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Background: Iron metabolism related genes participate in cell proliferation, cell growth, and redox cycling in multiple cancers.
Limited studies have revealed the roles and clinical significance of iron metabolism in the pathogenesis and prognosis of lung cancer.
Methods: A total of 119 iron metabolism related genes were extracted from MSigDB database and their prognostic values were determined
in The Cancer Genome Atlas lung adenocarcinoma (TCGA-LUAD) dataset and the Gene Expression Profiling Interactive Analysis 2
(GEPIA 2) database. Immunohistochemistry technique and correlations with immune cell infiltration, gene mutation and drug resistance
were used to identify the potential and underlying mechanisms of STEAP1 and STEAP2 as prognostic biomarkers of LUAD.

Results: The expression of STEAP1 and STEAP2 are negatively associated with the prognosis of LUAD patients both at the mRNA
and protein level. The expression of STEAP1 and STEAP2 was not only negatively correlated with the trafficking degree of CD4+
T immune cells and positively related to most immune cells’ trafficking degree, but also significantly associated with gene mutation
status, particularly with mutations on TP53 and STK11. Four types of drug resistance showed significant correlation with the
expression level of STEAP1 while 13 types of drug resistance were associated with the expression level of STEAP2.

Conclusion: Multiple iron metabolism related genes including STEAP1 and STEAP2 are significantly associated with the prognosis
of LUAD patients. STEAP1 and STEAP2 might affect the prognosis of LUAD patients partially through immune cell infiltration, gene
mutation and drug resistance, which indicated they were independent prognostic factors for LUAD patients.
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Introduction
Lung cancer is one of the main terminal cancers in patients. Lung adenocarcinoma (LUAD) is the most common type of
lung cancer.' Although multiple novel treatment methods have been developed, the 5-year survival rate of patients with
lung cancer has only improved slightly.>* It remains of great clinical importance to identify novel biomarkers for
prognosis prediction in LUAD patients which may help to formulate effective prevention, screening and treatment
strategies. Currently, the prognosis of LUAD patients is determined by classical clinicopathological features such as
histological grade, lymph node metastasis and tumor size. Unfortunately, patients with LUAD at the same stage always
have different clinical results. The heterogeneity of LUAD makes the current staging system inaccurate in providing
reliable prediction. Hence, it is urgent to develop new biomarkers to predict the prognosis of LUAD.

Iron, involved in multiple cellular functions, is one of the most important and abundant trace elements. Recent studies
focusing on the roles of iron in cancer have shown that iron metabolism related proteins are multifunctional and may lead
to malignant tumors in a way other than their functions in iron metabolism. The intense aerobic glycolysis process of

tumor cells is closely related to iron metabolism.* Iron can, not only promote cell proliferation, but also promote
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tumorigenesis. Growing evidence has revealed that lung cancer, glioblastoma, leukemia, breast cancer, ovarian cancer,
liver cancer, thyroid cancer, and colorectal cancer are closely related to the altered expression of iron metabolism related
genes.” * Iron metabolism related proteins have the potential to activate the STAT3-FoxM1 axis, which results in
increasing generation of reactive oxygen species, triggering P53 nuclear export, promoting activation of GP130/STAT3
signaling and regulatory pathway. For example, IREB1 and IREB2 promote tumorigenesis and cancer formation.'*"’
Downregulation of FPN1 promoted myeloma cell growth in multiple myeloma.'® At present, there is plenty of evidence
that dysfunctions in iron uptake and management are the critical characteristics of lung cancer, suggesting that iron
metabolism related genes and proteins have great potential to predict the progression and prognosis of lung cancer.'® '
Further interrogation of this relationship between cancer and iron metabolism related genes may yield more mechanistic
insights and opportunities for early prognostic prediction.

In this study, the prognostic values of 119 iron metabolism related genes were comprehensively investigated in lung
adenocarcinoma (LUAD) patients. We found that LUAD patients with higher STEAP1 and STEAP2 tumor tissue
expression levels are associated with poorer prognosis. To further elucidate the mechanisms, we performed systematical
bioinformatics analyses based on the gene expression levels, immune cell trafficking degree, gene mutation status and
drug resistance in LUAD patients. Overall, we demonstrated that iron metabolism related genes, especially STEAP1 and

STEAP2, could be used as independent prognostic predictors in LUAD patients.

Materials and Methods

Data Acquisition and Bioinformatic Analysis
Gene expression data used in this article were obtained from TCGA-LUAD database (https://cancergenome.nih.gov/). A total

number of 119 iron metabolism related genes were selected from MSigDB database (http://www.gsea-msigdb.org/gsea/msigdb).

The correlation analysis and the univariate Cox regression analysis between 119 genes and the LUAD patient prognosis were
determined in TCGA-LUAD dataset, which included 498 LUAD tissues and 58 adjacent normal tissues.

Survival information and gene expression data of iron metabolism related genes were verified by GEPIA2 database
(http://gepia2.cancer-pku.cn/), an enhanced web server for large-scale expression profiling and interactive analysis.

Kaplan-Meier survival plots were used to show the association between mRNA expression level and overall survival
(OS). Hazard ratio with 95% confidence intervals (CI) between the groups were calculated using univariate Cox
regression analysis.

Protein-Protein Interaction Network and Correlation Analysis Between 20 Genes

The protein-protein interaction (PPI) network of iron metabolism proteins was analyzed by the STRING database
(https://cn.string-db.org/) and the GeneMANIA database (http:/genemania.org/), databases of predicted functional
associations between proteins, to explore the iron metabolism related hub genes in LUAD prognosis. We constructed

an interaction network among candidate iron metabolism proteins, whose expression was significantly associated with the
prognosis of LUAD patients both in TCGA and GEPIA 2 database. Correlation between the gene expression level of the
20 genes was calculated using Pearson correlation coefficient (r) and visualized using the heatmap generated by
R package corrplot (v0.92).

Ethical Statement
All experiments were performed in accordance with relevant guidelines and regulations. All study participants provided
informed consent, and this study design was approved by the ethics committee of Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine [Agreement Number: (2020) (013)-1]. This study was performed in accordance with the
Declaration of Helsinki.

Tumor Tissue Samples
Lung tissue samples were collected during surgical resection and archived under protocols that were approved by Ruijin
Hospital, Shanghai Jiao Tong University School of Medicine after obtaining informed consent from the patients. All of
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the samples were diagnosed as LUAD based on the tumor, lymph node, and metastasis (TNM) staging system by senior
pathologist and no treatment was performed before tissue samples were collected. The basic information of patients such
as smoking status, common comorbidities were collected from medical record system of Ruijin hospital.

Immunohistochemistry (IHC) Validation in LUAD

The 4 pm sections were cut from each tissue block, and they were placed in a 90°C incubator for 1 hour. After being
deparaffinized in xylene and rehydrated, the samples passed through graded alcohol solutions. In a steam pressure
cooker, tissue sections were placed in citrate buffer to react at 125°C for 3 minutes to perform antigen retrieval. After
natural cooling, 3% hydrogen peroxide solution was used to block endogenous peroxidase for 30 minutes. After three
washes with PBS solution, the sections were incubated with 3% BSA for 1 hour and then the sections were incubated
with rabbit anti-STEAP1 antibody (1:250 dilution, Catlog No: #24565, Signalway Antibody, Pearland, TX, USA) and
rabbit anti-STEAP2 antibody (1:100 dilution, Catlog No.: PA5325, Abmart, People’s Republic of China) overnight at
4°C. Then the sections were incubated for 50 minutes with anti-rabbit secondary antibody (1:200 dilution, Catlog No.:
GB23303, Servicebio, People’s Republic of China) followed with DAB solution incubation and hematoxylin staining.
After dehydration, through degraded alcohol solutions, the sections were quickly sealed with neutral gum and covered
with glass before the sections were observed under optical microscope. Immunoreactivity of candidate proteins was
scored independently by two senior pathologists with blinding evaluation and protein expression was estimated by double
score semi quantitative analysis. The grade of the score was determined by multiplying the score for staining intensity
with the score for proportion of positive cells in tissue sections. Staining intensity was recorded as intensity score (0 =
negative, 1 = weak, 2 = moderate and 3 = strong). As for the percentage scores, they were marked by positive cells (0 =
0%, 1 =1%-25%, 2 =26%-50%, 3 =51%-75%, 4 =>75%). The staining score values are between 0 and 12 and scores of
0 to 7 were considered low expression for statistical analysis. The relationship between overall survival and THC results
of each patient was analyzed using the Kaplan-Meier survival plot and compared by Log rank tests.

Association Between STEAPI| and STEAP2 mRNA Levels and Immune Features of
LUAD Patients

Tracking Tumor Immunophenotype (http://biocc.hrbmu.edu.cn/TIP/) was a web server for resolving tumor immunophe-

notype, which evaluated the status score of tumor-infiltrating immune cells based on TCGA-LUAD dataset. Using the
sample ID, we obtained the normalized STEAP1 and STEAP2 expression data using R package TCGAbiolinks (v2.20.1).
Correlation analysis was performed to show the correlation between immune infiltration levels and STEAP1 and
STEAP2 mRNA levels using R package corrplot (v0.92). Meanwhile, TIMER2 (http://timer.cistrome.org/) was used to
further explore the relationship between STEAP1 and STEAP2 expression and specific immune cells.

Mutation Feature Analysis
To observe the relation between the gene mutation status and the expression of STEAP1 and STEAP2 in LUAD, gene expression
data from 508 LUAD patients and common gene mutation data were obtained from muTarget (https://www.mutarget.com/),

a cancer biomarker/target discovery tool. Mann—Whitney analysis was used to test all the results and P-values < 0.001 were used

as the cutoff value to screen out the most significant genes.

The Relationship Between STEAPI|/2 Expression and Drug Resistance
The gene expression data and molecule/drug sensitivity data of 54 kinds of LUAD cell lines were obtained from
Genomics of Drug Sensitivity in Cancer (GDSC, https://www.cancerrxgene.org/), a resource for therapeutic biomarker

discovery in cancer cells. The expression of STEAP1 and STEAP2 was performed by Pearson correlation analysis with
the small molecule/drug sensitivity (IC50). P value < 0.05 was used as the cut off value.
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Statistical Analysis
All statistical analyses were performed using R software (v4.1.1). A two-sided P < 0.05 was recognized as statistical
significance.

Results

Iron Metabolism Related Genes Showed Great Significance in LUAD Prognosis

One hundred and nineteen iron metabolism related genes were derived from MSigDB database. The univariate Cox
regression analysis identified 20 iron metabolism related genes were significantly associated with overall survival of
TCGA-LUAD patients (P < 0.05; Figure 1 and Supplementary Table 1). We analyzed the differences of the 20 genes’
expression levels between LUAD tissues and adjacent normal tissues (Figure 2A), and the relationship between the 20

genes’ expression level and the clinical features were presented as well as the PDCDI1 and CD274 expression level in
TCGA-LUAD patients (Figure 2B). Expression of 16 genes was significantly different between LUAD tissues and
adjacent normal tissues, of which 7 genes, including STEAP1, SFXNI1, STEAP2, GLRX3, CANDI1, TTYHI and
ATP6VOE2, showed higher expression level in LUAD tumor compared to normal tissues.

GEPIA 2, an online survival analysis tool, was used to verify the result from TCGA-LUAD database. Ten genes
including STEAP1, STEAP2, EGLN1, GLRX3, BTBD9, REP15, HRG, ATP6V0D2, SFXN1 and SLC46A1 also showed
significant association with the prognosis of LUAD patients. Of note, STEAP1 showed the highest significance, followed
by STEAP2 (Figure 3).

Higher Expression of STEAPI and STEAP2 is Related to the Poorer Prognosis of
LUAD

In order to explore the molecular mechanisms of tumor, it is essential to understand the interactions between these 20
genes in LUAD. The STRING database was used to draw the Protein-Protein Interaction Network, which showed that
STEAPI and STEAP2 are the hub genes among them (Figure 4A). Furthermore, the Pearson correlation coefficient

Gene name P-value HR 95%ClI (low) 95%ClI (high)

STEAP1 <0.001 0.550 0.408 0741 +—ji—
EGLN1 0.002 0.621 0.461 0.836 ——
BTBD9 0.003 1.561 1.161 2.100 - -
SFXN1 0.006 0.660 0.492 0.885 —
SLC11A2 0.006 1.514 1.127 2.033 - -
STEAP2 0.009 0.675 0.502 0.906 ——
ATP6V1B2 0.011 1.463 1.091 1.961 -
REP15 0.012 0.686 0.512 0.920 —E—
ATP6VOA1 0.016 1.440 1.072 1.934 -
GLRX3 0.018 0.700 0.521 0.940 ——
NUBP1 0.019 1.422 1.060 1.906 -
CAND1 0.020 0.704 0.524 0.946 ——
SLC46A1 0.020 1.417 1.055 1.903 -
BDH2 0.022 1.408 1.050 1.888 ]
TTYH1 0.022 0.710 0.530 0.952 —_—
ATP6VOE2 0.031 1.381 1.031 1.850 -
SLC22A17 0.036 1.372 1.022 1.842 I
NCOA4 0.045 1.350 1.007 1.809 L
HRG 0.047 0.742 0.553 0.996 ——
ATP6VOD2 0.048 1.343 1.002 1.798 L]

0.5 1 15 2

Hazard ratio

Figure | The forest plot exhibits the associations between iron metabolism related genes and prognosis in TCGA-LUAD cohort patients.
Abbreviations: HR, hazard ratio; 95% Cl, 95% confidence interval.
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Figure 2 The expression levels of 20 iron metabolism related genes between LUAD and adjacent normal tissues in TCGA-LUAD dataset. (A) Heatmaps show the gene
expression levels of 20 iron metabolism related genes and PDCD | and CD274 in the TCGA-LUAD dataset. (B) The red points represent the normalized mRNA expression
levels of iron metabolism related genes in 498 TCGA-LUAD tumor tissues while the green points represent the normalized mRNA expression level in 58 adjacent normal
tissues. The P-values derived from the Student’s t-tests are shown.
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Figure 3 The Kaplan-Meier survival plots of the LUAD patients in GEPIA 2 database. The Kaplan—-Meier plots of ten genes that are significantly associated with the
prognosis of LUAD patients in GEPIA 2 database (N = 478). Patients were stratified by the median expression level of genes and compared using the Log rank tests.

between these 20 genes in LUAD showed that STEAP1 and STEAP2 hold the strongest correlation (Figure 4B) and their
possible functions were further explored through the protein—protein interaction (PPI) network (Figure 4C). These results
suggested that STEAP1 and STEAP2 may play central roles in the regulating of LUAD progression by the iron-
metabolism related genes.

From April 2013 to August 2021, 30 newly diagnosed LUAD patients who had never received any treatment before,
including 17 male subjects and 13 female subjects, aged from 45 years old to 78 years old, were recruited to the current
study to evaluate the prognostic values of the STEAP1 and STEAP?2 at the protein level. Of them, 13 subjects had formed
the habit of smoking and 19 subjects were diagnosed with comorbidities including hypertension, diabetes and other lung
disease. As for the TNM clinical stages, 16 subjects were categorized as I and II stages while 14 subjects were
categorized as III and IV stages by pathologists. The follow-up period of these 30 patients ranged from 2 months to
101 months, with a median of 57 months. 12 patients succumbed to the disease, and 18 patients were alive
in August 2021 (Supplementary Table 2). IHC staining results of 30 LUAD patients (Figure 5A) indicated that
STEAP1 and STEAP2 proteins were detected in both cytoplasm and cytomembrane of the LUAD tissues (Figure 5B).
11 of 30 samples were diagnosed as STEAP1 high expression (staining score > 7; Supplementary Table 2) and 16 of 30

samples were diagnosed as STEAP2 high expression (staining score > 7; Supplementary Table 2). We found that the

patients with higher STEAP1 protein expression showed shorter overall survival time compared to subjects with low
expression of STEAP1 (P = 0.0019) and patients with higher STEAP2 protein expression were also associated with
poorer overall survival (P = 0.049) (Figure 5C). Meanwhile, no significant difference in the patients’ characteristics
between STEAP1/2-high and STEAP1/2-low groups was noticed (Supplementary Tables 3 and 4), which further
demonstrated that STEAP1 and STEAP2 expression level could be the independent risk factors for LUAD patients.

Correlation Between Immune Cell Infiltration Levels and STEAP| and STEAP2 mRNA

Levels

Tumor immune microenvironment is composed of a variety of cellular subtypes, extracellular matrix components, blood system
and oxidative free radicals, which is closely associated with the tumor initiation and progression. To investigate the effects of iron
metabolism related genes on tumor microenvironment we analyzed the correlations between immune activity scores and immune
cell infiltration levels with the expression levels of these 20 genes in 594 TCGA-LUAD tumor tissues based on the TIP database.
We found that the mRNA levels of STEAP1 and STEAP2 are positively correlated with most recruited immune cell levels,
including CD8+ T cells, Th1 cells, dendritic cells, macrophage, monocyte, neutrophil, NK cells, eosinophil, and basophil cells but
negatively correlated with CD4+ T cells, which play important roles in tumor immunity through modulating dendritic cells or
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Figure 4 The protein-protein interaction (PPl) network and gene expression correlations between 20 genes. (A) The protein—protein interaction (PPl) network inferred by
the STRING database The nodes represent proteins and the edges represent protein-protein interactions. (B) The heatmap shows the correlation coefficient between genes
in 498 TCGA-LUAD tumor tissues. ***P < 0.001, **P < 0.01, *P < 0.05. (C) The PPl network of 20 iron metabolism related genes visualized by the GeneMANIA database.
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Figure 5 Associations between STEAP| and STEAP2 protein levels and the prognosis in LUAD patients. (A) Heatmaps show the IHC staining results of STEAPI and
STEAP2 of 30 LUAD patients as well as corresponding clinical features. (B) Representative immunohistochemistry images of LUAD tissue with higher or lower STEAP1/2
expression level (x200). (C) The Kaplan—Meier plots of the overall survival in LUAD patients with higher or lower STEAPI and STEAP2 expression levels according to IHC
staining scores. P-values derived from the Log rank tests were labeled.

stimulating other pro-inflammatory myeloid cells to enhance immune activities (Figure 6A). CD4 and CDS8 T cells can be
subdivided into different populations with distinct functions. STEAP1 is negatively correlated with CD4 naive T cells and CD8
memory T cells but positively with CD4 memory T cells and CDS effector T cells. For STEAP2, the expression level is negatively
correlated with CD8 memory T cells but positively with CD4 memory T cells and CD8 effector T cells (Figure 6B). Also, to
explore the association between the expression of STEAP1, STEAP2 and PD-1, PD-L1 molecules, correlation analysis between
the expression level of STEAP1 and STEAP2 and the expression level of PDCD1 and CD274 was performed using the data from
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Figure 6 Correlations between 20 iron metabolism related genes and immune activities in TCGA-LUAD tissues. (A) Correlations between 20 iron metabolism related
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TCGA-LUAD dataset. Statistical analysis results showed significant association between STEAP1 and PDCDI1 (r =0.22, P =
7.67e-7), STEAP1 and CD274 (r=0.39, P =4.54e-19), STEAP2 and PDCDI1 (r=0.21, P=3.83¢-6) and STEAP2 and CD274 (r=
0.34, P =2.47e-15).

Relationship Between Gene Mutation and STEAP| and STEAP2 Expression Level

To clarify whether the gene mutation status may influence the expression of STEAP1/2 in LUAD, the gene mutation
status of 508 TCGA-LUAD samples were obtained from the muTarget database. At the gene mutation frequency
threshold > 2% and the significance level of P < 0.001, we noticed 10 types of gene mutations showed significant
association with STEAP1 expression level (Figure 7A), while 7 others were significantly associated with the expression

Cancer Management and Research 2023:15 heeps: 211

Dove:


https://www.dovepress.com
https://www.dovepress.com

Dove

Li et al
A TP53 STK11 LRRN2 SMARCA4 GPR37
P = 4.26e-06 P =1.18e-04 P =2.01e-04 25001 P =4.24e-04 P =9.71e-0
2000 o o 2000 : s o . ..
s . 2000 2000)
51500- _ ‘ 1500 1500l = . 2000|
% 1000| s
T 1000 1000) O o 1000| -
g s 2 500 s00| Lo -2 ; ]
® L) < * e
of b 0 -k .
Mutant Mutant Mutant Mutant
ZNF23 OR5L2 MMS22L SLC6A15 LVRN
P = 5.44e-05 P = 1.60e-04 P =4.21e-04 P =6.73e-04 P =9.97e-04
. . ie 3000 . 3 3000| . . 2000| . - 2000 e
: ; . ‘ .
g 2000 2000 '. 2000 10 e
3 L 1000| 1000
& 1000 1000 — 1000] e
E = 500] ] = 500 |
2] *xl *
0 0 ] 0 ol 0 |
Mutant Mutant Mutant Mutant Mutant
B NIPAL4 NTRK3 GPR37 STK11 MMS22L

P =8.37e-05 P =2.30e-04 P =7.95e-04 P =1.87e-04 P = 4.39e-04

4000‘ 4000
4000

3000 3000 3000

2000 2000 20001

1000:

1000

STEAP2 expression
8
S

1000 5 l =

R X

Mutant

Mutant Wild

Mutant Wild Mutant

OR5L2 LRRC37B
P = 8.86e-04 oo P=9.44e:04

4000
2000}

3000

2000
1000|

STEAP2 expression

=)
<3
3

Mutant

Figure 7 Differential STEAP| and STEAP2 gene expression levels in TCGA-LUAD tissues with or without distinct gene mutations. The red point shows the mRNA levels in

samples with indicated gene mutation and the green point represents tissues without gene mutation.

of STEAP2 (Figure 7B). Among them, TP53 mutation status showed the most significant association with expression of
STEAPI1 and patients with TP53 mutation were associated with higher expression of STEAP1 (Figure 7A), indicating
that TP53 mutation may influence the prognosis of LUAD patients through regulating the iron metabolism.

Associations Between mRNA Level of STEAPI/2 and Drug Resistance in LUAD Cell
Lines

To explore whether the expression level of STEAP1 and STEAP2 will affect the drug sensitivity of LUAD cells we
evaluated the correlation between STEAP1 and STEAP2 mRNA levels in 54 LUAD cell lines with the IC50 value of 181
small molecules/drugs. Among them, Navitoclax, Lapatinib, JAK and AZD showed significant correlation with the
mRNA level of STEAPI. Furthermore, IC50 value of 13 drugs including Lapatinib_ 1558 and JAK were positively
correlated with the mRNA level of STEAP2 (Figure 8). These results suggested that STEAP1 and STEAP2 may
influence prognosis through regulating the drug sensitivity of LUAD cells.
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Discussion

Lung cancer is usually influenced synthetically by many environmental, genetic and metabolic factors.”” Enhanced
energy metabolism rate is a characteristic of tumor cells, which is closely associated with the corresponding protein
expression levels. Recent studies further facilitate our understanding of the mechanisms involved in development and
progression of lung cancer, which may uncover novel prognostic biomarkers or therapeutic targets. For example, GLUT-
1 is strongly involved in tumor metabolism and pl6 could lead to GO phase cell cycle arrest and induce tumor cell
apoptosis and they were verified to be abnormally expressed in malignant lung tissues and could serve as potential
biomarkers of lung cancer evolution and aggressiveness.”> HIF-1a, influenced by exogenous factors such as Nicotine, are
able to activate angiogenesis signaling pathways.”> Protein expression related techniques are closely related to the
metabolic of lung tumors and have become new tools for diagnosis, prognosis and treatment of it. In this study, we
analyzed the data obtained from the TCGA and GEPIA 2 databases, and investigated the prognostic values of iron
metabolism related genes in LUAD patients. Furthermore, we found the expression of STEAP1 and STEAP2 are
associated with the level of immune cell infiltration, gene mutation and drug resistance, uncovering the mechanisms
for the associations between STEAP1 and STEAP2 expression levels and the prognosis of LUAD patients.

Multiple iron metabolism related genes were differentially expressed between LUAD tissues and normal tissues,
which suggested that some iron metabolism related proteins may be involved in the progression of LUAD. The iron
metabolism genes STEAP1 and STEAP2 act as the hub genes according to the PPI network analysis. STEAP proteins are
cell surface antigens and are mainly expressed in bladder cancer, colon cancer and lung cancer.”* 2’ As the ion channel,
receptor, or transporter,”®® they promote tumor cell proliferation and inhibit apoptosis.”’ ' In a current study, Liu et al
explored the prognostic value of STEAP1 and STEAP2 using the data of Kaplan-Meier plotter database, and for patients
with NSCLC, results showed STEAP1 protein overexpression was significantly correlated with poor prognosis of lung
cancer, and STEAP2 protein downregulation was significantly correlated with poor prognosis of lung cancer. However,
after dividing lung cancer patients into different stages, consistent significant results were found in stage I lung cancer,
and for patients with stage II and III lung cancer, the expression and prognosis of STEAP1 and STEAP2 were not
statistically significant.'” Thus, further exploration was needed for the prognostic value of STEAP1 and STEAP2 in
different subtypes of lung cancer. We validated the prognostic value of STEAP1 and STEAP2 in LUAD tissues using
IHC. As predicted by the public TCGA-LUAD data analysis result, the IHC results suggested that STEAP1 and STEAP2
protein overexpression were significantly correlated with poor prognosis of LUAD patients.

There may be several underlying mechanisms of the prognostic effects of STEAP1 and STEAP2 in LUAD patients.
Expression of STEAP1 and STEAP2 were correlated with multiple aspects of immune cell infiltration. Tumor
infiltrating lymphocytes have been demonstrated to be an independent predictor of cancer prognosis.’® It can affect
downstream innate and adaptive immune responses by influencing the macrophage effector functions.®® For example,
the activity of the cancer-immunity cycle is a direct manifestation of immune regulatory system, and STEAP1 and
STEAP2 were correlated with some steps in cancer—immunity cycle including releasing of the cancer cell antigens,
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trafficking of immune cells to tumors, infiltration of immune cells into tumors and killing of cancer cells.**** Previous
studies have shown that the imbalance of STEAP1 and STEAP2 might lead to the immunosuppressive microenviron-
ment of glioma by affecting the cancer immune cycle, immune infiltration and phenotype.’> A growing body of
evidence has shown that STEAP1 and STEAP2 influence the invasive behavior and oxidative stress phenotype, and
STEAPI1- derived peptides are immunogenic.’®*” In our study, higher STEAP1 and STEAP2 expression levels were
positively correlated with multiple aspects of immune cell infiltration, especially the innate immune cells such as
eosinophils, macrophages and NK cells, indicating that the poorer prognosis of LUAD patients with high iron
metabolism may be due to the stronger immunosuppression. Encoded by PDCD1 gene and CD274 gene respectively,
the PD-L1/PD1 and PDL1 signaling pathway could inhibit the immune cytotoxicity effects of T lymphocytes thus
facilitating the immune escape of tumor cells and promoting the occurrence and development of tumors.*® Inhibitors of
the PD-1 axis have altered the treatments of non-small-cell lung cancer (NSCLC) over the last decade.*® In the current
study, we found that the expression level of STEAP1 and STEAP2 were positively associated with the expression of
PD-1 and PD-L1 levels in TCGA-LUAD dataset, indicating the potential mechanisms of the negative prognostic
values of STEAPI and STEAP2.

Tumors often occur with the accumulation of genetic mutations, which help them to escape from the immune system,
leading to uncontrolled growth and metastasis. Our study demonstrated that TCGA-LUAD patients with higher expression
of STEAP1 and STEAP2 are significantly associated with the mutation status of multiple genes, especially TP53 and
STK11. TP53, the most commonly mutated gene in TCGA-LUAD, is a tumor suppressor gene which triggers a series of
alterations in the progression and clinical outcome of TCGA-LUAD.*’ As a transcription factor, tumor suppressor p33
exerts its tumor function primarily via its transcriptional modulation of its downstream target genes.*' p53 is involved in
regulation of a wide range of cancer-associated pathways, and mutant pS3 potentially triggers chromosomal/genomic
instability which is frequently related to poor prognosis in LUAD.** After TP53 and KRAS, STK11 is the third most
commonly mutated gene in LUAD, which encodes the protein LKB1.* In addition, the canonical tumor-suppressive role of
STK11 involves the activation of AMPK-related kinases, inactivation of LKB1 is associated with an inert tumor immune
microenvironment and the progression of lung cancer.** These data suggested that mutations in these genes may regulate
the tumor development and progression through regulating the gene expression levels of STEAP1 and/or STEAP2.

Drug resistance often leads to poorer prognosis in LUAD patients. Many anticancer drugs were found to play roles by
inducing iron death, such as metformin, artemisinin derivatives, Sorafenib, and Triapine.45 46 In this study, we noticed
that the LUAD cell lines with higher STEAP1 and STEAP2 expression levels showed significant association with the
inhibitory activities of anticancer compounds. Overexpression of STEAP1 in LUAD cell lines resulted in the reduction of
therapy effects of Lapatinib (targeting EGFR signaling pathway), JAK (targeting JAK1, JAK2 pathway) and AZD
(targeting EGFR signaling pathway). Similarly, the IC50 of 13 molecules/drugs including JAK and AZD were positively
correlated with the expression level of STEAP2. We speculated that the expression of STEAP1 and STEAP2 in LUAD
may lead to adverse prognosis of LUAD through mediating resistance to multiple anti-cancer compounds.

There are several limitations that should be acknowledged. First, we explored the prognostic values of iron
metabolism related genes in LUAD and validated the prognostic effects of STEAP1 and STEAP2 through IHC staining.
Whether other genes were significantly associated with LUAD patients’ prognosis at the protein level is unknown.
Second, we identified the correlations between STEAP1 or STEAP2 expression levels and the resistant activities to anti-
cancer compounds, which need to be validated with biological experiments. Finally, whether STEAP1 and STEAP2
could serve as promising targets in LUAD patients need to be further addressed.

Overall, we identified the association between 119 iron metabolism related genes and the prognosis of LUAD
patients. Data from multiple databases indicated that STEAP1 and STEAP2 protein expression levels were associated
with the prognosis of LUAD patients. Furthermore, the analysis results of immune cell infiltration level, gene mutation
status, and drug resistance showed that iron metabolism related genes may influence the prognosis of LUAD through
multiple aspects; however, detailed mechanisms need further exploration and validation.

214 https: Cancer Management and Research 2023:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Li et al

Abbreviations
LUAD, lung adenocarcinoma; PPI, protein-protein interaction, IHC, immunohistochemistry; STEAPI, six-

transmembrane epithelial antigen of the prostate-1; STEAP2, six-transmembrane epithelial antigen of the prostate-2;

TME, tumor microenvironment.

Acknowledgment
This work was supported by the Shanghai Science and Technology Commission (No. 18441905400), Natural Science

Foundation of Shanghai (20ZR1434100) and Research on the compliant application for real world data collection,

governance and administration of innovation technology in research hospital (No. HNLC2022RWS014).

Disclosure
All authors declared that there are no conflicts of interest in this study.

References

1

. Travis WD, Travis LB, Devesa SS. Lung cancer. Cancer. 1995;75(1 Suppl):191-202.

2. Schabath MB, Cote ML. Cancer Progress and Priorities: lung Cancer. Cancer Epidemiol Biomarkers Prev. 2019;28(10):1563—1579. doi:10.1158/

1055-9965.EPI-19-0221

3. DeSantis CE, Lin CC, Mariotto AB, et al. Cancer treatment and survivorship statistics, 2014. CA Cancer J Clin. 2014;64(4):252-271. doi:10.3322/caac.21235
4. Lee DG, Kam MK, Lee SR, et al. Peroxiredoxin 5 deficiency exacerbates iron overload-induced neuronal death via ER-mediated mitochondrial
fission in mouse hippocampus. Cell Death Dis. 2020;11(3):204. doi:10.1038/s41419-020-2402-7
5. Faulk WP, Hsi BL, Stevens PJ. Transferrin and transferrin receptors in carcinoma of the breast. Lancet. 1980;2(8191):390-392. doi:10.1016/S0140-
6736(80)90440-7
6.Fu Y, Lin L, Xia L. MiR-107 function as a tumor suppressor gene in colorectal cancer by targeting transferrin receptor 1. Cell Mol Biol Lett.
2019;24:31. doi:10.1186/s11658-019-0155-z
7. Zhang L, Ye Y, Tu H, et al. MicroRNA-related genetic variants in iron regulatory genes, dietary iron intake, microRNAs and lung cancer risk. Ann
Oncol. 2017;28(5):1124-1129. doi:10.1093/annonc/mdx046
8.Zhao B, Li R, Cheng G, et al. Role of hepcidin and iron metabolism in the onset of prostate cancer. Oncol Lett. 2018;15(6):9953-9958.
doi:10.3892/01.2018.8544
9. Zhou Q, Chen J, Feng J, et al. E4BP4 promotes thyroid cancer proliferation by modulating iron homeostasis through repression of hepcidin. Cell
Death Dis. 2018;9(10):987. doi:10.1038/s41419-018-1001-3
10. Sornjai W, Nguyen VLF, Pion N, et al. Iron and hepcidin mediate human colorectal cancer cell growth. Chem Biol Interact. 2020;319:109021.
doi:10.1016/j.¢bi.2020.109021
11. Basuli D, Tesfay L, Deng Z, et al. Iron addiction: a novel therapeutic target in ovarian cancer. Oncogene. 2017;36(29):4089-4099. doi:10.1038/onc.2017.11
12. Wang Q, Gu T, Ma L, et al. Efficient iron utilization compensates for loss of extracellular matrix of ovarian cancer spheroids. Free Radic Biol Med.
2021;164:369-380. doi:10.1016/j.freeradbiomed.2021.01.001
13. Sukiennicki GM, Marciniak W, Muszynska M, et al. Iron levels, genes involved in iron metabolism and antioxidative processes and lung cancer
incidence. PLoS One. 2019;14(1):¢208610. doi:10.1371/journal.pone.0208610
14. Han M, Xu R, Wang S, et al. Six-Transmembrane Epithelial Antigen of Prostate 3 Predicts Poor Prognosis and Promotes Glioblastoma Growth and
Invasion. Neoplasia. 2018;20(6):543—554. doi:10.1016/j.ne0.2018.04.002
15. Torti SV, Torti FM. Iron and cancer: more ore to be mined. Nat Rev Cancer. 2013;13(5):342-355. doi:10.1038/nrc3495
16. Wen CP, Lee JH, Tai YP, et al. High serum iron is associated with increased cancer risk. Cancer Res. 2014;74(22):6589—6597. doi:10.1158/0008-
5472.CAN-14-0360
17. Bao S, Wu Q, McLendon RE, et al. Glioma stem cells promote radioresistance by preferential activation of the DNA damage response. Nature.
2006;444(7120):756—760. doi:10.1038/nature05236
18. Gu Z, Wang H, Xia J, et al. Decreased ferroportin promotes myeloma cell growth and osteoclast differentiation. Cancer Res. 2015;75
(11):2211-2221. doi:10.1158/0008-5472.CAN-14-3804
19.Liu T, Niu X, Li Y, Xu Z, Chen J, Xu G. Expression and prognostic analyses of the significance of STEAP1 and STEAP2 in lung cancer. World
J Surg Oncol. 2022;20(1):96. doi:10.1186/512957-022-02566-6
20. Kukulj S, Jaganjac M, Boranic M, et al. Altered iron metabolism, inflammation, transferrin receptors, and ferritin expression in non-small-cell lung
cancer. Med Oncol. 2010;27(2):268-277. doi:10.1007/s12032-009-9203-2
21. Xiong W, Wang L, Yu F. Regulation of cellular iron metabolism and its implications in lung cancer progression. Med Oncol. 2014;31(7):28.
doi:10.1007/s12032-014-0028-2
22. Pezzuto A, D’Ascanio M, Ricci A, Pagliuca A, Carico E. Expression and role of p16 and GLUT1 in malignant diseases and lung cancer: a review.
Thorac Cancer. 2020;11(11):3060-3070. doi:10.1111/1759-7714.13651
23. Pezzuto A, Cappuzzo F, D’Arcangelo M, et al. Prognostic Value of p16 Protein in Patients With Surgically Treated Non-small Cell Lung Cancer;
Relationship With Ki-67 and PD-L1. Anticancer Res. 2020;40(2):983-990. doi:10.21873/anticanres.14032
24. Lee CH, Chen SL, Sung WW, et al. The Prognostic Role of STEAP1 Expression Determined via Immunohistochemistry Staining in Predicting
Prognosis of Primary Colorectal Cancer: a Survival Analysis. Int J Mol Sci. 2016;17(4):592. doi:10.3390/ijms 17040592
25. Gomes IM, Arinto P, Lopes C, et al. STEAP1 is overexpressed in prostate cancer and prostatic intraepithelial neoplasia lesions, and it is positively
associated with Gleason score. Urol Oncol. 2014;32(1):23-53. doi:10.1016/j.urolonc.2013.08.028
Cancer Management and Research 2023:15 https: 215

Dove:


https://doi.org/10.1158/1055-9965.EPI-19-0221
https://doi.org/10.1158/1055-9965.EPI-19-0221
https://doi.org/10.3322/caac.21235
https://doi.org/10.1038/s41419-020-2402-7
https://doi.org/10.1016/S0140-6736(80)90440-7
https://doi.org/10.1016/S0140-6736(80)90440-7
https://doi.org/10.1186/s11658-019-0155-z
https://doi.org/10.1093/annonc/mdx046
https://doi.org/10.3892/ol.2018.8544
https://doi.org/10.1038/s41419-018-1001-3
https://doi.org/10.1016/j.cbi.2020.109021
https://doi.org/10.1038/onc.2017.11
https://doi.org/10.1016/j.freeradbiomed.2021.01.001
https://doi.org/10.1371/journal.pone.0208610
https://doi.org/10.1016/j.neo.2018.04.002
https://doi.org/10.1038/nrc3495
https://doi.org/10.1158/0008-5472.CAN-14-0360
https://doi.org/10.1158/0008-5472.CAN-14-0360
https://doi.org/10.1038/nature05236
https://doi.org/10.1158/0008-5472.CAN-14-3804
https://doi.org/10.1186/s12957-022-02566-6
https://doi.org/10.1007/s12032-009-9203-2
https://doi.org/10.1007/s12032-014-0028-2
https://doi.org/10.1111/1759-7714.13651
https://doi.org/10.21873/anticanres.14032
https://doi.org/10.3390/ijms17040592
https://doi.org/10.1016/j.urolonc.2013.08.028
https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

26.

217.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

41

43.

44,

45.

46.

Hubert RS, Vivanco I, Chen E, et al. STEAP: a prostate-specific cell-surface antigen highly expressed in human prostate tumors. Proc Natl Acad
Sci U S A. 1999;96(25):14523—14528. doi:10.1073/pnas.96.25.14523

Rodeberg DA, Nuss RA, Elsawa SF, et al. Recognition of six-transmembrane epithelial antigen of the prostate-expressing tumor cells by peptide
antigen-induced cytotoxic T lymphocytes. Clin Cancer Res. 2005;11(12):4545-4552. doi:10.1158/1078-0432.CCR-04-2235

Hubert RS, Vivanco I, Chen E, et al. STEAP: a prostate-specific cell-surface antigen highly expressed in human prostate tumors. Proc Natl Acad
Sci U S A. 1999;96(25):14523-14528.

Grunewald TG, Bach H, Cossarizza A, et al. The STEAP protein family: versatile oxidoreductases and targets for cancer immunotherapy with
overlapping and distinct cellular functions. Bio/ Cell. 2012;104(11):641-657. doi:10.1111/boc.201200027

Chen H, Xu C, Yu Q, et al. Comprehensive landscape of STEAP family functions and prognostic prediction value in glioblastoma. J Cell Physiol.
2021;236(4):2988-3000. doi:10.1002/jcp.30060

Valenti MT, Dalle CL, Donatelli L, et al. STEAP mRNA detection in serum of patients with solid tumours. Cancer Lett. 2009;273(1):122-126.
doi:10.1016/j.canlet.2008.07.037

Savas P, Salgado R, Denkert C, et al. Clinical relevance of host immunity in breast cancer: from TILs to the clinic. Nat Rev Clin Oncol. 2016;13
(4):228-241. doi:10.1038/nrclinonc.2015.215

Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. Immunity. 2013;39(1):1-10. doi:10.1016/j.immuni.2013.07.012
Xu L, Deng C, Pang B, et al. TIP: a Web Server for Resolving Tumor Immunophenotype Profiling. Cancer Res. 2018;78(23):6575-6580.
doi:10.1158/0008-5472.CAN-18-0689

Zhao Z, Wang Z, Song Z, et al. Predictive potential of STEAP family for survival, immune microenvironment and therapy response in glioma.
Int Immunopharmacol. 2021;101(Pt A):108183. doi:10.1016/j.intimp.2021.108183

Schober SJ, Thiede M, Gassmann H, et al. MHC Class I-Restricted TCR-Transgenic CD4(+) T Cells Against STEAP1 Mediate Local Tumor
Control of Ewing Sarcoma In Vivo. Cells. 2020;9(7):1581. doi:10.3390/cells9071581

Xie Y, Hou W, Song X, et al. Ferroptosis: process and function. Cell Death Differ. 2016;23(3):369—379. doi:10.1038/cdd.2015.158

Sun C, Mezzadra R, Schumacher TN. Regulation and Function of the PD-L1 Checkpoint. /mmunity. 2018;48(3):434-452. doi:10.1016/].
immuni.2018.03.014

Doroshow DB, Sanmamed MF, Hastings K, et al. Immunotherapy in Non-Small Cell Lung Cancer: facts and Hopes. Clin Cancer Res. 2019;25
(15):4592-4602. doi:10.1158/1078-0432.CCR-18-1538

Zengin T, Onal-Suzek T. Comprehensive Profiling of Genomic and Transcriptomic Differences between Risk Groups of Lung Adenocarcinoma and
Lung Squamous Cell Carcinoma. J Pers Med. 2021;11(2):154. doi:10.3390/jpm11020154

. Kastenhuber ER, Lowe SW. Putting p53 in Context. Cell. 2017;170(6):1062—1078. doi:10.1016/j.cell.2017.08.028
42.

Li L, Li M, Wang X. Cancer type-dependent correlations between TP53 mutations and antitumor immunity. DNA Repair (Amst). 2020;88:102785.
doi:10.1016/j.dnarep.2020.102785

Gleeson FC, Kipp BR, Levy MJ, et al. Somatic STK11 and concomitant STK11/KRAS mutational frequency in stage IV lung adenocarcinoma
adrenal metastases. J Thorac Oncol. 2015;10(3):531-534. doi:10.1097/JT0.0000000000000391

Shackelford DB, Shaw RJ. The LKB1-AMPK pathway: metabolism and growth control in tumour suppression. Nat Rev Cancer. 2009;9
(8):563-575. doi:10.1038/nrc2676

Ooko E, Saeed ME, Kadioglu O, et al. Artemisinin derivatives induce iron-dependent cell death (ferroptosis) in tumor cells. Phytomedicine.
2015;22(11):1045-1054. doi:10.1016/j.phymed.2015.08.002

Su 'Y, Zhao B, Zhou L, et al. Ferroptosis, a novel pharmacological mechanism of anti-cancer drugs. Cancer Lett. 2020;483:127—136. doi:10.1016/j.
canlet.2020.02.015

Cancer Management and Research Dove

Publish your work in this journal

Cancer Management and Research is an international, peer-reviewed open access journal focusing on cancer research and the optimal use
of preventative and integrated treatment interventions to achieve improved outcomes, enhanced survival and quality of life for the cancer
patient. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to
use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/cancer-management-and-research-journal

216 n i in u Dove Cancer Management and Research 2023:15


https://doi.org/10.1073/pnas.96.25.14523
https://doi.org/10.1158/1078-0432.CCR-04-2235
https://doi.org/10.1111/boc.201200027
https://doi.org/10.1002/jcp.30060
https://doi.org/10.1016/j.canlet.2008.07.037
https://doi.org/10.1038/nrclinonc.2015.215
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1158/0008-5472.CAN-18-0689
https://doi.org/10.1016/j.intimp.2021.108183
https://doi.org/10.3390/cells9071581
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1016/j.immuni.2018.03.014
https://doi.org/10.1016/j.immuni.2018.03.014
https://doi.org/10.1158/1078-0432.CCR-18-1538
https://doi.org/10.3390/jpm11020154
https://doi.org/10.1016/j.cell.2017.08.028
https://doi.org/10.1016/j.dnarep.2020.102785
https://doi.org/10.1097/JTO.0000000000000391
https://doi.org/10.1038/nrc2676
https://doi.org/10.1016/j.phymed.2015.08.002
https://doi.org/10.1016/j.canlet.2020.02.015
https://doi.org/10.1016/j.canlet.2020.02.015
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Data Acquisition and Bioinformatic Analysis
	Protein-Protein Interaction Network and Correlation Analysis Between 20 Genes
	Ethical Statement
	Tumor Tissue Samples
	Immunohistochemistry (IHC) Validation in LUAD
	Association Between STEAP1 and STEAP2 mRNA Levels and Immune Features of LUAD Patients
	Mutation Feature Analysis
	The Relationship Between STEAP1/2 Expression and Drug Resistance
	Statistical Analysis

	Results
	Iron Metabolism Related Genes Showed Great Significance in LUAD Prognosis
	Higher Expression of STEAP1 and STEAP2 is Related to the Poorer Prognosis of LUAD
	Correlation Between Immune Cell Infiltration Levels and STEAP1 and STEAP2 mRNA Levels
	Relationship Between Gene Mutation and STEAP1 and STEAP2 Expression Level
	Associations Between mRNA Level of STEAP1/2 and Drug Resistance in LUAD Cell Lines

	Discussion
	Abbreviations
	Acknowledgment
	Disclosure

