
cancer prevention-the case of Nrf2. Cancer Prev Res (Phila)
2008;1(03):153-155
6 Singh A, Misra V, Thimmulappa RK, et al. Dysfunctional KEAP1-
NRF2 interaction in non-small-cell lung cancer. PLoS Med 2006;3
(10):e420
7 Satoh H, Moriguchi T, Takai J, Ebina M, Yamamoto M. Nrf2
prevents initiation but accelerates progression through the Kras
signaling pathway during lung carcinogenesis. Cancer Res 2013;
73(13):4158-4168
8 Yang H, Wang W, Zhang Y, et al. The role of NF-E2-related factor 2
in predicting chemoresistance and prognosis in advanced non-
small-cell lung cancer. Clin Lung Cancer 2011;12(03):166-171
9 Binkley MS, Jeon Y], Nesselbush M, et al. KEAP1/NFE2L2 mutations
predict lung cancer radiation resistance that can be targeted by
glutaminase inhibition. Cancer Discov 2020;10(12):1826-1841
10 Frank R, Scheffler M, Merkelbach-Bruse S, et al. Clinical and
pathological characteristics of KEAP1- and NFE2L2-mutated
non-small cell lung carcinoma (NSCLC). Clin Cancer Res 2018;
24(13):3087-3096
11 Barrera-Rodriguez R. Importance of the Keap1-Nrf2 pathway in
NSCLC: is it a possible biomarker? Biomed Rep 2018;9(05):375-382
12 Goldstein LD, Lee ], Gnad F, et al. Recurrent loss of NFE2L2 exon 2 is
a mechanism for Nrf2 pathway activation in human cancers. Cell
Rep 2016;16(10):2605-2617
13 DeNicola GM, Karreth FA, Humpton TJ, et al. Oncogene-induced
Nrf2 transcription promotes ROS detoxification and tumorigene-
sis. Nature 2011;475(7354):106-109
14 Bauer AK, Hill T III, Alexander CM. The involvement of NRF2 in
lung cancer. Oxid Med Cell Longev 2013;2013:746432
15 Rojo de la Vega M, Chapman E, Zhang DD. NRF2 and the hallmarks
of cancer. Cancer Cell 2018;34(01):21-43
16 XuX, YangY, Liu X, et al. NFE2L2/KEAP1 mutations correlate with
higher tumor mutational burden value/PD-L1 expression and
potentiate improved clinical outcome with immunotherapy. On-
cologist 2020;25(06):e955-e963
17 Marinelli D, Mazzotta M, Scalera S, et al. KEAP1-driven co-
mutations in lung adenocarcinoma unresponsive to immunother-
apy despite high tumor mutational burden. Ann Oncol 2020;31
(12):1746-1754
18 Massion PP, Kuo WL, Stokoe D, et al. Genomic copy number
analysis of non-small cell lung cancer using array comparative
genomic hybridization: implications of the phosphatidylinositol
3-kinase pathway. Cancer Res 2002;62(13):3636-3640
19 Kawano O, Sasaki H, Endo K, et al. PIK3CA mutation status in
Japanese lung cancer patients. Lung Cancer 2006;54(02):209-215

Global Medical Genetics  Vol. 11 No. 2/2024 © 2024. The Author(s).

157



158

Co-mutations of NFE2L2 in Nonsmall Cell Lung Carcinoma

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Global Medical Genetics

Okudela K, Suzuki M, Kageyama S, et al. PIK3CA mutation and
amplification in human lung cancer. Pathol Int 2007;57(10):
664-671

Ji M, Guan H, Gao C, Shi B, Hou P. Highly frequent promoter
methylation and PIK3CA amplification in non-small cell lung
cancer (NSCLC). BMC Cancer 2011;11:147

Karakas B, Bachman KE, Park BH. Mutation of the PIK3CA onco-
gene in human cancers. Br ] Cancer 2006;94(04):455-459
Mitsuishi Y, Taguchi K, Kawatani Y, et al. Nrf2 redirects glucose
and glutamine into anabolic pathways in metabolic reprogram-
ming. Cancer Cell 2012;22(01):66-79

Abazeed ME, Adams D], Hurov KE, et al. Integrative radiogenomic
profiling of squamous cell lung cancer. Cancer Res 2013;73(20):
6289-6298

Chen X, Wu Q, Chen Y, et al. Diosmetin induces apoptosis and
enhances the chemotherapeutic efficacy of paclitaxel in non-
small cell lung cancer cells via Nrf2 inhibition. Br ] Pharmacol
2019;176(12):2079-2094

Goeman F, De Nicola F, Scalera S, et al. Mutations in the KEAP1-
NFE2L2 pathway define a molecular subset of rapidly progressing
lung adenocarcinoma. | Thorac Oncol 2019;14(11):1924-1934
Sun X, Wang Y, Ji K, et al. NRF2 preserves genomic integrity by
facilitating ATR activation and G2 cell cycle arrest. Nucleic Acids
Res 2020;48(16):9109-9123

van de Haar J, Canisius S, Yu MK, Voest EE, Wessels LFA, Ideker T.
Identifying epistasis in cancer genomes: a delicate affair. Cell
2019;177(06):1375-1383

Canale M, Petracci E, Delmonte A, et al. Impact of TP53 mutations on
outcome in EGFR-mutated patients treated with first-line tyrosine
kinase inhibitors. Clin Cancer Res 2017;23(09):2195-2202

Pao W, Wang TY, Riely GJ, et al. KRAS mutations and primary
resistance of lung adenocarcinomas to gefitinib or erlotinib. PLoS
Med 2005;2(01):e17

Marchetti A, Martella C, Felicioni L, et al. EGFR mutations in non-
small-cell lung cancer: analysis of a large series of cases and
development of a rapid and sensitive method for diagnostic
screening with potential implications on pharmacologic treat-
ment. ] Clin Oncol 2005;23(04):857-865

Zhang C, Wang K, Lin ], Wang H. Non-small-cell lung cancer
patients harboring TP53/KRAS co-mutation could benefit from a
PD-L1 inhibitor. Future Oncol 2022;18(27):3031-3041

Gu M, Xu T, Chang P. KRAS/LKB1 and KRAS/TP53 co-mutations
create divergent immune signatures in lung adenocarcinomas.
Ther Adv Med Oncol 2021;13:17588359211006950

Skoulidis F, Goldberg ME, Greenawalt DM, et al. STK11/LKB1
mutations and PD-1 inhibitor resistance in KRAS-mutant lung
adenocarcinoma. Cancer Discov 2018;8(07):822-835

Sasaki H, Suzuki A, Shitara M, et al. Genotype analysis of the NRF2
gene mutation in lung cancer. Int ] Mol Med 2013;31(05):
1135-1138

Kerins MJ, Ooi A. A catalogue of somatic NRF2 gain-of-function
mutations in cancer. Sci Rep 2018;8(01):12846

Inoue D, Suzuki T, Mitsuishi Y, et al. Accumulation of p62/SQSTM1
is associated with poor prognosis in patients with lung adenocar-
cinoma. Cancer Sci 2012;103(04):760-766

Campbell JD, Alexandrov A, Kim ], et al; Cancer Genome Atlas
Research Network. Distinct patterns of somatic genome alter-
ations in lung adenocarcinomas and squamous cell carcinomas.
Nat Genet 2016;48(06):607-616

Klein MI, Cannataro VL, Townsend JP, Newman S, Stern DF, Zhao H.
Identifying modules of cooperating cancer drivers. Mol Syst Biol
2021;17(03):e9810

Vol. 11 No. 2/2024 © 2024. The Author(s).

Liu et al.

40

41

42

43

a4

45

46

47

49

50

51

52

53

54

55

56

57

Speicher MR, Howe C, Crotty P, du Manoir S, Costa J, Ward DC.
Comparative genomic hybridization detects novel deletions and
amplifications in head and neck squamous cell carcinomas.
Cancer Res 1995;55(05):1010-1013

Pelosi G, Del Curto B, Trubia M, et al. 3q26 Amplification and
polysomy of chromosome 3 in squamous cell lesions of the lung: a
fluorescence in situ hybridization study. Clin Cancer Res 2007;13
(07):1995-2004

Heselmeyer K, Schrock E, du Manoir S, et al. Gain of chromosome
3q defines the transition from severe dysplasia to invasive carci-
noma of the uterine cervix. Proc Natl Acad Sci US A 1996;93(01):
479-484

Singh B, Stoffel A, Gogineni S, et al. Amplification of the 3q26.3
locus is associated with progression to invasive cancer and is a
negative prognostic factor in head and neck squamous cell
carcinomas. Am ] Pathol 2002;161(02):365-371

Chen S, Li X, Lu D, et al. SOX2 regulates apoptosis through
MAP4K4-survivin signaling pathway in human lung cancer cells.
Carcinogenesis 2014;35(03):613-623

Lee SH, Oh SY, Do SI, et al. SOX2 regulates self-renewal and
tumorigenicity of stem-like cells of head and neck squamous
cell carcinoma. Br ] Cancer 2014;111(11):2122-2130

Xiang R, Liao D, Cheng T, et al. Downregulation of transcription
factor SOX2 in cancer stem cells suppresses growth and metasta-
sis of lung cancer. Br ] Cancer 2011;104(09):1410-1417

Bass AJ, Watanabe H, Mermel CH, et al. SOX2 is an amplified
lineage-survival oncogene in lung and esophageal squamous cell
carcinomas. Nat Genet 2009;41(11):1238-1242

Justilien V, Walsh MP, Ali SA, Thompson EA, Murray NR, Fields AP.
The PRKCI and SOX2 oncogenes are coamplified and cooperate to
activate Hedgehog signaling in lung squamous cell carcinoma.
Cancer Cell 2014;25(02):139-151

Sholl LM, Barletta JA, Yeap BY, Chirieac LR, Hornick JL. Sox2
protein expression is an independent poor prognostic indicator
in stage I lung adenocarcinoma. Am J Surg Pathol 2010;34(08):
1193-1198

lijima Y, Seike M, Noro R, et al. Prognostic significance of PIK3CA
and SOX2 in Asian patients with lung squamous cell carcinoma.
Int ] Oncol 2015;46(02):505-512

Best SA, De Souza DP, Kersbergen A, et al. Synergy between the
KEAP1/NRF2 and PI3K pathways drives non-small-cell lung can-
cer with an altered immune microenvironment. Cell Metab 2018;
27(04):935-943.e4

Cimprich KA, Cortez D. ATR: an essential regulator of genome
integrity. Nat Rev Mol Cell Biol 2008;9(08):616-627

Cao Y, Bryan TM, Reddel RR. Increased copy number of the TERT
and TERC telomerase subunit genes in cancer cells. Cancer Sci
2008;99(06):1092-1099

Storti CB, de Oliveira RA, de Carvalho M, et al. Telomere-associat-
ed genes and telomeric IncRNAs are biomarker candidates in lung
squamous cell carcinoma (LUSC). Exp Mol Pathol 2020;112;
104354

Wu S, Ge Y, Lin K, et al. Telomerase RNA TERC and the PI3K-AKT
pathway form a positive feedback loop to regulate cell prolifera-
tion independent of telomerase activity. Nucleic Acids Res 2022;
50(07):3764-3776

Bieging-Rolett KT, Kaiser AM, Morgens DW, et al. Zmat3 is a key
splicing regulator in the p53 tumor suppression program. Mol Cell
2020;80(03):452-469.e9

Miiller T, Hengstermann A. Nrf2: friend and foe in preventing
cigarette smoking-dependent lung disease. Chem Res Toxicol
2012;25(09):1805-1824



