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Abstract. Lung adenocarcinoma (LUAD) is a prevalent 
malignant tumor of the respiratory tract. The Kelch like ECH 
associated protein 1 (KEAP1)/nuclear factor erythroid 2‑related 
factor 2 (NRF2)/heme oxygenase 1 (HO‑1) axis serves a pivotal 
role in the occurrence and progression of LUAD. The present 
study aimed to identify specific genes regulated by mutations of 
the KEAP1/NRF2/HO‑1 axis and to investigate their prognostic 
potential in LUAD, as well as their association with the tumor 
microenvironment. Immunohistochemistry was performed to 
assess the expression levels of KEAP1, NRF2 and HO‑1 in 
LUAD tissues and to evaluate their association with clinical 
pathology. Sequencing data and clinical information were 
obtained from The Cancer Genome Atlas (TCGA)‑LUAD and 
Gene Expression Omnibus (GSE68465) databases, whilst muta‑
tion information was sourced from the cBio Cancer Genomics 
Portal website. The R package ‘limma’ and Venn diagram 
were utilized to identify upregulated differentially expressed 
genes. Subsequently, a prognostic model was constructed using 
univariate Cox regression analysis and 101 machine learning 
methods. A nomogram of the prognostic model was generated 

to assess its efficacy in evaluating survival among patients 
with LUAD. The ‘ImmuCellAI’ and ‘oncoPredict’ R packages 
were used to compare and evaluate differences in immune cell 
infiltration and immunotherapy between high‑ and low‑risk 
groups, as well as the sensitivity of LUAD to chemotherapy 
drugs. Compared with the group with negative expression, the 
results revealed that the group with positive expression of NRF2 
and HO‑1 exhibited advanced tumor, lymph node and clinical 
stages and a worse prognosis. A predictive model incorporating 
four genes (kynureninase, serpin family B member 5, insulin 
like 4 and γ‑aminobutyric acid type A receptor subunit α3) was 
constructed based on KEAP1/NRF2/HO‑1 mutation‑mediated 
upregulated genes (KNHMUGs). Risk score was an indepen‑
dent prognostic factor for patients with LUAD (hazard ratio, 
1.038; 95% confidence interval, 1.034‑1.043; P<0.001). A 
nomogram was developed to predict the prognosis of patients 
with LUAD, which was validated as a reliable prognostic tool. 
The low‑risk group exhibited higher immune cell infiltration, 
including CD4+ T, CD8+ T, natural killer (NK) and NKT cells, 
compared with the high‑risk group. In addition, it demonstrated 
increased expression levels of immune checkpoint inhibitory 
genes such as cytotoxic T‑lymphocyte associated protein 4, T 
cell immunoreceptor with Ig and ITIM domains, hepatitis A 
virus cellular receptor 2 and B and T lymphocyte associated 
protein. Moreover, it displayed enhanced sensitivity to immu‑
notherapy. Drug sensitivity analysis revealed that the high‑risk 
group exhibited increased sensitivity towards vinblastine, 
docetaxel and cisplatin, whereas the low‑risk group showed 
increased sensitivity to BMS_754807, SB505124_1194 and 
JQ1_2172. In conclusion, a KNHMUGs‑based gene signature 
was constructed in the present study, which holds promise 
as a biomarker for evaluating patient prognosis and guiding 
treatment by effectively assessing immunotherapy response and 
chemotherapy sensitivity in patients with LUAD.

Introduction

Lung cancer is the most common malignant tumor, ranking 
as the second most prevalent and lethal malignant tumor 
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globally (1). Lung cancer can be broadly classified into two 
main subtypes: i) Non‑small cell lung cancer (NSCLC) and ii) 
small cell lung cancer, from both pathological and therapeutic 
perspectives. Lung adenocarcinoma (LUAD) is a pathological 
subtype of NSCLC, accounting for ~45% of all cases  (2). 
Despite important advancements in molecular targeting, 
chemotherapy, radiation therapy and immunotherapy, the 
prognosis of LUAD remains unfavorable, with a 5‑year overall 
survival rate of ~15% (3,4). Previous studies have demonstrated 
the pivotal role of genetic analysis in the diagnosis and treat‑
ment of lung cancer (5‑7). For instance, the polymorphisms 
of the epidermal growth factor receptor are associated with 
side effects and outcome of tyrosine kinase inhibitor therapy 
administered to patients with NSCLC (5‑7). Therefore, there 
is an urgent need for novel and effective screening methods 
based on genetic analysis to improve diagnostic accuracy 
and treatment efficiency, in order to improve the prognosis of 
patients with LUAD.

The Kelch like ECH associated protein 1 (KEAP1)/nuclear 
factor erythroid 2‑related factor 2 (NRF2)/heme oxygenase 
1 (HO‑1) pathway serves a pivotal role in metabolic repro‑
gramming, immune remodeling and treatment resistance 
in LUAD (8). In total, 20‑30% of LUADs exhibit KEAP1 
loss‑of‑function mutations, leading to aberrant activation of 
NRF2 and subsequently resulting in poor prognosis (9,10). 
KEAP1 mutations facilitate the progression of LUAD by 
augmenting glutamine metabolism and upregulating solute 
carrier family 33 member 1 expression (11,12). Furthermore, 
KEAP1‑mutant tumors diminish dendritic cell and T 
cell responses, thus driving immunotherapy resistance in 
LUAD (13). NRF2, a transcription factor, serves a crucial 
role in the antioxidant pathway, promoting tumor cell growth, 
proliferation and drug resistance (14). NRF2 is the target of 
KEAP1 and abnormal activation of NRF2 is not only associ‑
ated with KEAP1 mutations but also with gain‑of‑function 
mutations in NRF2 (15). Previous studies have found multiple 
gain‑of‑function mutation sites affecting NRF2 in LUAD (16). 
NRF2 mutations promote tumor cell immune escape by inhib‑
iting stimulator of interferon response CGAMP interactor 1 
activation (17). HO‑1, which is regulated by NRF2, serves 
a crucial role as an antioxidant factor. When HO‑1 expres‑
sion is dysregulated, it can promote the proliferation of lung 
cancer cells and make them resistant to radiotherapy (18,19). 
However, several crucial and unresolved issues remain, 
encompassing the potential reclassification of LUAD based 
on KEAP1/NRF2/HO‑1 mutations, the intricate interplay 
between KEAP1/NRF2/HO‑1 mutations and the tumor 
microenvironment, as well as the strategic implementation 
of therapeutic interventions to effectively control tumor 
progression contingent upon KEAP1/NRF2/HO‑1 mutations.

Therefore, the present study aimed to identify specific 
genes regulated by gene mutations of the KEAP1/NRF2/HO‑1 
axis and construct a prognostic model using upregulated 
genes. All patients were stratified into low‑ or high‑risk 
groups based on the risk score, and the diagnostic efficacy was 
validated in both the training and test sets. Furthermore, the 
association between risk score and immune cell infiltration in 
the tumor microenvironment was explored and the individual‑
ized sensitivity to chemotherapy and immunotherapy were 
simultaneously predicted for each patient with LUAD.

Materials and methods

Validation of the expression of KEAP1, NRF2, HO‑1 and Ki‑67. 
Postoperative paraffin‑embedded tissue blocks of patients with 
LUAD who underwent surgical procedures at Xishan People's 
Hospital of Wuxi City (Wuxi, China) between January 2020 
and June 2023 were included in the present study. The inclu‑
sion criterion was a histologically confirmed diagnosis of 
LUAD, whilst the exclusion criteria were prior chemotherapy 
or radiation therapy. After selection, a total of 104 tissue wax 
blocks from patients with LUAD were included in the study. 
The patients consisted of 42 men and 62 women, with an mean 
age of 66.6 years (range, 32‑92 years). The present study was 
approved by the Ethics Committee of Xishan People's Hospital 
(approval no. xs2023ky021).

Tissue sections (5 µm) were prepared and the expression 
of KEAP1, NRF2 and HO‑1 was assessed using immunohis‑
tochemistry as previously described (19), using anti‑KEAP1 
(cat.  no.  ab226997; 1:100 dilution; Abcam) , anti‑NRF2 
(cat. no. ab313825; 1:100; Abcam), anti‑HO‑1 (cat. no. ab137749; 
1:100; Abcam) and anti‑Ki‑67 (cat.  no.  ab230460; 1:100; 
Abcam) antibodies as the primary antibodies. The Elivision™ 
plus Polyer HRP (mouse/rabbit) IHC Kit (cat. no. KIT‑9902; 
Maixin Biotech. Co., Ltd.) served as the secondary antibody 
reagent in this study.

Data acquisition. High‑throughput sequence‑fragments per 
kilobase of transcript per million mapped reads data and 
clinicopathological information of patients with LUAD were 
acquired from The Cancer Genome Atlas (TCGA)‑LUAD 
database (https://portal.gdc.cancer.gov/). Gene expression and 
survival data associated with the GSE68465 (20) dataset were 
obtained from the Gene Expression Omnibus (GEO) database 
(http://www.ncbi.nlm.nih.gov/geo/). Gene mutation informa‑
tion for KEAP1, NRF2 and HO‑1 was retrieved from the cBio 
Cancer Genomics Portal (cBioPortal) website (http://www.
cbioportal.org/). The association between KEAP1, NRF2 and 
HO‑1 expression levels and patient survival was analyzed using 
the Kaplan‑Meier Plotter website (https://kmplot.com/anal‑
ysis/index.php?p=service) (21). All patients diagnosed with 
lung adenocarcinoma across the 17 datasets were included 
in this study. All possible cut‑off values between the lower 
and upper quartiles were computed and the best performing 
threshold was used as a cut‑off.

Identification of mutation‑associated differentially expressed 
genes. Based on the mutation information obtained from the 
cBioPortal website, 112 tumor samples were classified into the 
mutation group, 403 tumor samples into the wild‑type group 
and 59 normal pulmonary tissues into the normal group. The 
‘limma’ package in R (version 4.1.3; http://www.r‑project.org) 
was utilized to identify differentially expressed genes (log2 
fold‑change >1; P<0.05) by comparing gene expression between 
the mutant group and both the wild‑type and normal groups (22).

Construction of a prognostic model. Candidate genes in the 
TCGA‑LUAD and GSE68465 datasets were initially screened 
using univariate Cox analysis. Subsequently, 101 combina‑
tions of algorithms were used to construct a prognostic model 
based on the leave‑one‑out cross‑validation framework (23). 
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The TCGA‑LUAD dataset was utilized as the training group, 
whilst the GSE68465 dataset served as the validation group. 
Furthermore, the consistency index (C‑index) of each model 
was calculated in the validation group (23).

Survival analysis and nomogram construction based on 
clinical characteristics. Univariate and multivariate Cox 
regression analyses were used to identify independent prog‑
nostic factors in patients with LUAD. The ‘rms’ package in 
R (version 4.1.3) was utilized for constructing a nomogram 
based on risk score and two characteristic factors. Calibration 
curves were employed to evaluate the accuracy of these 
predictions. Additionally, decision curves generated using the 
‘rmda’ package in R (version 4.1.3) were used to assess the 
predictive utility of the nomogram and to compare different 
prediction models.

Immune infiltration assessment and immunotherapy response 
prediction. The ‘ESTIMATE’ package in R (version 4.1.3) was 
used to evaluate the levels of immune cells and stromal cells in 
tumor tissues. The ImmuCellAI website (https://guolab.wchscu.
cn/ImmuCellAI/#!/) was utilized for the analysis of immune cell 
types and levels within tumor tissues, facilitating a comparative 
assessment of immune cell levels between low‑ and high‑risk 
groups (24). The effectiveness of immunotherapy in the aforemen‑
tioned groups was evaluated through the prediction of individual 
response to immunotherapy among patients with LUAD.

Assessment of chemotherapy effectiveness. The ‘oncoPredict’ 
package in R (version 4.1.3) was used to predict chemotherapy 
drug sensitivity in patients with LUAD, aiming to compare 
the sensitivity to chemotherapy drugs between the high‑ and 
low‑risk groups (25).

Expression of hub genes at the single‑cell level. The Tumor 
Immune Single‑cell Hub website (http://tisch1.comp‑genomics.
org/) was utilized to evaluate the expression of these hub genes 
in several cell types.

Statistical analysis. Statistical analyses were performed using 
R software (version 4.1.3). The Wilcoxon rank‑sum test was 
used to determine the significance of differences between two 
groups. Frequency counts were used for statistical description 
of categorical (qualitative) data, and comparisons between 
groups were performed using either the χ2 test or the Fisher's 
exact test. All P‑values were two‑tailed. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Association between KEAP, NRF2 and HO‑1 expression and 
clinicopathology. The expression of KEAP1, NRF2 and HO‑1 
was assessed using immunohistochemistry based on 104 cases 
of LUAD and their association with pathological character‑
istics was evaluated. The immunohistochemical analysis 
revealed that KEAP1 and HO‑1 were predominantly expressed 
in the cytoplasm, whereas NRF2 and Ki‑67 were primarily 
localized in the nucleus (Fig. 1). No significant association was 
demonstrated between the expression of KEAP1 and clinical 
features (Table I). Compared to the NRF2‑negative group, the 
NRF2‑positive group exhibited enhanced tumor aggressive‑
ness, higher proportions of lymph node and distant metastases, 
more advanced TNM stage (26) and increased proliferative 
activity (Table I). Compared to the HO‑1‑negative group, the 
HO‑1‑positive group exhibited significantly higher grades in 
T stage, N stage, M stage and the overall TNM staging system. 
Additionally, the HO‑1 positive group demonstrated a larger 
tumor diameter and a markedly increased expression level of 
Ki‑67 (Table I).

Association between KEAP1, NRF2 and HO‑1 expression and 
prognosis of patients with LUAD. The association between the 
expression of KEAP1, NRF2 and HO‑1 and the prognosis of 
patients with LUAD was analyzed using the Kaplan‑Meier 
Plotter website. The results indicated that, compared with low 
KEAP1 expression, high KEAP1 expression was not associ‑
ated with overall survival (OS; Fig. 2A), but was significantly 

Figure 1. Immunohistochemical detection of KEAP1, NRF2, HO‑1 and Ki‑67 expression in lung adenocarcinoma tissues. Negative expression of (A) KEAP1, 
(B) NRF2, (C) HO‑1 and (D) Ki‑67. Positive expression of (E) KEAP1, (F) NRF2, (G) HO‑1 and (H) Ki‑67 (magnification, x100). KEAP1, Kelch like ECH 
associated protein 1; NRF2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase 1.

https://www.spandidos-publications.com/10.3892/ol.2025.14902
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Table I. Association between KEAP1/NRF2/HO‑1 expression and clinicopathological features in lung adenocarcinoma.

A, KEAP1 expression

Clinicopathological feature	 Positive (n=72)	 Negative (n=32)	 P‑value

Age, years	 66.04±11.58	 67.78±11.15	 0.47
Sex			   0.80
  Female	 44	 18	
  Male	 28	 14	
T stage			   0.06
  T1‑2	 62	 32	
  T3‑4	 10	 0	
N stage			   0.50
  N0	 50	 25	
  N1‑3	 22	 7	
M stage			   0.09
  M0	 63	 32	
  M1	 9	 0	
TNM stage			   0.12
  I‑II	 54	 29	
  III‑IV	 18	 3	
Tumor diameter, cm	 2.01±1.44	 2.10±1.03	 0.72
Ki‑67 expression ratio, %	 41±15	 39±13	 0.37

B, NRF2 expression

Clinicopathological feature	 Positive (n=58)	 Negative (n=46)	 P‑value

Age, years	 68.38±11.57	 64.30±10.93	 0.07
Sex			   0.44
  Female	 37	 25	
  Male	 21	 21	
T stage			   <0.01
  T1‑2	 48	 46	
  T3‑4	 10	 0	
N stage			   <0.01
  N0	 34	 41	
  N1‑3	 24	 5	
M stage			   0.01
  M0	 49	 46	
  M1	 9	 0	
TNM stage			   <0.001
  I‑II	 39	 44	
  III‑IV	 19	 2	
Tumor diameter, cm	 2.52±1.50	 1.43±0.68	 <0.001
Ki‑67 expression ratio, %	 46±15	 34±10	 <0.001

C, HO‑1 expression

Clinicopathological feature	 Positive (n=63)	 Negative (n=41)	 P‑value

Age, years	 68.00±11.24	 64.39±11.49	 0.12
Sex			   0.21
  Female	 34	 28	
  Male	 29	 13	
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associated with improved first progression survival (FPS; 
Fig. 2B). Conversely, high expression of NRF2 and HO‑1 was 
significantly associated with worse OS and FPS, in comparison 
with low NRF2 and HO‑1 expression (Fig. 2C‑F). The asso‑
ciation between KEAP1, NRF2 and HO‑1 expression levels 
and disease‑specific survival (DSS), disease‑free interval and 
progression‑free interval (PFI) were further assessed based on 
data from the TCGA‑LUAD dataset. The results revealed that 
only the expression of HO‑1 was significantly associated with 
poor DSS and PFI (Fig. S1).

Identification of KEAP1/NRF2/HO‑1 mutation‑mediated 
upregulated genes (KNHMUGs). From the cBioPortal data‑
base, KEAP1, NRF2 and HO‑1 mutations in LUAD from 
TCGA pan‑cancer atlas, which included 566 patients, were 
analyzed. Genetic alterations, such as in‑frame, missense and 
truncation mutations of KEAP1 (19%), NRF2 (4%) and HO‑1 
(1.8%), were identified in patients with LUAD (Fig. 3). Based 
on the status of KEAP1/NRF2/HO‑1 mutations, patients 
were classified into two groups: i) Mutant and ii) wild‑type. 
Subsequently, the differential genes between the mutant, 
wild‑type and normal groups were compared. A total of 2,346 
upregulated genes specific to the mutant group were identified 
compared with the normal group (Fig. 4A), with 253 upregu‑
lated genes in the mutant group compared with the wild‑type 
group (Fig.  4B). Furthermore, 172 common differentially 
upregulated genes in the mutant group were identified using a 
Venn diagram (Fig. 4C).

Prognostic model based on KNHMUGs. Univariate Cox 
regression analysis was then performed on 172  candidate 
genes in the TCGA and GSE68465 datasets. The TCGA 
dataset identified a total of 53 genes associated with prognosis, 

whereas the GSE68465 dataset revealed 29 genes that were 
prognostically relevant. Ultimately, an overlap of 21 genes 
with prognostic significance was observed in both datasets 
(Fig. 4D). Subsequently, these 21 genes were subjected to 
analysis using a combination of machine algorithms (101 
combinations) with TCGA as the training set and GSE68465 
as the validation set. By evaluating the C‑index of both sets 
and considering the number of genes in optimal combina‑
tions, StepCox (backward) + random survival forest (RSF) 
algorithms emerged as the most effective prediction model 
(Fig. 5A), comprising four characterized genes, kynureninase 
(KYNU), serpin family B member 5 (SERPINB5), insulin 
like 4 (INSL4) and γ‑aminobutyric acid type A receptor 
subunit  α3 (GABRA3). Based on the median risk score, 
patients were stratified into high‑ and low‑risk groups. Notably, 
OS was significantly lower for patients classified as high‑risk 
compared with that for patients categorized as low‑risk in 
both the TCGA [hazard ratio (HR), 12.21; 95% confidence 
interval (CI), 8.00‑18.64; P<0.001] and GSE68465 (HR, 1.36; 
95% CI, 1.05‑1.75; P=0.012) datasets (Fig. 5B and D). It was 
also observed that the survival rate of patients significantly 
decreased as the risk score increased. Notably, the KYNU, 
SERPINB5, INSL4 and GABRA3 genes were identified as 
risk factors with an increasing trend in expression as the risk 
score rose (Fig. 5C and F).

Association between risk score and clinicopathological 
features. The association between risk score and clinico‑
pathological characteristics was assessed. Patients with 
advanced‑stage tumors [tumor stage (T) 3‑4; lymph node stage 
(N)1‑3; and stage III‑IV] demonstrated a significantly higher 
risk score compared with those with early‑stage tumors (T1‑2; 
N0; and stage I‑II), suggesting that this could be one of the 

Table I. Continued.

C, HO‑1 expression

Clinicopathological feature	 Positive (n=63)	 Negative (n=41)	 P‑value

T stage			   0.02
  T1‑2	 53	 41	
  T3‑4	 10	 0	
N stage			   <0.001
  N0	 36	 39	
  N1‑3	 27	 2	
M stage			   0.03
  M0	 54	 41	
  M1	 9	 0	
TNM stage			   <0.001
  I‑II	 42	 41	
  III‑IV	 21	 0	
Tumor diameter, cm	 2.43±1.50	 1.42±0.64	 <0.001
Ki‑67 expression ratio, %	 45±15	 33±9	 <0.001

Data are presented as n or the mean ± standard deviation. KEAP1, Kelch like ECH associated protein 1; NRF2, nuclear factor erythroid 
2‑related factor 2; HO‑1, heme oxygenase 1; T, tumor; N, lymph node; M, metastasis.

https://www.spandidos-publications.com/10.3892/ol.2025.14902
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Figure 2. Association between KEAP1, NRF2 and HO‑1 expression and prognosis of patients with lung adenocarcinoma. Kaplan‑Meier survival curves of 
(A) overall survival and (B) first progression survival for KEAP1; (C) overall survival and (D) first progression survival for NRF2; and (E) overall survival 
and (F) first progression survival for HO‑1 expression. KEAP1, Kelch like ECH associated protein 1; NRF2, nuclear factor erythroid 2‑related factor 2; HO‑1, 
heme oxygenase 1; HR, hazard ratio.
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factors contributing to the unfavorable prognosis observed in 
the high‑risk group (Fig. 6A‑C).

Construction of the nomogram. Univariate and multivariate Cox 
regression analyses were performed to assess the clinical char‑
acteristics and risk score of 490 patients (Fig. 6D and E). The 
results of the multivariate regression analysis revealed that risk 
score, N stage and metastasis (M) stage independently served 
as prognostic factors for patients with LUAD. Consequently, a 
nomogram was constructed based on these three independent 
risk factors (Fig. 6G) and calibration curves demonstrated a 
notable agreement between the predicted and actual values of 
the prediction model at 1, 2 and 3 years (Fig. 6F).

Association of risk score with immune infiltration and immu‑
notherapy. The ESTIMATE results revealed that the low‑risk 
group had significantly increased stromal and immune scores 
compared with the high‑risk group, indicating a higher 
level of immune cell infiltration within this group (Fig. 7A). 
Subsequently, further analysis on immune cell infiltration in 

tumor tissues was performed. It was revealed that the low‑risk 
group exhibited significantly enhanced infiltration of CD4+ 
naive, CD8+ naive, CD4+ T, CD8+ T, natural killer (NK), NKT 
cells and other immune cells compared with the high‑risk 
group (Fig. 7C). Additionally, the expression levels of immune 
checkpoint‑related genes were assessed. Notably, the low‑risk 
group demonstrated a significantly increased expression of 
immune checkpoint‑stimulated genes such as CD27, CD80 
and C‑X3‑C motif chemokine ligand 1, as well as immune 
checkpoint‑inhibited genes such as cytotoxic T‑lymphocyte 
associated protein 4 (CTLA4) and hepatitis A virus cellular 
receptor 2 (HAVCR2), compared with the high‑risk group 
(Fig. 7D and E). Furthermore, the efficacy of immunotherapy 
in different subgroups was predicted, and it was revealed 
that immune‑checkpoint blockade therapy response predic‑
tion indicated a higher rate of response in the low‑risk group 
compared with that in the high‑risk group (Fig. 7B).

Association of risk score with drug therapy. The ‘oncoPredict’ R 
package was used to compare the differences in chemotherapy 

Figure 3. Overview of genetic changes in KEAP1, NRF2 and HO‑1 mutations in patients with lung adenocarcinoma in The Cancer Genome Atlas database. 
(A) Types and frequencies of KEAP1, NRF2 and HO‑1 genetic alterations. Lollipop charts of the genetic localization of (B) KEAP1, (C) NRF2 and (D) HO‑1 
mutations. KEAP1, Kelch like ECH associated protein 1; NRF2, nuclear factor erythroid 2‑related factor 2; HO‑1/HMOX1, heme oxygenase 1; GISTIC, 
genomic identification of significant targets in cancer.

https://www.spandidos-publications.com/10.3892/ol.2025.14902


ZHU et al:  LUAD PROGNOSTIC MODEL BASED ON KEAP1/NRF2/HO-1 MUTATION-MEDIATED UPREGULATED GENES8

sensitivity between the high‑ and low‑risk groups. The results 
demonstrated that the high‑risk group had a significantly 
increased sensitivity to vincristine, docetaxel and cisplatin, whilst 
the low‑risk group exhibited a significantly increased sensitivity 
to BMS_754807 (insulin receptor inhibitor), SB505124_1194 
(TGF‑β receptor inhibitor) and JQ1_2172 [bromodomain and 
extraterminal (BET) inhibitor] (Fig. 8).

Expression of hub genes in different risk groups and their 
localization in LUAD. To analyze the expression of hub genes 
in different risk groups, the mRNA expression levels of hub 
genes were assessed. The findings revealed that KYNU, 
SERPINB5, INSL4 and GABRA3 were significantly upregu‑
lated in the high‑risk group compared with that of the low‑risk 
group (P<0.05; Fig. 9A). Additionally, the Tumor Immune 
Single‑cell Hub website was utilized to evaluate the expression 
of these hub genes in several cell types. Annotation analysis 
of the GSE148071 single‑cell dataset demonstrated that tumor 
tissue consists of diverse cells, including malignant cells, 
epithelial cells and fibroblasts. Notably, KYNU, SERPINB5, 
INSL4 and GABRA3 exhibited a predominant expression in 
malignant cells (Fig. 9B). These results suggest that these hub 
genes primarily contribute to LUAD progression by modu‑
lating biological functions, specifically within malignant cells.

Discussion

A total of 20‑30% LUAD tumors carry mutations in KEAP1 
and NRF2. Both loss‑of‑function mutations in KEAP1 

and gain‑of‑function mutations in NFE2‑like BZIP tran‑
scription factor 2 can activate the KEAP1/NRF2 pathway 
in LUAD  (15). Previous studies have demonstrated that 
the KEAP1/NRF2/HO‑1 axis inhibits cisplatin‑induced 
ferroptosis by upregulating the iron death‑related genes 
solute carrier family 7 member 11 and NAD(P)H quinone 
dehydrogenase 1  (27,28). Furthermore, the NRF2/HO‑1 
axis could attenuate resistance to programmed cell death 1 
immunotherapy by inhibiting the transformation of M2 
into M1 macrophages  (29). Notably, KEAP1/NRF2 muta‑
tions are considered a pivotal driver of immune‑suppressive 
tumor microenvironment metabolic reprogramming in 
LUAD, including potent induction of T‑regulatory cells and 
diminishing the number of dendritic cells and tissue‑resident 
memory CD8+ T cells, thereby compromising the efficacy 
of immunotherapy (13,30,31). However, combination therapy 
involving glutaminase inhibition and immune checkpoint 
blockade is reported to hold promise for reversing the immune 
suppression mediated by KEAP1/NRF2 mutations (13,30). 
Mutations in the KEAP1/NRF2/HO‑1 genes serve a crucial 
role in the development of LUAD. However, there is a lack 
of established clinical models to assess the prognosis, tumor 
microenvironment and response to chemotherapy and immu‑
notherapy in patients with LUAD based on genes regulated by 
KEAP1/NRF2/HO‑1 mutations.

The prognostic model in the present study consisted of four 
genes: KYNU, SERPINB5, INSL4 and GABRA3. KYNU acts 
as a key enzyme in tryptophan metabolism, and its metabolite 
3‑hydroxyanthranilic acid is notably associated with poor 

Figure 4. Prognostic‑related genes upregulated by mutations in lung adenocarcinoma. Volcano plot of differentially expressed genes in the (A) t mutant vs. normal 
groups and (B) mutant vs. wild‑type groups. (C) Common differential genes of mutant group vs. normal group and mutant group vs. wild‑type group. 
(D) Common prognosis‑related genes between The Cancer Genome Atlas and GSE68465 datasets. 
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Figure 5. Construction of a prognostic signature based on KEAP1, NRF2 and HO‑1 mutation‑mediated upregulated genes. (A) A total of 101 types of prediction 
models were constructed via a leave‑one‑out cross‑validation framework and the C‑index of each model was further calculated. Kaplan‑Meier survival curves 
of OS for high‑ and low‑risk groups of patients in the (B) TCGA and (D) GSE68465 databases. Risk curves of the prognostic risk model in the (C) TCGA and 
(E) GSE68465 databases. TCGA, The Cancer Genome Atlas; OS, overall survival; KYNU, kynureninase; SERPINB5, serpin family B member 5; INSL4, 
insulin like 4; GABRA3, γ‑aminobutyric acid type A receptor subunit α3; HR, hazard ratio; CI, confidence interval.

https://www.spandidos-publications.com/10.3892/ol.2025.14902
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prognosis in patients with NSCLC (32,33). Further research 
reported that NRF2 upregulated KYNU, which was positively 
associated with an inhibitory tumor microenvironment (34). 
SERPINB2 belongs to the family of protease inhibitors, which 
is associated with tumorigenesis and regulation of several vital 
biological processes (35,36). The expression of SERPINB5 has 
been reported to be upregulated in LUAD, and its high expres‑
sion levels were notably associated with poor OS. Furthermore, 
overexpression of SERPINB5 promoted cell proliferation, 
migration and invasion and epithelial‑mesenchymal transition 
(EMT) in LUAD cells (37). INSL4 is a member of the insulin 
superfamily, which includes genes for insulin, insulin‑like 
growth factors and relaxin. In LUAD, high levels of INSL4 
expression have been reported to be associated with poor 
prognosis (38). Increased expression of INSL4 can promote 
tumor cell proliferation and invasion (38,39). GABRA3 acts as 
a key chloride ion transporter and also functions as a subunit 
of γ‑aminobutyric acid A receptors (40). In LUAD, increased 
expression of GABRA3 has been closely associated with 
poor prognosis. By upregulating the expression of MMP‑2 
and MMP‑9 via activation of the JNK/activator protein‑1 
signaling pathway, GABRA3 facilitates lymphatic metastasis 
in LUAD (41). Therefore, the aforementioned four genes are 

associated with the pathogenesis and progression of LUAD 
and may be considered potential therapeutic targets. Currently, 
there are studies investigating the regulatory association 
between KEAP1, NRF2 and HO‑1 and KYNU  (34). 
Subsequent research should further explore the interaction 
between KEAP1, NRF2 and HO‑1, and SERPINB5, along 
with INSL4 and GABRA3.

The tumor microenvironment consists of diverse immune 
cells, stromal cells, extracellular matrix and several cyto‑
kines (42). These different components not only impact patient 
prognosis but also have a close association with immuno‑
therapy (43). The present study revealed that the low‑risk group 
exhibited a higher percentage of infiltration of CD4+ T, CD8+ 
T, NK and NKT cells compared with the high‑risk group. 
Previous research has demonstrated that an increased pres‑
ence of CD4+ T and CD8+ T cells is associated with improved 
prognosis and enhanced immunotherapeutic efficacy (44). NK 
cells are a subset of innate immune cells capable of rapidly 
recognizing and eliminating tumor cells whilst also promoting 
adaptive T‑cell immune responses to suppress tumor aggres‑
siveness  (45). NKT cells represent a class of lymphocytes 
expressing both NK and T cell surface markers. They serve 
as a link between intrinsic and adaptive immunity and serve 

Figure 6. Clinical pathological features and prognosis analysis. Discrepancies in risk score in (A) T, (B) N and (C) TNM stages. Independent prognostic predic‑
tors obtained by (D) univariate and (E) multivariate Cox analyses. (G) Nomogram of risk score, N stage and M stage. (F) Calibration curve of the nomogram. 
*P<0.05, ****P<0.0001. T, tumor; N, lymph node; TNM, tumor‑lymph node‑metastasis; HR, hazard ratio; CI, confidence interval; OS, overall survival.
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Figure 7. Immune infiltration and immune association analyses. Differences in (A) immune, stromal and ESTIMATE scores, (B) immune‑checkpoint blockade 
therapy response prediction and (C) immune cells between the high‑ and low‑risk groups. Differences in the expression of immune‑checkpoint (D) immune 
stimulated and (E) immune inhibited genes between the high‑ and low‑risk groups. *P<0.05; **P<0.01; ***P<0.001; ***P<0.0001. ‑, not significant; FPKM, frag‑
ments per kilobase of transcript per million mapped reads.

https://www.spandidos-publications.com/10.3892/ol.2025.14902
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a crucial role in the tumor immune microenvironment (46). 
Therefore, increased infiltration of these cells may explain why 
the low‑risk group exhibited improved prognosis compared 
with the high‑risk group.

At present, research on immune checkpoint inhibitors is a 
hot topic. The current study assessed the expression of immune 
checkpoint suppressor genes in both the high‑ and low‑risk 
groups. The results revealed high expression of immune 
checkpoint inhibitors, including CTLA4, T cell immunore‑
ceptor with Ig and ITIM domains (TIGIT), HAVCR2 and B 
and T lymphocyte associated protein (BTLA) in the low‑risk 
group. CTLA4 is a suppressor molecule located on the surface 
of T cells that can promote tumor tolerance and T‑cell exhaus‑
tion when abnormally expressed (47). TIGIT is an immune 
checkpoint gene expressed on several types of T and NK cells. 
Its binding to CD155 on immune‑suppressive cells or tumor 
cell surfaces inhibits immune cell function (48). HAVCR2, 
as a negatively regulated immune checkpoint, not only regu‑
lates the exhaustion of T and NK cells, but also regulates the 
intrinsic immune escape of tumors mediated by macrophages 
and dendritic cells (49). BTLA is a suppressor expressed on the 
surface of immune cells such as T and B cells. Upon binding 
to herpesvirus entry mediator, it sends inhibitory signals 
to T cells, leading to a decrease in T cell proliferation and 
activation (50). These findings indicate that there are more 
immunotherapeutic targets within the low‑risk group with 
higher potential benefits from immunotherapy compared with 
the high‑risk group, aligning with the predicted response rate 
for immunotherapy.

Notably, chemotherapy is a crucial component of LUAD 
treatment. Half‑maximal inhibitory concentration analysis 
was performed to screen potential compounds and the findings 
revealed that the high‑risk group exhibited greater sensitivity to 
vincristine, docetaxel and cisplatin, whilst the low‑risk group 
showed increased sensitivity to BMS_754807, SB505124_1194 

and JQ1_2172. Clinically, vincristine, docetaxel and cisplatin 
are commonly utilized chemotherapeutic agents for LUAD 
treatment, which are often administered in combination 
to enhance patient prognosis (51). BMS‑754807 is a potent 
inhibitor of the insulin‑like growth factor 1 receptor/insulin 
receptor family of kinases that synergistically interacts with 
platinum‑based chemotherapeutics to induce apoptosis in 
lung cancer cells  (52). Furthermore, dasatinib combined 
with BMS‑754807 could inhibit lung cancer cell prolif‑
eration by inducing autophagy and arresting the cell cycle 
at G1 phase  (53). SB505124_1194 is a selective TGF‑β1 
receptor inhibitor that notably impedes TGF‑β1‑mediated 
EMT in lung cancer cells, thereby reducing recurrence and 
metastasis  (54,55). In the present study, higher expression 
of TGF‑β1 in the low‑risk group was associated with drug 
prediction. JQ1_2172 is a small molecule inhibitor targeting 
the BET protein that binds reversibly to its bromodomain, thus 
disrupting its interaction with acetylated lysines on histones or 
transcription factors. This inhibition leads to the suppression 
of oncogene expression, ultimately resulting in cancer cell 
proliferation arrest (56). Additionally, JQ1_2172 inhibits the 
upregulation of programmed death‑ligand 1 during concur‑
rent radiotherapy for lung cancer, thus exerting antitumor 
immune escape effects (57). Despite their effective eradication 
of tumor cells, anti‑neoplastic drugs exert certain effects on 
both patients and hospital workers exposed to them, including 
increased DNA damage, elevated oxidative stress parameters 
and impairment on complete blood counts (58). Therefore, the 
implementation of personalized treatment strategies based on 
risk score could facilitate the selection of appropriate drug 
treatment plans, thereby enhancing treatment efficacy and 
minimizing the adverse effects of anti‑neoplastic drugs on 
patients and healthcare workers.

Although a robust prognostic model based on KNHMUGs 
was constructed in the present study using public data, it is 

Figure 8. Differences in drug sensitivity between high‑ and low‑risk groups. IC50 values for (A) vinblastine, (B) docetaxel and (C) cisplatin, which were 
more sensitive in the high‑risk group. IC50 values for (D) BMS‑754804, (E) SB05124 and (F) JQ1, which were more sensitive in the low‑risk group. **P<0.01; 
***P<0.001; ****P<0.0001.



ONCOLOGY LETTERS  29:  155,  2025 13

limited by several factors. Firstly, the current study solely 
relied on public databases and further clinical validation is 
therefore required to confirm the model efficacy in prognostic 
prediction and assessment of immunotherapy and chemo‑
therapy sensitivity. Secondly, whilst the hub genes screened 
in the present study have been investigated in a small number 
of LUAD cases, their mechanisms remain unclear and require 
further exploration. Subsequent studies should be conducted to 
address the aforementioned questions.

In summary, KEAP1, NRF2 and HO‑1 expression is 
closely associated with clinicopathological features and 
prognosis in LUAD. The prognostic model constructed based 
on KNHMUGs may serve as an independent prognostic 
factor for predicting the prognosis of patients with LUAD. 
It integrates important clinical parameters and risk scores 
of prognoses, demonstrating reliability and effectiveness. 
Furthermore, the association between risk score and tumor 
immune microenvironment, immunotherapy and chemo‑
therapy response may offer a potentially powerful new tool for 
clinical decision‑making, patient prognosis determination and 
personalized treatment.
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