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Department of Endocrinology, The Second Affiliated Hospital of Zhejiang University School of Medicine, Hangzhou, China

Background: The impact of hypoxia on ferroptosis is important in cancer proliferation,
but no predictive model combining hypoxia and ferroptosis for adrenocortical carcinoma
(ACC) has been reported. The purpose of this study was to construct a predictive model
based on hypoxia- and ferroptosis-related gene expression in ACC.

Methods: We assessed hypoxia- and ferroptosis-related gene expression using data
from 79 patients with ACC in The Cancer Genome Atlas (TCGA). Then, a predictive
model was constructed to stratify patient survival using least absolute contraction and
selection operation regression. Gene expression profiles of patients with ACC in the Gene
Expression Omnibus (GEO) database were used to verify the predictive model.

Results: Based on hypoxia-related gene expression, 79 patients with ACC in the
TCGA database were divided into three molecular subtypes (C1, C2, and C3) with
different clinical outcomes. Patients with the C3 subtype had the shortest survival.
Ferroptosis-related genes exhibited distinct expression patterns in the three subtypes.
A predictive model combining hypoxia- and ferroptosis-related gene expression was
constructed. A nomogram was constructed using age, sex, tumor stage, and the
predictive gene model. Gene ontology and Kyoto Encyclopedia of Genes and Genomes
analyses revealed that the gene signature was mainly related to the cell cycle and
organelle fission.

Conclusion: This hypoxia-and ferroptosis-related gene signature displayed excellent
predictive performance for ACC and could serve as an emerging source of novel
therapeutic targets in ACC.

Keywords: adrenocortical carcinoma, hypoxia, ferroptosis, predictive model, gene expression

INTRODUCTION

Adrenocortical carcinoma (ACC) is a rare, aggressive, heterogeneous malignancy derived from the
cortex of the adrenal gland. The 5-year survival rate of ACC ranges from 0 to 28% (1-3). Despite the
marked variation in survival, prognostic factors have not been definitively investigated. Although
the age at diagnosis, tumor characteristics, tumor stage, and cortisol production is believed to
be adverse prognostic factors, there are few reliable biomarkers to aid clinical assessment (4-6).
Therefore, discovering effective biomarkers is essential for improving ACC prognosis.
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function; OS, overall survival.

FIGURE 2 | Identification of three molecular subtypes based on hypoxia-related gene expression in ACC. (A) Consensus CDF; (B) Delta area; (C) Heatmap of
consensus clustering solution (k = 3) for hypoxia-related genes in ACC (n = 79); (D) Heatmap for hypoxia-related gene expression among the three hypoxia-related
subtypes; (E) Kaplan-Meier OS curves for patients with ACC among the three hypoxia-related subtypes. ACC, adrenocortical carcinoma; CDF, cumulative distribution

Evaluation of the Reliability and Stability of
the Predictive Model

Univariate Cox regression analysis showed that the risk score
calculated based on our predictive model was significantly
associated with poor prognosis in patients with ACC (P <
0.001, HR: 3.57, 95% CI: 2.39-5.32; Figure 7A). Multivariate
Cox regression analysis suggested that the risk score was an
independent risk factor for poor prognosis in patients with
ACC (p < 0.001, HR: 4.21, 95% CI: 2.45-7.24; Figure 7B). A
nomogram was established to predict the OS of ACC patients.
Age, sex, stage, and the risk score were used to construct
the nomogram. The risk score contributed the most to the
prediction of OS (Figure 7C). To verify the generalizability of
the predictive model, its predictive performance was externally

validated using pooled data from the GSE19750 and GSE10927
datasets. Consistent with the results of the TCGA dataset, the risk
score was significantly associated with OS in these datasets (P <
0.001; Figure 7D). ROC curve analysis confirmed the reliability
and stability of the predictive model for predicting OS (AUC
= 0.827; Figure 7E). The heatmap displays the difference in the
expression profiles of the five prognostic genes in the low-risk and
high-risk groups (Figure 7F).

Functional Enrichment Analysis

To explore the biological functions and pathways that were
related to the risk score, 1,860 DEGs (1,379 up-regulated
genes and 481 down-regulated genes) between the high- and
low-risk groups were obtained (Figures 8A,B). GO enrichment
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FIGURE 3 | Relationship between hypoxia-related subtypes and ferroptosis in ACC. (A) The expression distribution of ferroptosis-related genes among the three
hypoxia-related subtypes; (B) Ferroptosis-related gene expression heatmap. ACC, adrenocortical carcinoma. *: P < 0.05; **: P < 0.01; **: P < 0.001.
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FIGURE 4 | Hypoxia- and ferroptosis-related key genes in ACC. (A) Volcano plots indicating up-expressed and down-expressed genes in ACC compared with normal
tissues; (B) Hierarchical clustering analysis of genes between ACC and normal tissues; (C) 12 genes significantly correlated with OS time of patient with ACC; (D) A
PPI network of 12 genes retrieved from String. ACC, adrenocortical carcinoma; OS, overall survival; PPI, protein-protein interaction; String: https://string-db.org/.
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and KEGG pathway analyses were performed. Figure 8C
displayed the significantly enriched KEGG pathways, including
cell cycle, DNA replication, basal cell carcinoma, oocyte
meiosis, and cellular senescence for up-regulated DEGs, and
chemokine signaling pathway, drug metabolism-cytochrome
P450, hematopoietic cell lineage, cytokine-cytokine receptor
interaction, and viral protein interaction with cytokine and
cytokine receptor for down-regulated DEGs. Figure 8D
displayed the significantly enriched GO items in up-regulated
DEGs, including organelle fission, nuclear division, and
chromosome segregation for biological process (BP), and
chromosomal region, chromosome, centromeric region, and
condensed chromosome for cellular component (CC), and
microtubule binding, catalytic activity, and DNA helicase
activity for molecular function (MF). Figure 8E displayed the
significantly enriched GO items in down-regulated DEGs,
including T cell activation, mononuclear cell differentiation,
and cellular calcium ion homeostasis for BP, and external side
of plasma membrane, secretory granule membrane, and specific
granule for CC, and immune receptor activity, cytokine receptor
activity, and C-C chemokine receptor activity for MF. Figure 8F
represented the interactive relationship between enriched BP
pathways. GSVA enrichment analysis strongly implicated cell
cycle checkpoint, mitotic sister chromatic segregation, and
nuclear division as the main biological process (Figure 8G).

The chord diagram in Figure 8H displayed GO biological terms
for the top 100 genes with the largest fold change. GO terms
including pattern specification process, regionalization, and cell
fate specification were enriched.

Pan-Cancer Analysis of Five Genes in the

Predictive Model

We further explored the effect of 5 hub genes (ACSL4, FANCD2,
HIF3A, HSPA5, and PSMB7) in 33 kinds of cancer in the
TCGA database (Figure9). Expressions of five genes were all
significantly correlated with TMB in ACC. Among the 33 cancer
types, ACSL4 expression was most correlated with TMB in
ACC, whereas FANCD?2, HIF3A, HSPAS5, and PSMB7 were most
correlated with TMB in thymoma (THYM).

DISCUSSION

ACC is a rare malignancy of the adrenal cortex. Despite its severe
morbidity due to endocrine disturbances and tumor growth,
there has been no remarkable progress in the treatment of ACC
since the introduction of surgery and mitotane plus platinum-
based therapy (1, 2, 22). The survival of patients with ACC
has not improved substantially since 1993 (23). Further studies
investigating the mechanisms that account for the poor prognosis
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FIGURE 5 | Establishment of a hypoxia- and ferroptosis-related predictive model. (A) LASSO coefficient profiles of 12 hypoxia-related and ferroptosis-related genes;
(B) LASSO regression with 10-fold cross-verification; (C) Heatmap of the expression profiles of 5 prognostic genes in low-risk and high-risk group; (D) Kaplan-Meier
survival analysis of the gene signature; (E) Time-dependent ROC analysis of the gene signature. ACC, adrenocortical carcinoma; LASSO, least absolute shrinkage
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of ACC and identifying more sensitive and effective biomarkers
for early diagnosis, treatment, and prognosis of ACC are needed.

In this study, three hypoxia-related molecular subtypes (C1,
C2, and C3) of ACC were identified based on the expression
profiles of hypoxia-related genes. Our data demonstrated
that patients with the C3 subtype had the shortest survival.
Furthermore, the expression profile of ferroptosis-related genes

differed significantly among the three hypoxia-related molecular
subtypes. We found that ferroptosis-related genes, including
ACSL4, ATL1, ATP5MC3, CARSI, CISD1, CS, DPP4, FANCD2,
FDFT1, HSPAS5, HSPB1, LPCAT3, NCOA4, NFE2L2, SLC1AS5,
SLC7A11, and TFRC, had distinct expression profiles in the
three hypoxia-related ACC subtypes, indicating that HIF-1
signaling may contribute to dysfunction of ferroptosis in ACC.
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Intratumoral hypoxia is common in human cancer and has been  epithelial-mesenchymal transition, motility, invasion, metastasis,
found to increase the activity of HIFs that regulate angiogenesis,  cancer stem cell maintenance, immune evasion, and resistance
metabolic reprogramming, extracellular matrix remodeling,  to chemotherapy and radiotherapy (24). Nonetheless, there are

Frontiers in Medicine | www.frontiersin.org 9 May 2022 | Volume 9 | Article 856606


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Zhang et al.

Gene Signature of Adrenocortical Carcinoma

A B
Variable N Hazard ratio ‘ P
Variable N Hazard ratio [
Surv ~ Age
‘ - - . G0 o Surv ~ Riskscore + Age + Gender + pTNM_stage
Surv ~ Gender :
Riskscore 7 : —=— | 4.21 (2.45,7.24) <0.001
‘ Gender W ‘ ’—'P—' 1.01(0.46, 2.22) 1.0 E
Sury - pTNM,_stage Age 7 ? 1.02 (0.99, 1.04) 0.22
‘ PTNM_stage w | — | 22l (L65 8.50) <o Gender 77 )—-—(: 0.38 (0.14, 0.99) 0.05
Surv ~ Riskscore i
‘ | 1 | pTNM_stage 77 - 1.96 (1.14, 3.38) 0.01
Riskscore 7 : ——a—i | 3.57 (2.39, 5.32) <0.001 !
o i 7 3 R ]
C D
Nomogram for prediction of OS probability GI’OUP = High_risk == Low_risk
0 10 20 30 40 50 60 0 80 100 N N
Points
1.00
Riskscore
105 10 95 9 85 8 15 T 65 6 55 5 45
Age
80 70 60 50 40 30 20 10
2 20751
Gender — .
1 Q
1 ©
PTNM_stage — -8
4 2 =
60507 -k - - - - - e
Total Points —
0 10 20 30 4 50 60 0 80 €0 100 1m0 120 130 g
Linear Predictor e PO
55 6 65 7 75 8 85 9 95 10 =
@ 0.251
3-year Survival Probabilty ——
01 02 03 04 05 06 07 08 09
5-year Survival Probabilty -_—
01 02 03 04 0506 07 08 09 0.00
5 10 15 20
Time (Years)
E F
ROC curve (AUC=0.827, time = 3-Years)
8 I 4 Group
|5} = = - .
& [ I I } PSMB7 2 Low_risk
2 il | 1 [nseas - llHigh risk
g 11 | FANCD2
N g HIF3A 2
2 | 1] | AcsL4
'_ -
T T T T T T
00 02 04 06 08 10
False positive fraction
FIGURE 7 | Evaluation of the reliability and the stability of the predictive model in ACC. (A) Univariate Cox regression analysis of age, gender, stage, and risk score in
the TCGA-ACC set; (B) Multivariate Cox regression analysis of age, gender, stage, and risk score in the TCGA-ACC set; (C) A nomogram for prediction of OS
probability; (D) Kaplan-Meier analysis of the gene signature in pooled data from the GSE19750 dataset and the GSE10927 dataset; (E) Time-dependent ROC
analysis of the gene signature in pooled data from the GSE19750 dataset and the GSE10927 dataset; (F) Heatmap of the expression profiles of 5 prognostic genes in
low-risk and high-risk group in pooled data from the GSE19750 dataset and the GSE10927 dataset. ACC, adrenocortical carcinoma; TCGA, The Cancer Genome
Atlas; OS: overall survival.

currently no perfect therapeutic drugs for clinical use that
specifically target hypoxic cancer cells (25, 26). Many studies
have reported that ferroptosis may play an important role in
cancer progression (13, 14, 27). It has been found that ACC was
remarkably sensitive to ferroptosis, indicating that the induction
of ferroptosis may be a very promising treatment for ACC
(18, 28). Mechanisms underlying susceptibility and resistance to
ferroptosis remain unclear and the roles of HIF and ferroptosis in
cancer progression have long received a lot of attention. Previous
basic research found that Mobilization of lipids from droplets

by HIF-1 signaling could lead to catabolism of polyunsaturated
fatty acids and decrease their incorporation into phospholipids,
thereby decreasing cellular sensitivity to ferroptosis (29). Our
analysis of the profile of ferroptosis-related genes among three
hypoxia-related molecular subtypes in patients with ACC also
further confirmed the close relationship between HIF and
ferroptosis in cancer progression.

Although there is much interest in the roles of HIF-
1 and ferroptosis in the prognosis of cancer patients, no
predictive model combining hypoxia- and ferroptosis-related
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biological terms for DEGs with the top 100 largest fold change. ACC, adrenocortical carcinoma; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and
Genomes; DEG, differentially expressed gene; BP, biological process; MF, molecular function; CC, cellular component; GSVA, Gene Set Variation Analysis.
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gene expression has been created in ACC, probably because of
the extreme rarity of ACC. In our study, we comprehensively
studied the differential expression of genes related to hypoxia
and ferroptosis in ACC and control samples. In addition, a novel
prediction model integrating two hypoxia-related DEGs (HIF3A
and PSMB7) and three ferroptosis-related DEGs (ACSLA4,
FANCD2, and HSPAS5) was constructed and validated. It may
be because the roles of hypoxia in the progression of ACC
have not received enough attention, and because of the rarity
of ACC, the role of HIF3A and PSMB7 in ACC has not been
studied. However, considerable researches have been done in
other cancers. HIFs are heterodimeric complex proteins that
consist of an alpha subunit (HIF-1a, HIF-2a, or HIF-3a) and a
beta subunit (7). HIF-1 governs the acute adaptation to hypoxia,
whereas HIF-2 and HIF-3 expressions begin during chronic
hypoxia in human endothelium. When HIF-1 levels decline, HIF-
2 and HIF-3 increase (30). A few studies have shown that the
gene expression of HIF3A was downregulated in breast cancer
and non-small cell lung cancer (31, 32). Silakit et al. found
that HIF-3a sustained HIF-1a activity and regulated cell growth
and chemotherapeutic drug resistance in cholangiocarcinoma
cells (33). Maynard et al. found that HIF-3a4, an alternatively
spliced variant of human HIF-3a, prevented the engagement
of HIF-2 to the hypoxia-responsive elements located in the
promoter/ enhancer regions of hypoxia-inducible genes, thus
suppressed the tumor growth of VHL-null renal cell carcinoma
(34). Proteasomes are involved in vital processes including
cell cycle regulation, apoptosis, and angiogenesis; therefore,
they represent an attractive target for anticancer therapy (35).
PSMB?7 encodes the B-type proteasome subunit 7. Rho et al.
found the overexpression of PSBM7 in colon adenocarcinoma
and the specific location of PSBM7 up-regulation within
heterogeneous primary human tumor tissue was confirmed by
immunohistochemistry (36). Munkacsy et al. found that PSMB7
was associated with anthracycline resistance and the patients with
high PSMB7 expression had significantly shorter survival than
the patients with low expression in breast cancer (37). Tan et al.
found that PSMB7 was associated with 5-fluorouracil resistance
in hepatocellular carcinoma. Furthermore, down-regulation of
PSMB7 enhanced hepatocellular carcinoma to 5-fluorouracil
sensitivity (38). Ferroptosis, a recently identified form of non-
apoptotic cell death, is involved in cancer progression (39).
ACSL4, an essential regulator of lipid metabolism, is identified
as a biomarker and contributor to ferroptosis (40). ACSL4
enriched cellular membranes with long polyunsaturated w6 fatty
acids. Moreover, ACSL4 was found preferentially expressed in
a panel of basal-like breast cancer cell lines and predicted
their sensitivity to ferroptosis (41). A ferroptosis signature
comprised of six genes including ACSL4 was found to be
associated with prognosis and immune infiltration in ACC
(18). In other cancers, Sha et al. found that higher ACSL4
expression was related to better overall survival in breast cancer
(42). Cheng et al. found that ACSL4 suppresses glioma cell
proliferation by activating ferroptosis (43). Luo et al. found
that higher ACSL4 expression was associated with CD8+ T
cell infiltration and immune response in bladder cancer (44).

FANCD?2 is a nuclear protein involved in DNA damage repair
and has been found to protect against ferroptosis (45). Wu
et al. found that a new ferroptosis signature including FANCD2
accurately predicted prognosis in clear cell renal cell carcinoma
(46). Fagerholm et al. found that overabundant FANCD2 was
a sensitive marker of adverse prognosis in breast cancer (47).
Moes-Sosnowska et al. found that FANCD2 overexpression
was a strong negative prognostic factor in ovarian cancer,
particularly in patients treated with taxane-platinum regimen
(48). HSPA5 is a molecular chaperone expressed primarily
in the endoplasmic reticulum and is closely associated with
tumor progression and poor prognosis (49). In ACC, Ruggiero
et al. found that the HSPA5 inhibitor HA15 synergized with
mitotane action against adrenocortical carcinoma cells through
convergent activation of endoplasmic reticulum stress pathways
(50). Growing evidence showed that HSPA5 mediated ferroptosis
resistance and negatively regulated ferroptosis in cancer cells
(51). Our study suggests that these genes are important
prognostic factors in ACC and could be potential therapeutic
targets, although the roles of these hub genes in ACC still need
to be further investigated.

We further perform bioinformatic enrichment analysis to
explore the biological functions and pathways that were related to
the risk score calculated by the predictive model. The significantly
enriched KEGG pathways included cell cycle, DNA replication,
basal cell carcinoma, oocyte meiosis, and cellular senescence
for up-regulated DEGs, and chemokine signaling pathway,
neuroactive ligand-receptor interaction, amphetamine addiction,
phenylalanine metabolism, and metabolism of xenobiotics by
cytochrome P450 for down-regulated DEGs. We also found that
the expressions of five hub genes were all significantly associated
with TMB in ACC, suggesting that the predictive model has
the potential to be used for predicting response to immune
checkpoint inhibitor therapy. However, further studies will be
necessary to investigate the underlying mechanisms.

Our study has several limitations. First, our analysis shared the
limitations of the TCGA and GEO datasets. The accuracy of the
TCGA and GEO datasets is limited by the quality and availability
of the original data. Nevertheless, therapeutic targets including
Fibroblast Growth Factor 19 (FGF19), have been successfully
validated in pre-clinical settings after they were identified from
bioinformatic analysis (52), which motivates us to continue
bioinformatic analysis of some refractory tumors, including
ACC. Second, this is a retrospective study. The predictive
model should be validated in a large, multicenter ACC cohort.
Third, further functional and mechanistic studies are required
to elucidate hypoxia-ferroptosis interactions and the underlying
cancer pathogenesis. Notwithstanding these limitations, the
findings of this study could yield novel therapeutic targets
for ACC.

CONCLUSION

In conclusion, this study identified three hypoxia-related
molecular subtypes with distinct prognoses and ferroptosis-
related gene expression profiles in ACC patients. A predictive
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model combining hypoxia- and ferroptosis-related gene
expression was constructed and validated. This model could
accurately and powerfully predict the prognosis of patients
with ACC. We also established a nomogram combining
age, sex, tumor stage, and our predictive model to assist
in clinical judgment. These findings provide new ideas
for the diagnosis, prognostic prediction, and treatment
of ACC.
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