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Objective: This study was designed to assess ferroptosis regulator gene (FRG)
expression patterns in patients with TNBC based on data derived from The
Cancer Genome Atlas (TCGA). Further, it was utilized to establish a TNBC FRG
signature, after which the association between this signature and the tumor
immune microenvironment (TIME) composition was assessed, and relevant
prognostic factors were explored.

Methods: The TCGA database was used to obtain RNA expression datasets and
clinical information about 190 TNBC patients, after which a prognostic TNBC-
related FRG signature was established using a least absolute shrinkage and
selection operator (LASSO) Cox regression approach. These results were
validated with separate data from the Gene Expression Omnibus (GEO). The
TNBC-specific prognostic gene was identified via this method. The STEAP3 was
then validated through Western immunoblotting, immunohistochemical
staining, and quantitative real-time polymerase chain reaction (RT-gqPCR)
analyses of clinical tissue samples and TNBC cell lines. Chemotherapy
interactions and predicted drug sensitivity studies were investigated to learn
more about the potential clinical relevance of these observations.

Results: These data revealed that 87 FRGs were differentially expressed when
comparing TNBC tumors and healthy tissue samples (87/259, 33.59%). Seven of
these genes (CA9, CISD1, STEAP3, HMOXI, DUSP1, TAZ, HBAI) are significantly
related to the overall survival of TNBC patients. Kaplan-Meier analyses and
established FRG signatures and nomograms identified CISD1 and STEAP3
genes of prognostic relevance. Prognostic Risk Score values were positively
correlated with the infiltration of CD4+ T cells (p = 0.001) and myeloid dendritic
cells (p =0.004). Further evidence showed that STEAP3 was strongly and
specifically associated with TNBC patient OS (P<0.05). The results above were
confirmed by additional examinations of STEAP3 expression changes in TNBC
patient samples and cell lines. High STEAP3 levels were negatively correlated
with half-maximal inhibitory concentration (IC50) values for GSK1904529A
(IGFIR inhibitor), AS601245 (INK inhibitor), XMD8-85 (Erk5 inhibitor), Gefitinib,
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Sorafenib, and 5-Fluorouracil (P<0.05) in patients with TNBC based on
information derived from the TCGA-TNBC dataset.

Conclusion: In the present study, a novel FRG model was developed and used to
forecast the prognosis of TNBC patients accurately. Furthermore, it was
discovered that STEAP3 was highly overexpressed in people with TNBC and
associated with overall survival rates, laying the groundwork for the eventually
targeted therapy of individuals with this form of cancer.
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Introduction

With an anticipated 290,560 new diagnoses and 43,780 related
deaths in the United States in 2022 alone, breast cancer is one of the
most common cancers in women. Indeed, breast cancer remains the
second deadliest malignancy in women (1), and the current estimated
annual incidence and mortality rates for this cancer type in China are
45.29 per 100,000 and 10.50 per 100,000, respectively (2, 3). The
prognosis for patients with metastatic breast cancer remains poor (4).
Thus, emphasizing the disease’s continued threat to the health of
women around the world despite numerous significant
improvements in patient detection and treatment.

Different breast cancer subtypes have been identified based on
clinical and morphological characteristics, including inflammatory
breast cancer, lobular carcinoma, and ductal carcinoma. TNBC is
characterized by the absence of HER-2 (Human epidermal growth
factor receptor-2), progesterone receptor (PR), or estrogen receptor
(ER) expression on tumor cells (5-7). TNBC tumors do not react to
endocrine therapy or anti-HER2 antibody therapy because they lack
these receptors, and there are no effective treatments for this breast
cancer subtype. The poor prognosis of affected individuals is a result of
the lack of efficient treatment choices, the highly invasive aspect of this
malignancy, its high rates of recurrence, and a high potential for
metastasis (8, 9). Of the different molecular subtypes of breast cancer,
TNBC accounts for approximately 12% of cases on average (10), yet it
accounts for 40% of breast cancer-related mortality (11, 12). The
overall prognosis of TNBC is still unsatisfactory despite the use of
treatments such as PARP inhibitors, immune checkpoint inhibitors
(ICI), and novel antibody-drug conjugates (ADC) in clinical treatment
by targeting specific mutations, proteins, and immune cell types (13-
15). Clinically, approximately 70% of TNBC patients respond well to
the current treatments and their prognosis is as good as that of the
Luminal Breast Cancer subtype. Consequently, our efforts must be
oriented to understand why the other 30% of TNBC cases do not
respond well to current treatments. Therefore, new, efficient treatments
for TNBC patients must be developed.

The iron-dependent cell death process known as ferroptosis is
unique from necrosis, apoptosis, and autophagy on a molecular,
genetic, and morphological level and is accompanied by substantial
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lipid peroxidation. Ferroptosis is closely related to many human
malignancies (5, 16-18), and a growing understanding of the
regulation of ferroptosis within tumor cells suggests that ferroptosis
induction may represent an effective treatment strategy (19-22).
According to a recent study, the traditional GSH/GPX4, FSP1/
DHODH/CoQ10, and GCH1/BH4 pathways are not the only ones
that affect ferroptosis activity. The metabolite indole-3-pyruvic acid
(in3py), which is produced by the amino acid oxidase interleukin-4-
induced-1 (IL4il), was initially identified as a gene induced in B cells in
response to IL-4, suppresses ferroptosis through a radical scavenging
mechanism and by orchestrating a gene expression profile that
attenuates ferroptosis (23). The therapeutic use of knowledge about
ferroptosis may depend on the selective activation or inhibition of these
genes in certain tissues, cells, and disease situations (24). Jingjing Du
et al. also found that Shuganning (SGNI), a Chinese patent medicine,
can selectively inhibit the proliferation of TNBC cells in vitro and in
vivo by inducing ferroptosis (9). In addition, some studies have found
that certain genes in TNBC cells regulate ferroptosis activity (25, 26).
Moreover, the regulation of ferroptosis and the association between
ferroptosis genes and prognostic effects in TNBC remains unknown.

The current work was designed to fill this knowledge gap by
analyzing the patterns of ferroptosis regulator gene (FRG)
expression in TNBC utilizing information from TCGA database.
The LASSO Cox regression model was then used with identified
DE-FRGs to establish a TNBC-related FRG signature. Furthermore,
the association between this signature and the TIME was defined,
and the significance of this signature was confirmed in an
independent patient cohort from the GEO. The expression of
core FRGs in TNBC patient clinical samples and cell lines was
subsequently analyzed to validate and expand upon these results.
The workflow of the study is shown in Figure 1.

Materials and methods
Data sources

RNA-sequencing (RNA-seq) data and clinical information of 190
TNBC tissue samples (‘ER- AND PE- AND HER2-”) and 572 normal
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FIGURE 1
The schematic representation of the study workflow.

tissue samples (113 in TCGA, 459 in GTEx) were retrieved from the
TCGA (https://portal.gdc.com) and GTEx (https://commonfund.nih.gov/
gtex) databases. Moreover, transcriptomic expression data from the
external GSE65212 dataset (npnpc=41, Heonto=11) were downloaded
from the GEO database. Table 1 compiles baseline data for TNBC
patients included in the present investigation.

A total of 259 genes were defined as FRGs as per the FerrDb
Version 2 (http://www.zhounan.org/ferrdb/). These FRGs were
divided into drivers, suppressors, and markers. After excluding
duplicate FRGs from these categories, 259 FRGs were used for the
subsequent analyses.

False discovery rate (FDR)< 0.05 and |Log, (Fold Change)| > 2
were used as a criterion for differential expression, and DE-FRGs
were found using the R limma program. These analyses were carried
out using R (v 4.0.3, 2020).

Survival analyses

Using the R “survival” and “survminer” packages the overall
survival (OS) of TNBC patients expressing low or high levels of
particular DE-FRGs of interest was evaluated using a Kaplan-Meier
procedure. Univariate and multivariate Cox regression analyses
were used to examine the utility of DE-FRGs as predictors of
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patient OS, with data being compared with hazard ratios (HRs)
and 95% confidence intervals (ClIs) and log-rank tests, with P< 0.05
as the significance threshold.

Nomogram development and validation

A prognostic Nomogram capable of predicting the 1-, 3-, and 5-
year OS of patients in the TCGA-TNBC cohort was developed by
initially identifying prognostic factors through Cox analyses. Age,
pTstage, pNstage, pMstage were included into the Cox regression
analyses. The other clinical variables were excluded due to their
missing values. Concordance index (C-index) values ranging from
0.5 (poor) to 1.0 (perfect) were used to evaluate the performance of
the resulting Nomogram. A calibration plot was further used to
validate the accuracy of the Nomogram using the “rms” and
“cmprsk” R packages, with P< 0.05 as the significance threshold.

Establishment of a prognostic DE-FRG
signature for TNBC

The effectiveness of DE-FRGs as potential prognostic
biomarkers in TNBC patients was evaluated using a LASSO Cox
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TABLE 1 The baseline clinical characteristics of the TNBC patients from
TCGA used in this study.

Variables N(%)
Alive 165(86.84)
Survival tatus
Dead 25(13.16)
Age (Mean + SD) 55.6+12.5
Gender FEMALE 190(100.00)
AMERICAN INDIAN 1(0.53)
ASIAN 16(8.42)
Race BLACK 57(30.00)
WHITE 108(56.84)
Unknown 8(4.17)
T1-T2 166(87.37)
T T3-T4 23(12.11)
Unknown 1(0.53)
NO 115(60.53)
N1 47(24.74)
N N2 16(8.42)
N3 10(5.26)
Unknown 2(1.05)
MO 166(87.37)
M M1 1(0.53)
Unknown 23(12.10)
I 31(16.32)
11 121(63.68)
Stge
I 33(17.37)
Unknown 5(2.63)
Chemotherapy 114(60.00)
Chemotherapy
Other 76(40.00)

analysis, and an ideal predictive risk signature model was created.
The penalty parameter (L) was determined using a minimum of 10-
fold cross-validation. Analyses were conducted using the R survival
package. Risk Score values were calculated based on the expression
of all prognostic DE-FRGs included in this signature and the
corresponding coefficient values using the following formula:

Risk score = %(Expi x Coe;)
i=1
Where ‘Expi’ corresponds to relative DE-FRG expression in this
signature for patient i’ and ‘Coefi’ is the Cox coefficient for DE-FRG;.
Optimal risk score cut-off values for the established DE-FRG
signature were established with the “maxstat” package, with the
minimum number of sample groups being > 25% and the maximum
number being< 75%. Patients were divided into low- and high-risk groups

Frontiers in Oncology

10.3389/fonc.2023.1032364

based on these criteria. Log-rank tests and the “survfit” package were used
to assess differences in prognostic outcomes between these groups.

The relationship between the established DE-FRG signature
and levels of immune cell infiltration (B cells, CD4+ T cells, CD8+ T
cells, neutrophils, macrophages, and dendritic cells) was examined
with the Tumor Immune Estimation Resource database (TIMER,
https://cistrome.shinyapps.io/timer/)

Identification of prognostic FRGs in TNBC

The primary prognostic FRG predictive of TNBC patient OS
was discovered using the DE-FRG signature and Nomogram
models used in this study as STEAP3. Because of this, STEAP3
was the main focus of later functional and validation analyses.

Prediction of chemotherapeutic
drug responses

A publicly available pharmacogenomics database (GDSC, https://
www.cancerrxgene.org/) was used to predict the responses of
individual TNBC samples to 7 different chemotherapeutic drugs (5-
Fluorouracil, Cisplatin, GSK1904529A, AS601245, XMD8-85,
Gefitinib, and Sorafenib). The R “pRRophetic” package was used for
all studies, and the half-maximal inhibitory concentration (IC50)
values were determined using a ridge regression method. Using the
GDSC training set, 10-fold cross-validation was used to evaluate the
predictive accuracy. Mean values were supplied for any duplicate gene
names in the used datasets. In the datasets used, mean values were
presented for any occurrences of duplication gene names. The
“combat” and “allSolidTumours” packages were used to remove
batch effects. All analyses were carried out in R 4.0.3 and a website tool.

Cell culture and sample collection

The control MCF-10A human breast cell line, the MDA-MB-
231, BT-549, and MDA-MB-468 TNBC cell lines, and the MCE-7,
T-47D, BT-474 non-TNBC cell lines (Procell Life
Science&Technology Co.,Ltd.Wuhan,China) were cultured in
DMEM (Sparkjade, Shandong, China) containing 10% fetal
bovine serum (FBS, PAN, Germany) and 1% penicillin-
streptomycin in a humidified 37°C 5% CO, incubator.
Furthermore, 6 TNBC patient tissue samples were acquired from
patients treated at The Department of Oncology of The Affiliated
Yantai Yuhuangding Hospital of Qingdao University, China. All
experiments were performed three times. Yantai Yuhuangding
Hospital’s Institutional Review Board approved the trial, and all
patients provided informed consent.

RT-gPCR

Following the manufacturer’s instructions, RNA was extracted
from cells using Trizol (Sparkjade, Shandong, China), and 0.5 pg of
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RNA per sample was then used to create cDNA using the SPARK
script II RT Plus Kit (Sparkjade, Shandong, China). SYBR Green qPCR
Mix kit with ROX (Sparkjade, Shandong, China) was subsequently
used for gPCR analyses, and relative gene expression was assessed via
the 2722°T method (27). GAPDH served as a normalization control. All
samples were analyzed in triplicate, and experiments were
independently repeated three times. Utilized primers were as follows:
STEAP3 (Forward: 5’- CTGGCAGTCAAGCAGGTCTTG -3’; Reverse:
5- TTGAGCGAGTTTGCAATGGA -3); GAPDH (Forward: 5CAT
GTTCGTCATGGGTGTGAA-3’; Reverse: 5-GGCATGGACTGTGG
TCATGAG-3).

Western immunoblotting

After lysing tissue and cell samples using RIPA Lysis buffer
supplemented with phosphatase inhibitors, the protein
concentrations were determined using a BCA assay kit. Equal
protein amounts were then separated via 12.5% SDS-PAGE,
transferred onto PVDF blots, and incubated with rabbit anti-
STEAP3 (#55240,1:1000, Bioss, Beijing, China) or mouse anti-
GAPDH (1:3000, Affinity, Shanghai, China) overnight at 4°C.
Blots were then probed for 1 h with an HRP-linked secondary
antibody (1:10,000, Affinity, Shanghai, China) at room temperature,
after which enhanced chemiluminescence detection of protein
bands was performed. Image] was used for densitometric
analyses. GAPDH served as a loading control.

Immunohistochemical staining

From patients who had given informed consent, a total of 35
breast tissue samples, including 23 control and TNBC, 12 control
and non-TNBC (#puminal A =3> HLuminal B =5 1 Her2-enriched =4) Were
taken for IHC staining. The 4 mm tissue sections were mounted on
glass slides, deparaffinized with xylene, rehydrated with an ethanol
gradient, and then heated to a high temperature for antigen
retrieval. After cooling and washing, samples were treated with
3% H,0, to quench endogenous peroxidase activity. Following
three rinses with PBS, samples were blocked for 10 min in calf
serum, followed by overnight incubation with polyclonal rabbit
anti-STEAP3 (#55240, 1:200, Bioss, Beijing, China) at 4°C. A
suitable primary antibody was used to probe samples for 30 to 40
minutes at room temperature. Sections were then dried and
photographed under a light microscope. Two pathologists blinded
to sample sources analyzed all IHC staining results, and staining
intensity was assessed semi-quantitatively.

Statistical analyses

Data are reported as means + standard errors of the means (X =
SEM), and were compared using SPSS 25.0 via two-tailed Student’s
t-tests or non-parametric tests when normally and non-normally
distributed, respectively. The significance threshold for these
analyses was o = 0.05.
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Results

TNBC-related FRG identification

The current analysis comprised 259 previously constituted
FRGs in total. When comparing TNBC tumors and healthy tissue
samples (87/259, 33.59%), 87 of them were discovered to be
differentially expressed (FDR< 0.05, FC > 2) (Figure 2).

Identification and assessment of
prognostic TNBC-associated FRGs

Of the 87 identified DE-FRGs related to TNBC, 7 were
significantly correlated with patient OS in Kaplan-Meier
analyses (CA9, CISD1, STEAP3, HMOXI1, DUSPI, TAZ,
HBAI). Forest plots indicated that CISDI and STEAP3 were
associated with the highest level of risk for TNBC patients, as
they exhibited HRs > 1 in univariate and multivariate Cox
regression analyses (P< 0.05) (Figures 3A, B). These results
were then used to establish a nomogram incorporating four
factors associated with TNBC patient prognosis (CISDI,
STEAP3, pTstage, pNstage). In this model, points were
assigned for each risk factor and then summed to produce an
overall value, with higher total points corresponding to worse
patient OS. The C-index for this model was 0.87 (95% CI: 0.82-
0.93; P = 5.46><10’42), and a calibration plot confirmed that this
Nomogram exhibited satisfactory utility for use in clinical
practice (Figures 3C, D). The R ‘maxstat’ package was next
employed to calculate optimal Risk Score cut-off values as
detailed in the Materials and Methods section, ultimately
defining an ideal Risk Score threshold of 0.9395. The prognosis
of the patients in these groups was compared using log-rank tests
using OS values, which were used to stratify TNBC patients into
two groups based on whether they were above or below this cut-
off value. These analyses indicated that patients in the high-Risk
Score cohort exhibited a shorter OS than patients in the low-Risk
Score cohort (P = 4.2x10°, Figure 3E).

Establishment of a TNBC ferroptosis-
related prognostic gene signature

The expression of the 87 DE-FRGs discovered above was then
used to create a prediction model using a LASSO Cox regression
technique. Based on the expression of particular genes (identified by
gene name), the Risk Score for this model was calculated as follows:
Risk score=(-0.0863) x HELLS + (-0.0361) x CA9 + (0.4763) x
CISDI + (0.3359) x MTDH + (-0.0291) x PSATI + (-0.1691) x
ATG5 + (-0.0738) x CEBPG + (-0.0423) x SLC2A6 + (-0.0698) x
GCHI + (0.3107) x STEAP3 + (0.0688) x HMOXI + (-0.1375) x
TFAP2C + (0.0344) x PROM2 + (-0.318) x SLCIA4 + (-0.0162) x
GABARAPLI + (0.4724) x HICI (Apin=0.0296) (Figures 4A, B).
Patients from the TCGA-TNBC cohort were stratified into low-risk
and high-risk cohorts (n=95 each) based on median Risk Score
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Identification of TNBC-related DE-FRGs in the TCGA database. DE-FRGs that were differentially expressed FRGs between TNBC tumors and healthy
tissues (FDR < 0.05, [Log2 (Fold Change)| > 2) were presented in the form of Volcano plots (A), in which blue and red dots respectively correspond
to up-regulated and downregulated DE-FRGs; Heat maps (B), in which each dot and its color (Red is high-expression, blue is low-expression)
indicate the expression value of each DE-FRGs in different samples, the greater the expression level, the darker the color. (C) Venn diagrams were

used to identify TNBC-associated FRGs.

values computed with this model (Figures 4C-F). Kaplan-Meier
analyses indicated that the OS of high-risk patients was significantly
worse than that of low-risk patients (P = 0.00157) (Figure 4D). AUC
values of 0.945, 0.900, and 0.851 at 1, 3, and 5 years, respectively,
from time-dependent ROC curve assessments of the predictive
utility of this model, further confirm its good utility as a predictor
of TNBC patient OS (Figure 4G).

Additionally, the TIMER database used correlation studies of
risk scores and immune cell infiltration levels to investigate the
clinical significance of this signature in TNBC patients (Figure 5).
The results of this analysis indicated that these prognostic Risk
Score values were positively correlated with the infiltration of CD4+
T cells (P = 0.001, Figure 5B) and myeloid dendritic cells (P =
0.004, Figure 5F).

Overall survival analyses

The nomogram and risk signature models established the
above-identified CISDI and STEAP3 predictors of TNBC
patient outcomes. Accordingly, Kaplan-Meier analyses were
performed for these two genes in breast cancer (BRCA) and
TNBC patients. While CISDI expression was significantly
associated with the OS of both BRCA and TNBC patients
(P<0.05), STEAP3 expression was specifically associated with
TNBC patient OS (P<0.05) (Figure 6).
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Validation of STEAP3 expression in an
independent TNBC patient cohort

For external validation, the GSE65212 dataset was retrieved from
the GEO database to verify the differential expression of STEAP3 in
TNBC in a different patient cohort. Compared to healthy control
samples, this dataset’s analyses revealed that STEAP3 was significantly
up-regulated in TNBC patients (P< 0.05, Figure 7).

Analyses of STEAP3 expression in clinical
samples and cell lines

Subsequently, STEAP3 mRNA levels were determined
using RT-qPCR in the control MCF-10A human breast cell
line and in the MDA-MB-231, MDA-MB-468, and BT-549
TNBC cell lines to validate the findings mentioned above
(Figure 8A). These analyses revealed significantly increased
STEAP3 expression in all three TNBC cell lines relative to
MCEF-10A cell lines, consistent with the above bioinformatics
analyses. In contrast, no significant STEAP3 expression was
observed in the non-TNBC MCEF-7, T-47D, and BT-474 cell
lines relative to MCF-10A cells (Figure S1). STEAP3 protein
levels were also significantly increased in MDA-MB-468 and
MDA-MB-231 cells relative to MCF-10A cells, with
comparable findings in 6 pairs of matched TNBC patient
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FIGURE 3

Identification and assessment of prognostic TNBC-associated FRGs. (A, B) Forest plot-based identification of TNBC patient risk factors identified
through univariate (A) and multivariate (B) Cox regression analyses. (C) A nomogram was established based on multivariate Cox regression analysis
results. (D) Calibration plot for the established Nomogram. (E) Evaluation of the developed Nomogram based on Kaplan-Meier OS curves.

tissue samples (Figures 8B, C). And no significant STEAP3  Correlations between TNBC patient oS,

expression was observed in the non-TNBC MCF-7 and BT-  STEAP3 expression, and other
474 cell lines relative to MCF-10A cells (Figure 52). IHC  clinical parameters

staining was additionally used to assess STEAP3 protein levels
in Normal vs TNBC, Normal vs non-TNBC and TNBC vs non- A multivariate logistic regression approach was next used to

TNBC, revealing significantly increased STEAP3 expression  examine the relationship between STEAP3 and TNBC patient OS
in 23 TNBC tumor tissue samples relative to matched  ysing a multivariate logistic regression approach. These analyses
paracancerous samples but no increase STEAP3 expression  revealed increased STEAP3 levels as an independent risk factor
was observed in the non-TNBC and its control group. And  jgs0ciated with the OS of patients with TNBC (OR=5.410, 95%CI:
STEAP3 expression in TNBC was significantly higher than 2 040-14.348). Chemotherapy and STEAP3 interacted with TNBC
non-TNBC (Figures 8D, E).These findings show that,  patient prognosis (OR=0.482, 95%CI: 0.339-0.686). These findings
compared to relevant control samples, TNBC tumor cells  demonstrated that high levels of STEAP3 expression had a
and tissue exhibit a considerable up-regulation of STEAP3  detrimental effect on TNBC patient OS, but chemotherapeutic
at the mRNA and protein levels. therapy was sufficient to reverse this effect (Table 2).
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STEAP3 expression levels predict
TNBC patient responses to
chemotherapeutic treatment

While STEAP3 expression levels were not related to
cisplatin sensitivity (P=0.33), they were significantly
negatively correlated with the sensitivity of patients in the
TCGA-TNBC cohort to 5-Fluorouracil, GSK1904529A
(IGFIR inhibitor), AS601245 (JNK inhibitor), XMD8-85
(Erk5 inhibitor), Gefitinib, and Sorafenib (P <0.01,
Figures 9A-G). The expression levels of STEAP3 and the
sensitivity of Sorafenib in patient groups with low and high
expression and healthy controls were also evaluated. The IC50
values between the high and low expression groups differed
significantly. However, there was no discernible difference in
these values between the low expression and healthy control
sample groups (Figure 9H). These findings imply that STEAP3
expression in TNBC patients may be useful as a predictor of
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patient responses to a variety of small molecule medications
and pathway inhibitors.

Discussion

TNBC cases are account for 15-20% of all breast cancer patients
yet are associated with higher recurrence and metastasis rates than
other subtypes positive for these receptors, with the poorest
corresponding patient prognosis in clinical settings (28, 29).
However, the genetic variables that cause TNBC recurrence
remain unknown. Efforts to explain the molecular aetiology of
TNBC formation, progression, chemoresistance, and recurrence
can potentially aid drug development efforts.

Ferroptosis is iron-dependent cell death independent of
apoptosis, necroptosis, and autophagy-related cell death (16
30). Mechanistically, ferroptosis death occurs due to severe
ROS-induced lipid peroxidation within cells and iron overload
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FIGURE 5
Correlations between prognostic risk score values and immune cell infiltration. (A-F) Correlations between predictive risk scores and the six
indicated immune cell types.

(30), which is increasingly well-studied in many human diseases
in recent years, including in TNBC (31, 32). However, this
ferroptosis process remains extremely complex and is regulated
by a diverse of biomolecular intermediaries and metabolites such
that the precise mechanisms driving ferroptosis remain
incompletely understood.

STEAP3 encodes a multi-pass membrane metalloreductase that
serves as an iron transporter capable of reducing Fe’" and Cu®*

BC

cations. Mechanistically, STEAP3 may regulate downstream p53
responses and apoptotic cell death. Deficient STEAP3 expression
can contribute to anaemia. Several alternative splice variants of
STEAP3 exist. The findings of this study reveal that STEAP3
overexpression is associated with worse OS outcomes in TNBC
patients, possibly due to reduced Fe3" transport in these patients.
STEAP3 has previously been shown to play a role in a range of
malignant solid tumor types (33-36), yet its role in TNBC has yet to
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FIGURE 6

Analyses of the relationship between CISD1 and STEAP3 expression and the survival of BRCA and TNBC patients. (A, B) The relationship between the
expression of CISD1 and the OS of BC (P<0.05) and TNBC patients (P<0.05). (C, D) The relationship between the expression of STEAP3 and the OS

of BC (P>0.05) and TNBC patients (P<0.05).
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be established. While STEAP3 was unrelated to any improvement in
overall breast cancer patient OS, other studies have found a
relationship between downregulation of the related STEAPI,
STEAP2, and STEAP4 proteins and improved outcomes (37). It
was first discovered that TNBC had significantly higher levels of
STEAP3 expression, which was associated with a bad prognosis for
the patient. Importantly, independent of the examined TCGA and
GEO datasets, these changes in expression were verified at the
mRNA and protein levels using TNBC cell lines and clinical
samples. However, STEAP3 expression in non-TNBC cell lines,
non-TNBC tissue and overall breast cancer patient cohorts
indicated that this gene is not up-regulated or linked to the OS of
these patients (Figures S1-S3, 8D, E). As a result, STEAP3
overexpression may represent a TNBC cell-specific biomarker.
These studies confirmed the proposed predictive risk signature
model for TNBC while indicating that STEAP3 overexpression is
related to a lower TNBC patient survival rate.

Further analyses were performed to conduct a cursory exploration
of the mechanisms whereby STEAP3 may influence TNBC patient OS
based on TIME composition, chemotherapy interactions, and drug
sensitivity profiles. Breast cancer is generally considered a “cold tumor”
with low immunogenicity compared to melanoma, renal cancer and
lung cancer. Although the results of the IMpassion130 and
KEYNOTE-522 studies show that immunotherapy can significantly
affect TNBC patients, the overall improvement in their prognosis
remains suboptimal following treatment (38, 39). Studies have shown
that dentritic cell and CD4+T cell are involved in tumor progression
(40, 41). In this analysis, prognostic Risk Scores were also positively
correlated with CD4+ T cells and myeloid dendritic cell infiltration,
suggesting that these prognostic risks are may related to tumor
immune regulation.
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Understanding the mechanisms that cause ferroptosis better
may open up new treatment options for TNBC and other disorders
without effective therapy options. A possible involvement for
ferroptosis cell death in the beginning and progression of this
cancer type is suggested by the differential expression of 87 FRGs
in TNBC. These included 29 (33.33%) TNBC suppressors, 25
(28.74%) TNBC drivers, and 42 (48.28%) TNBC markers,
suggesting that ferroptosis plays diverse roles in the regulation of
TNBC and underscoring the importance of further work clarifying
the particular mechanisms underlying the interplay between this
form of cell death and this deadly disease. At present, reliable
inducers of ferroptosis remain an active area of research and drug
development interest owing to the complexity of this process. These
drugs may target the transporters and enzymes necessary for iron,
amino acid, and lipid metabolism, as well as redox balance (1, 32).
As a result, ferroptosis holds considerable potential in treating
cancer cells resistant to apoptosis in future.

STEAP3 expression and chemotherapeutic treatment affect
TNBC patient outcomes, suggesting that chemotherapy can reverse
the adverse impacts of high levels of STEAP3 expression on TNBC
patient OS. Therefore, these TNBC patients may constitute
significant high-priority candidates for chemotherapy treatment. As
an alternative to standard cytotoxic chemotherapeutic treatments,
there is an urgent need to develop effective drugs to treat TNBC. In
this study, it was predicted that TNBC patients expressing higher
levels of STEAP3 would be more sensitive to a variety of small
molecule pathway inhibitor drugs targeting the IGF1R, JNK, ERKS5,
EGF, and EGFR pathways, with Sorafenib sensitivity being
particularly pronounced as a function of STEAP3 expression. Prior
in vitro work has shown that Gefitinib-based EGFR blockade may be
therapeutically beneficial in TNBC patients. Combining Gefitinib
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FIGURE 8
Validation of STEAP3 expression in breast cancer cell lines and tissue samples. (A) STEAP3 mRNA levels were assessed in the control MCF-10A cell
line and the MDA-MB-231, BT-549, and BT-468 TNBC cell lines. (B, C) STEAP3 levels were detected via Western immunoblotting in the MCF-10A,
MDA-MB-468, and MDA-MB-231 cell lines and in six pairs of TNBC (T) and adjacent normal (N) tissue samples from patients. (D) Representative IHC
staining results for STEAP3 in adjacent normal tissues (Scale bar: 100 pm) and TNBC samples (Scale bars:100um and 50 pm), and non-TNBC(Luminal
A) samples (Scale bar: 50um). (E) Quantitative data from IHC staining results for STEAP3 expression in 23 TNBC vs adjacent normal breast,12 non-
TNBC vs adjacent normal breast and 23 TNBC vs 12 non-TNBC are shown. (**P<0.01, ***P< 0.001, "™ P>0.05).

TABLE 2 Interactions between STEAP3 with chemotherapy on OS of TNBC.
Variables B S.E. Wald P OR 95% C.I. for OR
STEAP3 1.688 0.498 11.509 0.001 5.41 2.040-14.348
STEAP3 by chemotherapy -0.729 0.180 16.418 <0.001 0.482 0.339-0.686

with ERK pathway inhibitors is linked to reduced TNBC cell
proliferation (42, 43). Here, we found numerous small-molecule
pathway inhibitor drugs were anticipated to be more successful in
patients with higher levels of STEAP3 expression, these findings may
be useful for researchers and physicians contemplating the usage or
selection of cytotoxic therapies to treat TNBC.
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There are two key limitations to the present study. These analyses
were primarily based on retrospectively analyzed data from public
databases. As such, additional prospective multicenter verification will
be essential. Accordingly, our centre’s cell-based validation studies of
sorafenib sensitivity, ferroptosis sensitivity and the functional
experiments of STEAP3 are currently being performed. Secondly, this
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Correlations between STEAP3 expression and drug sensitivity in patients with TNBC. (A-F) The expression of STEAP3 and IC50 values correspond to
5—Fluorouracil, GSK1904529A, AS601245, XMD8-85, and Gefitinib in TNBC patients included in the TCGA-TNBC cohort (P < 0.05).
(G, H) Correlations between STEAP3 expression and Sorafenib IC50 values with further details regarding expression in the low, high, and normal

groups (P<0.01). (****P< 0.0001, ns P>0.05).

study only focused on FRGs, and the relationships between these genes
and other potentially relevant biomarkers were not assessed.

In conclusion, the unique FRG model developed here can be
used to forecast the prognosis of TNBC patients. Future efforts to
more reliably and successfully treat this lethal breast cancer subtype
will be built on the realization that the altered expression of STEAP3
in these individuals may have ramifications for overall survival and
therapeutic strategies.
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