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Background: For adrenocortical carcinoma (ACC), a rare endocrine malignancy with a high rate of
mortality and recurrence, it is difficult for clinicians to predict overall survival and select the most effective
treatment. Targeting ferroptosis, a form of cell death, has been reported to be a promising therapeutic
strategy for ACC; however, the core ferroptosis regulator and its prognostic value in ACC remain unknown.
Methods: RNA sequencing data and clinical information were downloaded from public databases.
Differentially expressed gene and survival analyses were performed to identify candidate ferroptosis
regulators. A multivariate Cox regression model was used to construct a gene signature, and a nomogram was
constructed to predict the overall survival of patients with ACC. Gene set variation analysis (GSVA) was used
to identify underlying aberrant pathways and the relative immune cell infiltration levels of each ACC sample.
Immunohistochemistry staining was performed in formalin-fixed paraffin-embedded tumor tissue sections.
Results: Ultimately, 23 differentially expressed ferroptosis regulators were identified between normal
adrenal gland and ACC tissues, and 50 ferroptosis regulators were related to prognosis, with 13 ferroptosis
regulators being simultaneously found to satisfy the differential expression and prognostic value. According
to the multivariate Cox regression model, a ferroptosis regulator signature was constructed from 3 genes in
The Cancer Genome Atlas (TCGA; hazard ratio =9.01; P=1.39x107""), and the area under the curve (AUC)
values of 3-, 5-, 8-year overall survival were 0.924, 0.906, and 0.866, respectively. The survival analysis
and the receiver operating characteristic (ROC) analysis validated the prognostic value of the ferroptosis
regulator signature in 3 validation datasets. Moreover, metabolism-, E2F-, MYC-, and G2/M checkpoint-
related pathways and aberrant immune cell infiltration levels were identified as being responsible for the
different prognosis of risk groups in ACC. HELLS was found to be a significantly differentally expressed
ferroptosis-suppressor gene with a prognostic value in ACC and to be highly associated with immune cell
infiltration levels and multiple biological functions.

Conclusions: A ferroptosis regulator signature showed promising power for predicting the prognosis of
ACC, and HELLS was identified as a hub ferroptosis regulator in the initiation and progression of ACC.
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Introduction

Adrenocortical carcinoma (ACC), a malignant tumor
originating from the adrenal cortex, has an annual
incidence of 0.7-2.0 cases per million people and a low
overall survival rate (1,2). Although ACC cells may secrete
excess adrenocortical hormones to that cause some clinical
features, most patients are diagnosed with local invasion or
metastatic disease. Surgery is the most widely used method
for treating ACC, and some adjuvant systemic therapies
administered based on the tumor stage and grade may
prolong the survival of patients with ACC. However, the
local recurrence rate of ACC after surgery ranges from 19%
to 34% (3). Meanwhile, adjuvant systemic therapies show
limited therapeutic effectiveness (4). Predicting the overall
survival and recurrence rate of ACC and choosing effective
drug adjuvant therapies remain difficult. The prognostic
factors for ACC include the tumor-node-metastasis
(TNM) classification stage and tumor site (5); however,
these factors are not adequate for accurate prognostic
prediction. To improve prognostic prediction, many studies
have focused on gene expression for the construction of
a prognostic signature for ACC. Members of the gene
signature for ACC mainly include immune-related genes (6),
alternative splicing events (7), and m6A RNA methylation
(8-11). However, the underlying mechanisms of ACC
are complex and heterogenous; therefore, the biological
process associated with ACC progression requires further
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analysis. Studies of the underlying biological mechanism
of ACC are urgently needed for the development of more
comprehensive guidelines for ACC treatment.

Ferroptosis, a form of regulated cell death, is an iron-
dependent process characterized by extensive lipid
peroxidation (12). Various agents that can trigger cell death by
inducing ferroptosis have emerged as promising therapeutic
alternatives for overcoming drug resistance (13). Mitotane, used
as the standard treatment for ACC, has many undesirable
side effects. A recent study showed that ACC is highly
sensitive to treatment with inducers of ferroptosis, and thus,
current standard therapy with mitotane may be examined
with reference to ferroptosis inducers in the future (14).
Another study reported that adrenal cortex cells are sensitive
to ferroptosis owing to their active steroid synthetic
pathways, which give rise to protective mechanisms against
oxidative stress (15). As lipid hydroperoxides accumulate
during ferroptosis and as ACC cells contain both enzymes
and lipids that are crucial for ferroptosis execution, cells
of the adrenal cortex are particularly sensitive to type 11
ferroptosis induction (15).

Immune checkpoint inhibitors have been used in the
therapy of many cancer types resistant to chemotherapy;
however, results of several clinical trials on immunotherapy
in ACC are unsatisfactory, with median progression-free
survival times ranging from 1.8 to 6.75 months (16-19).
One potential reason for these underwhelming results
may be excess tumorous glucocorticoid secretion, which
is a well-known immunosuppressive that acts through the
regulation of circulating and tumor-infiltrating immune
cells (20-22). For instance, glucocorticoid secretion
can inhibit T-helper-cell and cytotoxic T-lymphocyte
activation, which are crucial for T-cell receptor-mediated
activation of the adaptive immune system (23). One
remarkable study reported that CD8" T cells enhance
ferroptosis by downregulating SLC3A42 and SLC7A411, and
the induction of ferroptosis contributes to the antitumor
efficacy of immunotherapy, suggesting that the immune
system might, at least in part, function through ferroptosis
(24,25). However, the roles of ferroptosis regulators in the
progression and tumor microenvironment of ACC and
whether these regulators can predict the survival of patients
with ACC remain unknown.

Given the limitations of adjuvant treatment of ACC, we
speculated that ferroptosis agonists might provide a novel
direction for ACC treatment. Therefore, we aimed to
identify hub ferroptosis genes by analyzing the differential
expression of 113 reported ferroptosis regulators in ACC
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and explore their biological functions. The imbalanced
expression of ferroptosis regulators between normal and
ACC tissues was associated with prognostic values. Using
a multivariate Cox regression model, we established a
3-gene signature to accurately predict the outcomes of
patients with ACC. We validated the ferroptosis regulator
signature by using 3 external validation datasets. Our data
suggested that ferroptosis-related genes play pivotal roles in
ACC progression and hold prognostic value for ACC. The
underlying biological function between different risk groups
was found to be associated with metabolism; E2F-, MYC-,
and G2/M checkpoint-related pathways; and immune cell
infiltration levels. Importantly, using integrated analysis and
immunohistochemistry staining, we discovered HELLS to
be a core ferroptosis regulator in ACC, which might be a
promising object for future research into ACC treatment.
Furthermore, we speculated that ferroptosis agonists
might have application prospects in ACC. We present
this article in accordance with the TRIPOD reporting
checklist (available at https://gs.amegroups.com/article/
view/10.21037/gs-22-736/rc).

Methods
Data collection and processing

RNA sequencing data and clinical information of patients
with ACC in The Cancer Genome Atlas (TCGA) database
were downloaded from the XENA database (https://
xenabrowser.net/datapages/). The gene expression profiles
and clinical information of patients with ACC in the
Gene Expression Omnibus (GEO) database were directly
downloaded from the GEO database (https://www.ncbi.
nlm.nih.gov/geo/) (Table S1). Due to detection in the same
GPL570 platform, the expression profiles of GSE10927
and GSE19750 were normalized with the removal of batch
effects to a single dataset for further study. The matrix
profiles of the datasets GSE76019 and GSE76021 detected
by GPL13158 and GPL96, respectively, were directly
downloaded from the GEO database. Transcriptomic data
and clinical data for normal adrenal glands listed in the
Genotype-Tissue Expression Project (GTEx) were also
downloaded from the XENA database. We normalized
and merged the transcriptome data of ACC and normal
adrenal tissues from TCGA and GTEx into a single
dataset using the fragments per kilobase of transcript per
million fragments mapped value for further analysis. A
total of 113 ferroptosis regulators were extracted from the
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online website FerrDb (http://www.zhounan.org/ferrdb/),
including 49 suppressors, 61 drivers, and 3 markers, with
validated confidence levels in the Homo sapiens experiment;
specific information on these genes is shown in Table S2.

Identification of differentially expressed ferroptosis regulators

For differentially expressed gene analysis, we defined
2 groups: group 1, consisting of 127 normal adrenal tissues
from GTEx and 79 ACC tissues from TCGA; and group 2,
consisting of 14 normal adrenal tissues and 77 ACC tissues
from GSE10927 and GSE19750. A false discovery rate
adjusted to P<0.05 was defined as the cutoff criterion for
differentially expressed ferroptosis regulators between the
normal and ACC tissues. The corresponding heatmap and
box plot were depicted in R software (The R Foundation
for Statistical Computing) using the “complexheatmap” and
“ggplot2” packages.

Construction of the ferroptosis regulator signature

Based on the gene expression of ferroptosis regulators
in TCGA and patient survival, the cutoff points for
each regulator were determined using the
R package. The best separation cutoff points for each

¢

‘survminer”

regulator were found using the “surv-cutpoint” function.
Samples were divided into the high- and low-risk groups
based on the maximally selected log-rank statistics under
the condition that the number of each group was not less
than 40% of the total. Candidate ferroptosis regulators
with prognostic value were subjected to multivariate
Cox regression analysis to construct a gene signature for
predicting the overall survival probability of patients.
Based on the coefficient value, the risk score was
computed as follows (26,27): risk score = 3, Pi x expRNAI,
where expRNA is the expression of the gene and P is
the coefficient value. The sensitivity and specificity of
the receiver operating characteristic (ROC) curve were
determined to evaluate the prognostic accuracy of the
signature. The threshold values of area under the curve
(AUC) for assessing the predictive accuracy in both
the training and validation datasets were set to 0.7. A
nomogram was built using the R package “rms” to predict
the survival probability, and a calibration plot was used
to test the predictive accuracy. To validate the prognostic
prediction value of the signature, we chose 3 external
independent datasets to calculate the risk scores with the
same coefficient value of each gene in the signature.
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Gene set variation analysis (GSVA)

To investigate the biological process differences between
the high- and low-risk groups, we performed GSVA, a
nonparametric and unsupervised method for estimating
variation levels in pathways, using the “GSVA” R package.
The gene sets of hallmark genes downloaded from the
Molecular Signatures Database (MSigDB) database were
employed for GSVA. An adjusted P value <0.05 was
considered to indicate a statistically significant result.

The infiltration level analysis of immune cells

To assess the immune cell infiltration level of a single
sample, we implemented the single-sample gene set
enrichment analysis (ssGSEA) program through the R
package “GSVA” to derive the relative enrichment levels
of previously experimentally validated immune cell gene
signatures (28). The prognostic value of immune cells
for ACC was also determined using the “surv-cutpoint”
function. Through Tumor Immune Estimation Resource
(TIMER; http://timer.comp-genomics.org/), a web server
to estimate tumor immune infiltrate populations (29), we
determined the association between the expression levels of
HELLS and the infiltration levels of immune cells.

Biological function enrichment analysis

To predict the biological function of the hub ferroptosis
regulator, HELLS, correlation analysis was conducted
between the expression of HELLS and other genes. Genes
with |correlation coefficients| >0.4 were regarded as genes
correlated with HELLS. These genes were input into the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) database (http://david.nciferf.gov/
summary.jsp) to conduct Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses.
The visualization of biological process terms of GO
analysis and KEGG pathways was completed via imageGP
(http://www.ehbio.com/ImageGP/index.php/home/index/
upsetview.html).

Tissue specimens and immunobistochemistry

A total of 4 ACC specimens from the Urology Department
of West China Hospital were retrospectively examined. The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). This experiment was
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approved by the Ethics Committee of West China
Hospital (No. 20210276). Informed consent was not
required as the specimens were collected retrospectively.
Immunohistochemistry (IHC) staining was performed in
formalin-fixed paraffin-embedded tumor tissue sections.
The details for the primary antibodies are listed in Table S3.
The sections were stained with standard procedures and
examined under a microscope.

Statistical analysis

The THC images of HELLS in normal adrenal glands
were downloaded from the Human Protein Atlas (https://
www.proteinatlas.org). The survival curves for prognostic
analysis were generated via the Kaplan-Meier method,
and log-rank tests were used to identify any significant of
differences. Correlation coefficients were calculated by
Spearman correlation analyses, and the Wilcoxon test was
used to compare differences between 2 groups. All statistical
analyses were 2-sided, with P<0.05 being considered
statistically significant.

Results
Identification of differentially expressed ferroptosis regulators

The flowchart of the main steps in this study is shown in
Figure 14. To predict the ferroptosis regulators involved
in ACC progression, differentially expressed genes were
analyzed in groups 1 and 2 between normal and cancer
tissues (Figure 1B). To improve the accuracy of screening,
we determined the intersection of the 2 groups: 9
ferroptosis regulators showed higher expression in ACC
tissues than in normal tissues, whereas 14 were both
expressed at lower levels in ACC tissues than in normal
tissues (Figure 1C). Among the regulators highly expressed
in ACC, ABCC1, CDKN2A, ELAVLI, KEAPI, PRKAAI,
and TP53 were ferroptosis driver genes, and HELLS, RBI,
and SESN2 were ferroptosis suppressor genes. Among
the regulators showing low expression in ACC, ACSF2,
ALOXI5B, ALOXS, MAPK3, SAT1, and SLCI1AS5 were
ferroptosis driver genes; FTHI and PTGS2 were ferroptosis
marker genes; and ARNTL, ATF4, MT1G, SLC40A1, SRC,
and STAT3 were ferroptosis suppressor genes. All these
genes were considered as hub ferroptosis regulators and
were further analyzed. These genes were considered as
potentially playing vital roles in ACC by influencing the
biological function of ferroptosis.
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Figure 1 Identification of differentially expressed ferroptosis regulators. (A) Flowchart of the main steps in this study. (B) Results of

differential expression analysis of ferroptosis regulators between normal adrenal gland and ACC tissues. Numbers in the box show log,FC,

red color indicates a high expression in the tumor, and blue color indicates a high expression in normal tissue. Group 1 contained TCGA
and GTEx samples, and group 2 contained the GSE10927 and GSE19750 datasets. (C) Intersecting genes between the 2 groups. The

relative expression of these genes is shown in the upper box plots. *, P<0.05; **, P<0.01; ***, P<0.001. GSVA, gene set variation analysis;

ssGSEA, single-sample gene set enrichment analysis; TIMER, Tumor Immune Estimation Resource; ACC, adrenocortical carcinoma; FC,
foldchange; TCGA, The Cancer Genome Atlas; GTEx, Genotype-Tissue Expression Project.
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Identification of prognostic ferroptosis regulators

To further determine the value of ferroptosis regulators
for predicting the prognosis of ACC, survival analysis was
performed, which showed that 50 ferroptosis regulators were
prognostic factors for ACC in TCGA dataset (Figure 24,
Table S4). Among these, there were 26 ferroptosis
suppressors and 24 ferroptosis drivers. Combined with the
above analysis, 13 ferroptosis regulators were differentially
expressed and could be used as prognostic factors in ACC
(Figure 2B), including 8 protective factors and 5 risk factors.

Construction of the ferroptosis regulator signature

Using the multivariate Cox regression model and the above

© Gland Surgery. All rights reserved.

13 prognostic ferroptosis regulators showing differential
expression, a 3-gene signature model was established
containing ATF4, HELLS, and MTIG in TCGA dataset
(Figure 34, Table S5). The risk score for each patient
was calculated using the following equation: risk score
= (0.682258 x ATF4 expression) + (1.606768 x HELLS
expression) + (0.186928 x MTI1G expression). Survival
analysis showed that overall survival was lower in the high-
risk group than in the low-risk group (Figure 3B). In ROC
analysis, the AUC values for the signature were 0.924,
0.906, and 0.866 for 3-, 5-, and 8-year survival, respectively
(Figure 3C). Notably, the number of deaths increased and
the number of surviving patients decreased with increasing
risk scores. The expression value of each candidate gene in
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Figure 3 Construction of the ferroptosis regulator signature. (A) Forest plot of the multivariate Cox regression model. The asterisks

represent the statistical P value (*, P<0.05; ***, P<0.001). (B) Survival analysis of risk score groups for ACC. (C) ROC curve analysis of the
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the signature associated with the risk score was visualized in
a heatmap (Figure 3D-3F).

Validation of the ferroptosis regulator signature

A nomogram was constructed to predict the overall survival
rates for 3 and 5 years (Figure 44). In contrast to the ideal

© Gland Surgery. All rights reserved.

model, the calibration plot predicting overall survival
(OS) outcomes for 3 and 5 years had relatively good
results (Figure 4B). To validate the prognostic value of this
ferroptosis regulator signature, 3 external independent
datasets were employed, GSE76019, GSE76021, and
GSE10927 + GSE19750. The risk score was calculated
using the coefficient value obtained by multivariate Cox
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regression analysis. Patients showing low-risk scores had
longer survival times than did those in the higher risk
score group in the 3 validation datasets (Figure 4C-4E).
The AUC values of ROC analysis for the prognostic
signature in the 3 validation datasets are shown in
Figure 4F-4H. The ferroptosis regulator signature accurately
predicted the overall survival of patients with ACC.

Functional characteristics of the ferroptosis regulator
signature

To explore the underlying mechanisms of the ferroptosis
regulator signature, GSVA was used to investigate pathway
variations that may explain the prediction of survival
probability of ACC using the signature. Indeed, we found
that the bile acid metabolism, heme metabolism, protein
secretion, and interferon-a response signaling pathways
were highly enriched in the high-risk group, whereas the
E2F targets, G2/M checkpoint, MYC targets v1, and MYC
targets v2 signaling pathways were enriched in the low-
risk group (Figure 5A). To verify the pathway aberrations
in ACC, Spearman correlation analysis was conducted in
4 datasets between pathway GSVA scores and risk scores
(Figure 5B). We found that the risk score was significantly
positively correlated with E2F targets, G2/M checkpoint,
MYC targets vl, MYC targets v2, DNA repair, and
unfolded protein response signaling pathways and negatively
correlated with bile acid metabolism and myogenesis
signaling pathways. Correlation analysis was also performed
between the abovementioned important pathways and the
expression levels of the 3 signature genes, MT1G, HELLS,
and ATF4 (Figure 5C). The expression of HELLS was the
main factor correlated with aberrations in these pathways.
We found that the expression of HELLS in ACC was
highly positive correlated with the enrichment scores of the
E2F targets, G2/M checkpoint, MYC targets, MTORCI1
signaling, and DNA repair pathways, while it was negative
correlated with bile acid metabolism and unfolded protein
response pathways. In contrast, MT1G and ATF4 showed
only a very weak correlation with enrichment scores of
these pathways. Therefore, we inferred that HELLS might
be a more crucial gene among these 3 genes in ACC.

Identification of the bub ferroptosis regulator HELLS in ACC

Given that HELLS was the functional regulator with

© Gland Surgery. All rights reserved.
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the most potential among the ferroptosis regulator
signatures, we aimed to further predict the biological
function of HELLS in ACC. From the above analysis, we
screened HELLS as a hub ferroptosis regulator in ACC
and a candidate novel biomarker for ACC. To further
investigate the biological function of HELLS in ACC,
we employed correlation analysis between HELLS and
other genes in TCGA dataset. We found that 969 genes
were significantly positively correlated with HELLS,
with a correlation coefficient >0.4, while 732 genes were
significantly negatively correlated with HELLS, with a
correlation coefficient <-0.4 (Figure 5D and table available
at https://cdn.amegroups.cn/static/public/gs-22-736-1.xlsx).
Subsequently, we performed GO and KEGG analyses of
these correlated genes to predict the biological function of
HELLS. We found that the positively correlated genes were
mainly enriched in DNA replication, cell cycle, cell division,
and other cell proliferation—related pathways (Figure SE).
The negatively correlated genes were highly associated
with metabolic pathways and immune-related pathways,
such as interferon-y-related pathways, antigen processing,
and MHC II-related pathways (Figure 5F). Using the
Human Protein Atlas, we confirmed that HELLS displayed
low expression levels in normal adrenal gland tissues
(Figure 64). Moreover, we collected 4 ACC tissue samples
verified with hematoxylin and eosin (HE) staining to test
the expression level of HELLS, and the IHC results of our
samples validated that HELLS expression was markedly
more abundant in ACC tissues than in normal adrenal gland
tissues (Figure 6B). Furthermore, correlation analysis was
conducted between the expression of HELLS and GSVA
enrichment scores (Figure 74). We found that HELLS was
significantly positively correlated with E2F targets, the
G2/M checkpoint and MYC target pathways (Figure 7B),
which are highly associated with cell proliferation and
progression. Thus, we tested Ki-67 and proliferating
cell nuclear antigen (PCNA) levels in 4 ACC samples.
IHC results showed that Ki-67 and HELLS were highly
positive in patients no. 1 and no. 2 and that the expression
level of HELLS was also higher in patients no. 1 and no.
2 (Figure 7C). This result suggested that HELLS might
be highly associated with cell proliferation activity in
ACC. Interestingly, we verified that the expression level of
HELLS gradually increased with the progression staging of
the samples, and the expression of HELLS was significantly
higher in advanced and metastatic samples (Figure 7D).
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Figure 4 Validation of the ferroptosis regulator signature. (A) The nomogram to predict the rates of death of patients with ACC. The
asterisks represent the statistical P value (*, P<0.05; ***, P<0.001). (B) The calibration curve to evaluate the accuracy of the nomogram
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Figure 6 The expression level of HELLS in ACC tissues according to immunohistochemistry staining. (A) Representative
immunohistochemistry staining images of HELLS in normal adrenal gland tissues from the HPA. These 4 images were obtained from
the HPA database (https://www.proteinatlas.org/ENSG00000119969-HELLS/tissue/Adrenal+gland#img). The scale bar denotes
100 pm. (B) Representative immunohistochemistry and HE staining images of and HELLS in ACC tissues. The scale bar denotes
200 pm. HE, hematoxylin and eosin; ACC, adrenocortical carcinoma; HPA, Human Protein Atlas.
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Relationship between immune cell infiltration level and
HELLS

From the above analysis of pathway variation between
the high- and low-risk groups, immune-related pathways
were also changed, such as the inflammatory response
and interferon-a response pathways. To verify whether
the progression of ACC was correlated with tumor
microenvironment variation, we conducted immune cell
infiltration analysis using ssGSEA. First, we assessed 24
types of immune cell infiltration in each ACC sample. We
performed survival analysis to determine which kinds of
immune cells were prognosis-associated cell types. The
results showed that 11 immune cells were protective factors,
while only 2 immune cells were risk factors, including
T helper 2 (Th2) cells and regulatory T (Treg) cells
(Figure 84,8B). To further investigate the infiltration levels
of immune cells between the high- and low-risk groups, a
heatmap (Figure 9A4) and violin plot (Figure 9B) were used to
display the abundance of immune cells. We found that the
integral immune cell infiltration levels of the low-risk group
were significantly higher than those of the high-risk group.
In particular, the infiltration levels of B cells, cytotoxic
cells, eosinophils, interstitial dendritic cells, macrophages,
mast cells, neutrophils, natural killer CD56 bright cells,
T follicular helper cells, and Th17 cells in the low-risk
group were all higher than those in the high-risk group. In
contrast, only the Th2 cell infiltration level was higher in
the high-risk group than in the low-risk group. Correlation
analysis showed that the hub ferroptosis regulator HELLS
was significantly positively associated with the Th2 cell
infiltration level and negatively associated with many
protective immune cells (Figure 9C). To further verify the
relationship between HELLS and immune cell infiltration,
we used TIMER to analyze the association between the
expression of HELLS and the infiltration levels of immune
cells (Figure 10). We found that HELLS was significantly
negatively associated with CD8" T cells, CD4" effector
memory T cells, B cells, monocytes, myeloid dendritic cells,
and mast cells, while HELLS was significantly positively
associated with Th2 cells, cancer-associated fibroblast
cells, and myeloid-derived suppressor cells (MDSCs).
Unfortunately, IHC results showed that CD20, CD3,
programmed cell death protein 1 (PD-1), and programmed
death ligand 1 (PD-L1) were mostly negative in 4 ACC
samples (Figure S1), indicating that these 4 samples might
be “cold tumors”.
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Discussion

ACC, as an endocrine-related malignant tumor, is
characterized by a complex pathogenesis and poor
prognosis, but has a low incidence (30). In recent years,
ferroptosis induction has emerged as a promising
therapeutic alternative to trigger cancer cell death,
particularly for malignancies that are resistant to traditional
treatments (31). Multiple studies based on the expression
of ferroptosis regulators have led to the construction
of prognostic signatures for predicting the overall
survival of patients with many cancer subtypes, including
hepatocellular carcinoma (32,33), glioma (34,35), and lung
adenocarcinoma (36). However, few studies have focused
on the function of ferroptosis regulators in ACC, nor has a
related prognostic signature for ACC been constructed. In
this study, based on public datasets in the, GTEx, TCGA,
and GEO databases, we identified differentially expressed
ferroptosis regulators between normal and tumor tissues.
Combining these findings with survival information and
using a multivariate Cox regression model, we identified
prognostic ferroptosis regulators and constructed a 3-gene
prognostic signature for ACC. Based on 3 external datasets,
the prognostic prediction value of the ferroptosis regulator
signature was verified. We also investigated the differences
in underlying biological pathways and immune cell
infiltration levels between the different risk groups of ACC.

Although ferroptosis genes were extracted from a
specialized database, these regulators have been identified
in multiple types of cancer, and their biological functions
are not limited to ferroptosis. For example, CDKN2A4
was reported to induce ferroptosis in p53-independent
tumor suppression (37); it has also been widely studied in
ACC, but its function in driving ferroptosis has not been
thoroughly evaluated. We identified ferroptosis regulators
showing significantly differential expression between
normal and ACC tumor tissues, 13 of which had prognostic
value. Among them, only MAPK3 (38), CDKN2A, and
STAT3 (39) have been studied for their prognostic value in
ACC and may function in regulating ferroptosis in ACC to
affect disease progression.

Three important ferroptosis regulators were used to
construct a prognostic signature to predict the overall
survival of patients with ACC. This signature accurately
predicted the survival probability of patients with ACC
in multiple independent datasets. Further pathway GSVA
revealed that the risk score calculated by the signature was
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Figure 8 Survival analysis of immune cell infiltration
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highly correlated with aberrations in multiple biological
pathways. The high-risk group showed enrichment in cell
progression- and metastasis-related pathways, such as the
E2F, MYC, and G2/M checkpoint signaling pathways, which
have been verified to be associated with poor prognosis
and malignant tumor characteristics (40), explaining

© Gland Surgery. All rights reserved.

the poor prognosis of the high-risk group. Activation of
these pathways may be associated with the suppression of
ferroptosis; for instance, it has been reported that EGLN1/
c-Myc induces lymphoid-specific helicase to inhibit
ferroptosis by altering the expression of lipid metabolism-
related genes (41). Activation of ferroptosis or suppression
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of the above pathways may be helpful for improving the
prognosis of patients with high-risk scores. In contrast,
metabolism-related pathways and myogenesis were highly
enriched in the low-risk group; however, the relationship of
these pathways with ACC remains unknown. Ferroptosis is
a form of regulated cell death acting as the nexus between
metabolism, redox biology, and human health (31).

Furthermore, immune cell infiltration analysis showed
that multiple immune cells were protective factors for
survival. Most of them, including cytotoxic cells (42), B
cells (43), and dendritic cells (44), have been reported
to be associated with better prognosis and response to
immunotherapy in other types of tumors. Although only
Th2 cells and Treg cells were found to be risk factors for
ACC, both have been reported to be immune-suppressive
cells (45-48). However, the variation in immune cell
infiltration levels in ACC has not been systematically
investigated. From our perspective, the integral immune cell
infiltration level differences between the high- and low-risk
groups were not coincident. The tumor microenvironment
might be vital in the initiation and progression of ACC, and
research into this area might represent a new chapter in the
treatment of ACC.

Correlation analysis between the expression of 3
members of the signature and the GSVA score of the
pathways revealed that HELLS may be the most important
regulator, as it was associated with pathways that were
significantly altered between the risk groups. HELLS, a
chromatin remodeler, is involved in the progression of
many types of tumors and regulates glioma stem cells via
E2F3 and MYC (49), as well as chromatin remodeling and
the epigenetic splicing of multiple tumor suppressors in
hepatocellular carcinoma (50). Other studies have reported
that HELLS is critical for retinoblastoma tumor initiation
and progression (51), and it may serve as a poor prognostic
biomarker contributing to the malignant phenotype in
pancreatic cancer (52). Additionally, HELLS is highly
expressed in and is a risk factor for ACC, having been
positively correlated with multiple tumor progression—
related pathways. Through THC tests, we found that
patients with ACC and higher expression of HELLS also
had higher expressions of PCNA and Ki-67, meaning the
expression level of HELLS might reflect the proliferative
activity index of the lesions. Furthermore, the expression
of HELLS showed a strong association with immune cell
infiltration levels, especially that of Th2 cells, which is
a prognostic risk factor for ACC. Moreover, the relative

© Gland Surgery. All rights reserved.
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infiltration levels of mast cells, eosinophils, Th17 cells,
cytotoxic cells, and B cells were negative correlated with
the expression of HELLS in ACC. The results of TIMER
also verified that HELLS was significantly associated with
Th2 cells, MDSCs, and cancer-associated fibroblasts, which
are widely known to be related to tumor progression and
metastasis. Meanwhile, the infiltration levels of CD8" T
cells, CD4" effector memory T cells, B cells, dendritic cells,
and mast cells were all significantly negatively correlated
with HELLS, inferring that HELLS might be associated
with an immunosuppressive phenotype and a poor
immunotherapy response rate. To date, the precise function
of HELLS in the initiation of ACC or in the process of
the tumor microenvironment remains unknown. Thus,
targeting HELLS in ACC may be a reasonable treatment
approach.

However, we verified our results using multiple
independent datasets and further validated them with
THC. Additional basic studies of the ferroptosis regulators
involved in ACC development and progression are needed
to develop new therapies and identify diagnostic targets.

Conclusions

We comprehensively identified and systematically
investigated the gene signatures of ferroptosis regulators
in ACC. The differentially expressed ferroptosis regulators
between normal adrenal gland and ACC tissues were
identified, and their prognostic value was explored. We
developed a 3-ferroptosis regulator prognostic signature
that included HELLS, which may predict the biological
and clinical progression of ACC. Moreover, the underlying
mechanisms between different risk groups may be associated
with metabolism; E2F, MYC, and G2/M checkpoint
signaling pathways; and immune cell infiltration levels. Use
of ferroptosis regulators is promising for ACC prognosis
prediction. Given the high recurrence rate of ACC after
surgery and extremely limited options for drug therapy, this
study provides promising results concerning the possibility
of using ferroptosis agonists to treat ACC. However, more
clinical studies and experimental research are needed to
verify this point.
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Supplementary

Table S1 Basic information of datasets included in this study downloaded from GEO database

GEO series GEO platform Sample type Total samples Region Publication
GSE10927 GPL570 10 normal + 22 adenomas + 33 ACC 65 USA 2009
GSE19750 GPL570 4 normal + 44 ACC 48 USA 2013
GSE76019 GPL13158 34 ACC 34 USA 2016
GSE76021 GPL96 29 ACC 29 USA 2016

GEO, Gene Expression Omnibus; ACC, adrenocortical carcinoma.
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Table S2 The list of ferroptosis regulators involved in this study Table S2 (continued)

Symbol Type Confidence Symbol Type Confidence
ACSL3 Suppressor Validated ALOX{2 Driver Validated
AIFM2 Suppressor Validated ALOX12B Driver Validated
AKR1CA1 Suppressor Validated ALOX15 Driver Validated
AKR1C2 Suppressor Validated ALOX15B Driver Validated
AKR1C3 Suppressor Validated ALOX5 Driver Validated
ARNTL Suppressor Validated ALOXE3 Driver Validated
ATF4 Suppressor Validated ANO6 Driver Validated
BRD4 Suppressor Validated ATF3 Driver Validated
CA9 Suppressor Validated ATGS Driver Validated
CAVA1 Suppressor Validated ATG7 Driver Validated
CBS Suppressor Validated ATM Driver Validated
CDa4 Suppressor Validated ATP5G3 Driver Validated
CDKN1A Suppressor Validated BAP1 Driver Validated
CHMP5 Suppressor Validated BECN1 Driver Validated
CHMP6 Suppressor Validated CARS Driver Validated
CISD1 Suppressor Validated CDKN2A Driver Validated
CIsD2 Suppressor Validated CDO1 Driver Validated
FADS2 Suppressor Validated cs Driver Validated
FH Suppressor Validated DPP4 Driver Validated
GCH1 Suppressor Validated EGFR Driver Validated
GPX4 Suppressor Validated EGLN2 Driver Validated
HELLS Suppressor Validated ELAVL1 Driver Validated
HIF1A Suppressor Validated EMC2 Driver Validated
HSF1 Suppressor Validated G6PD Driver Validated
HSPAS5 Suppressor Validated GOT Driver Validated
HSPB1 Suppressor Validated HMGB1 Driver Validated
ISCU Suppressor Validated HMOXA Driver Validated
LAMP2 Suppressor Validated IDHA Driver Validated
MT1G Suppressor Validated IENG Driver Validated
MUCH1 Suppressor Validated IREB2 Driver Validated
NF2 Suppressor Validated KEAP1 Driver Validated
NFE2L2 Suppressor Validated LONP1 Driver Validated
NFS1 Suppressor Validated MAPKA Driver Validated
NQO1 Suppressor Validated MAPK3 Driver Validated
oTuB1 Suppressor Validated MIOX Driver Validated
PML Suppressor Validated MTDH Driver Validated
PRDX6 Suppressor Validated MYB Driver Validated
PROM2 Suppressor Validated NCOA4 Driver Validated
RB1 Suppressor Validated NOX4 Driver Validated
SCD Suppressor Validated PANX1 Driver Validated
SESN2 Suppressor Validated PEBP1 Driver Validated
SLC40A1 Suppressor Validated PGD Driver Validated
SLC7A11 Suppressor Validated PHKG2 Driver Validated
SQSTMA1 Suppressor Validated PRKAA1 Driver Validated
SRC Suppressor Validated PRKAA? Driver Validated
STAT3 Suppressor Validated RPLS Driver Validated
TMBIM4 Suppressor Validated SATH Driver Validated
P63 Suppressor Validated SLC1A5 Driver Validated
ZFP36 Suppressor Validated SOCS1 Driver Validated
CHACH1 Marker Validated TAZ Driver Validated
FTH1 Marker Validated TF Driver Validated
PTGS2 Marker Validated TGFBR1 Driver Validated
ABCCI Driver Validated TNFAIP3 Driver Validated
ACSF2 Driver Validated P53 Driver Validated
ACSL4 Driver Validated VDAG2 Driver Validated
ACVR1B Driver Validated YY1AP Driver Validated
Table S2 (continued) ZEB1 Driver Validated
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Table S3 Details for primary antibodies

Antibodies IHC Sources Number
HELLS 1:100 ZenBio 823182
KI-67 1:300 HuaBio HA721115
PCNA 1:300 Proteintech 10205-2-AP
CD20 1:50 ABCAM ab7817
CD3 1:200 Novus NB600-144
PD1 1:50 CST D4aw2J
PDLA1 1:50 CST E1L3N

IHC, immunohistochemistry.

Table S4 The survival analysis results of ferroptosis regulators with a P value <0.05

Gene P value HR Lower Upper
ACSF2 5.80E-07 0.162716309 0.071881951 0.3683344
ISCU 7.96E-07 0.114549113 0.053900915 0.2434374
ACSL4 4.58E-06 0.127218389 0.060240395 0.2686655
SQSTM1 3.13E-05 0.208431118 0.09549895 0.4549111
TNFAIP3 5.33E-05 5.107481846 2.410213082 10.823263
MUC1 6.42E-05 4.790714412 2.237821083 10.255934
SLC7A11 7.35E-05 4.482108963 2.069923934 9.7053329
ATF4 8.06E-05 4.258459342 1.938757921 9.3536567
TGFBR1 9.39E-05 4.300364879 1.99469711 9.271151
MAPK3 0.000294408 0.178130297 0.084885964 0.3738003
CDKN2A 0.000605543 3.593101595 1.668418252 7.7380951
ATG7 0.000943357 0.299875114 0.137976497 0.651742
ATG5 0.002130802 0.32553831 0.148495315 0.7136602
HELLS 1.27E-07 9.528565328 4.453090506 20.388887
SLC40A1 3.47E-05 0.219676098 0.099088078 0.4870171
PRKAA2 3.64E-05 0.221978799 0.100278038 0.4913797
YY1AP1 8.42E-05 5.472668689 2.601722311 11.511645
PGD 0.003117289 3.554067891 1.694192104 7.4557062
IDH1 0.003212508 3.550319346 1.692394716 7.4478887
GPX4 0.003539546 0.346902864 0.159488191 0.7545486
HSPB1 0.004158044 0.333322507 0.157094565 0.7072421
RPL8 0.004294331 2.907372505 1.3567113 6.2303711
TMBIM4 0.004726163 0.337492522 0.159187 0.7155182
EMC2 0.004755133 0.327387791 0.155497506 0.6892893
NQO1 0.006536479 3.033700351 1.446251161 6.363582
ATF3 0.007852464 2.668108774 1.237125495 5.7543107
SAT1 0.008191952 0.369425764 0.173414312 0.7869904
MYB 0.011528218 2.522672708 1.157836273 5.4963536
PRKAA1 0.013994666 0.400065878 0.186666265 0.8574271
STAT3 0.015042552 0.40830755 0.188052797 0.8865332
ALOX5 0.016051787 0.3823201083 0.182230473 0.8021088
HMGB1 0.017648921 2.57144706 1.225805917 5.3942797
LAMP2 0.022904708 0.427404563 0.200527567 0.9109703
AIFM2 0.023570552 2.71169675 1.281886268 5.7363118
VDAC2 0.023612529 2.310018175 1.070701755 4.9838192
SRC 0.026417962 0.375783231 0.177448618 0.7957968
CDKN1A 0.026615837 0.435176859 0.204452685 0.9262725
CISD2 0.027261334 0.449385017 0.205774301 0.9814
MT1G 0.027973091 2.51005236 1.193106964 5.2806354
TP63 0.0285229 0.449688662 0.209222368 0.9665309
ANO6 0.029236323 0.445355238 0.207012276 0.9581137
AKR1C1 0.029657923 0.400429783 0.190304421 0.8425659
AKR1C3 0.033366389 0.454260381 0.211552174 0.9754213
ACVRI1B 0.03490801 0.45995686 0.211211358 1.0016522
NF2 0.035624471 2.280918115 1.086788481 4.7871205
HSPA5 0.037083434 2.316052271 1.103543573 4.8607941
PML 0.043200141 0.474127605 0.218488566 1.028873
MAPK1 0.043551322 2.258325176 1.075590028 4.7416139
CHMP6 0.046734369 0.480979466 0.222002591 1.0420655
ARNTL 0.048807774 2.127162622 1.011473473 4.4734943
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Table S5 Multivariate Cox regression analysis

Id Coef Exp(coef) Se(coef) 4 Pr(>|Z])
ATF4 0.68225752 1.978338834 0.287481006 2.3732264 0.01763345
HELLS 1.60576828 4.981685464 0.275238128 5.8341055 5.41E-09
MT1G 0.186927886 1.205540346 0.093334841 2.0027664 0.045202366

PT1 PT2 PT3 PT4

CD20

CD3

PD1

PDLA1

Figure S1 Representative immunohistochemistry images of CD3, CD20, PD1, and PDLI staining in adrenocortical carcinoma tissues. The
scale bar denotes 50 pm.
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