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Background: Adrenocortical carcinoma (ACC) is an aggressive cancer with heterogeneous outcomes. In this study, we aimed
to investigate genomic and prognostic features of ACC.

Material/Methods: Clinical, pathologic, and transcriptomic data from 2 independent datasets derived from ACC samples (TCGA-
ACC dataset, GEO-GSE76021 dataset) were collected. Weighted gene co-expression network analysis (WGCNA)
and survival analyses were performed to identify prognostic genes. Pathway analysis was performed for mech-
anistic analysis. xCell deconvolution was performed for tumor microenvironment analysis.

Results: In the TCGA-ACC cohort, WGCNA identified a prognostic module of 5408 genes. Differential expression analysis
identified 1969 genes that differed in expression level between long-term and short-term survivors. Univariate
Cox regression model analysis identified 8393 genes with prognostic value. The intersection of these gene sets
included 820 prognostic genes. Similar protocols were performed for the GSE76021 dataset, and 5 candidate
genes were identified. Further intersection of these genes finally identified NDRG4 and CKS2 as key prognos-
tic genes. Multivariate Cox regression model analysis validated the prognostic value of NDRG4 (HR=0.61, 95%
C1 0.46-0.80) and CKS2 (HR=2.52, 95% Cl 1.38-4.60). Moreover, NDRG4 and CKS2 expression predicted surviv-
al in patients treated with mitotane (P<0.001). Further mechanism exploration found an association between
CKS2 and DNA mismatch repair pathways. Moreover, NDRG4 positively correlated with CD8* T cell infiltration,
while CKS2 negatively correlated with it.
Conclusions: We identified NDRG4 and CKS2 expression as key prognostic genes in ACC, which may help in risk stratifica-
tion of ACC. Moreover, a close relationship was found between CKS2 and mismatch repair pathways. Moreover,
immune cell infiltration differed according to NDRG4 and CKS2 expression.
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Background

Adrenocortical carcinoma (ACC) is an aggressive cancer orig-
inating in the cortex of the adrenal gland [1]. Almost half of
ACC patients will experience recurrence or metastasis [2], re-
sulting in a relatively low 5-year overall survival (OS) rate, rang-
ing from 16% to 60% [3,4]. Traditional prognostic factors for
ACC include tumor stage [5], resection status [6], and Ki67 in-
dex of tumor proliferation [7]. However, these traditional fac-
tors still have limitations. Recent studies have identified nov-
el molecular biomarkers for predicting ACC survival, such as a
5-gene (TOP2A, NDC80, CEP55, CDKN3, and CDK1) signature,
as well as DNA damage and cell cycle pathways [8-12], indi-
cating that the molecular pathogenesis of ACC may also be
involved in disease progression and survival.

Advances in molecular biology have uncovered part of the
pathogenesis mechanism of ACC [13-17], but the precise mech-
anisms are still far from known. Recently, genomic approach-
es have provided a more comprehensive landscape for ACC
pathogenesis [18,19]. Assié et al were the first to apply exome
sequencing and SNP array analysis in a relatively large num-
ber of ACC patients [19]. They identified 2 distinct molecular
ACC subgroups with opposite outcome [19]. Another study by
Zheng et al applied a comprehensive pan-genomic analysis of
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ACC patients, which identified PRKAR1A, RPL22, TERF2, CCNE1,
and NF1 as new driver genes of ACC [18]. They also divided
ACC into 3 subtypes according to a DNA-methylation signature,
which may be helpful in the risk stratification of ACC[18]. These
high-throughput genomic studies helped to expand knowledge
boundaries with regard to ACC development.

Mitotane (1,1-(dichlorodiphenyl)-2,2-dichloroethane) is a ste-
roidogenesis inhibitor and cytostatic antineoplastic medication
for ACC treatment, which is recommended as systemic therapy
for metastatic or unresectable ACC, as well as adjuvant ther-
apy for high-risk postoperative patients [20]. However, not all
patients respond to mitotane. Recently, the pharmacokinetics
of mitotane has been found to be a predictive factor in ACC
prognosis [21,22]. A recent study also identified the correla-
tion between SOAT1 expression and response to mitotane in
ACC patients [23]. However, no robust predictive biomarker
has been applied in the clinic.

In the present study, by re-evaluation of 2 open-access tran-
scriptomics datasets, we aimed to identify key prognostic
genes in ACC, which may be predictive of the efficacy of mi-
totane therapy as well. Moreover, we attempted to discover
the molecular mechanisms underlying the functions of these
prognostic genes.
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Figure 1. Flow chart of the study design.
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Table 1. Baseline characteristics of the TCGA-ACC cohort.

Male (%)

Sex 31 (39.2%)
CAge(years 487481567
Cstatws
"""" Ded 11 (139%
"""" Aive 20 (253%)
CTstage
"""" T
"""" 215 (19.0%)
"""" s 4 %
"""" a7 gw
Nstage
"""" o 27 (axe
"""" T 2 asw)
Mstage
"""" o 24 (Goa%
"""" T s (63%)
Cstage
"""" L3 (8%
"""" 15 (19.0%)
"""" w6 (6%
eV s (63%)
CRvents
"""" local recurrence 5 (63%)
"""" Distant metastasis 6 (7.6%)
"""" New primary tumor 1 (13%)
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Female (%) Total (%)

79 (100%)

45.38+15.69 46.70+15.67
17 (21.5%) 28 (35.4%)
31 (39.2%) 51 (64.6%)
6 (7.6%) 9 (11.4%)
27 (34.2%) 42 (53.2%)
4 (5.0%) 8 (10.1%)
11 (13.9%) 18 (22.8%)
41 (51.9%) 68 (86.1%)
7 (8.9%) 9 (11.4%)
38 (48.1%) 62 (78.5%)
10 (12.7%) 15 (19.0%)
6 (7.6%) 9 (11.4%)
22 (27.8%) 37 (46.8%)
10 (12.7%) 16 (20.3%)
10 (12.7%) 15 (19.0%)
5 (6.3%) 10 (12.7%)
20 (25.3%) 26 (32.9%)
0 (0.0%) 1 (1.3%)

Material and Methods

Study Populations and Data Acquisition

The study design is illustrated in Figure 1. Two independent
datasets, the TCGA-ACC dataset and the GEO-GSE76021 da-
taset, were downloaded for the study. The TCGA-ACC cohort
included 79 patients (Table 1) and the GEO-GSE76021 co-
hort included 29 patients. For the TCGA-ACC cohort, clinical,
pathologic, and transcriptomic data were downloaded from
the UCSC Xena (https://xena.ucsc.edu/) website. For the GEO-
GSE76021 cohort, clinical, pathologic, and transcriptomic data
were downloaded from the Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/) website. R software (version
4.0.2; https://www.r-project.org/) and Bioconductor packages
(http://www.bioconductor.org/) were used for data analysis.

The “sva” package [24] was used for the normalization of the
GSE76021 dataset. For duplicates, RNA expression was aver-
aged, and genes with relatively low abundance were discard-
ed. We followed the access policies of the TCGA and GEO da-
tabases strictly during the process of the study.

Weighted Gene Co-expression Network Analysis

Weighted gene co-expression network analysis (WGCNA) was
used as a systematic method to describe the pattern of gene
correlation, as previously described by Langfelder et al [25].
We set OS as the phenotype for WGCNA analysis. Potential
biomarker genes in ACC were identified through association
between gene sets and OS. In the current study, gene expres-
sion matrices for the TCGA-ACC cohort and the GEO-GSE76021
cohort were used as input data. The “WGCNA” package in R
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software was used for WGCNA processing. An adjacency ma-
trix and a topological overlap matrix were constructed. After
that, we constructed a gene dendrogram, and performed mod-
ule identification with a dynamic tree cut. The correlation be-
tween OS and genomic data was then calculated. The most
predominant module associated with OS was selected as the
key module, and genes in the key module were used in the
following analysis.

Survival Analysis

Univariate Cox analysis was used to screen survival-related
genes. Hazard ratio (HR) was used to classify genes as either
protective or deleterious. These genes were selected as po-
tential prognostic genes. A multivariate Cox regression mod-
el including gender, age, tumor stage, NDRG Family Member
4 (NDRG4), and CDC28 Protein Kinase Regulatory Subunit 2
(CKS2) was used to identify independent prognostic factors
for OS in ACC. Kaplan-Meier survival analysis and log-rank test
were used to validate the prognostic value of target genes.

Differential Expression Analysis

For differential expression analysis, long-term survivors were
defined as those with OS >5 years, and short-term survivors
were defined as those with OS <3 years. Differentially expressed
genes (DEGs) were determined by the “Limma” package mod-
erated t test, and genes with P value <0.001 and fold change
>2 were regarded as DEGs [26].

Establishment of regression Model and Construction Of
Risk Score

The risk score for predicting postoperative survival was calcu-
lated based on a linear combination of tumor stage and gene
expression in the TCGA-ACC cohort by logistic regression. The
following calculation formula was used for the analysis:

Risk score= ¥ Ni=1 (Expi*Coei)

N, Coei, and Expi represented gene number, coefficient value,
and level of gene expression, respectively. Receiver operating
characteristic (ROC) analysis was used to evaluate the accu-
racy of the prognostic model.

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was performed us-
ing the molecular signatures database (MSigDB) (http://
www.broadinstitute.org/gsea/msigdb). The “clusterProfiler”
R package was used during the process. Significantly differ-
ent pathways were defined as P< 0.05 in the gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
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databases. Enrichment scores and P values were based on
1000 permutations.

Tumor Microenvironment Analysis

We applied xCell (http://xCell.ucsf.edu/), a gene signature-based
deconvolution method, to infer 64 immune and stromal cell
types for ACC microenvironment analysis [27].

Statistical Analysis

Wilcoxon signed ranks test or t test was used for analysis of
continuous variables, as appropriate. Chi-square test, Fisher’s
exact test, or Cochran-Mantel-Haenszel test was applied for
categorical variables. Correlational analyses were performed
by Spearman’s correlation test. Two-tailed P value <0.05 was
considered as statistically significant for all statistical analyses.

Results

Identification of Potential Prognostic Genes in the
TCGA-ACC Cohort

Figure 1 shows the study design. We first performed weight-
ed correlation network analysis to identify prognostic genes in
the TCGA-ACC cohort. OS was set as the phenotype. Expression
matrices for 79 samples were used for WGCNA construction.
Figure 2A shows the cluster dendrogram of the samples in
the TCGA-ACC cohort. After quality assessment for each ex-
pression matrix, R?=0.9 was selected to ensure a scale-free
network (Figure 2B). We also set a threshold of 0.4 to merge
similar modules. After that, a total of 15 modules were iden-
tified (Figure 2C). Genes in the grey module were removed in
the subsequent analysis. Next, we calculated eigengenes for
all of the modules and clustered them based on their correla-
tion (Figure 2D, 2E). A module eigengene heatmap showed that
the 7 modules were mainly divided into 3 clusters (Figure 2D).
A network heatmap was also performed to analyze the inter-
actions between the modules (Figure 2E). The results showed
that the skyblue2 module was relatively independent from the
other modules, with a high-scale independence of transcrip-
tomic expression. Figure 2F shows a heatmap of the correla-
tion between module eigengenes and patients’ survival in the
TCGA-ACC cohort. Close relationships are represented by red
color. We found that the skyblue2 module was significantly
correlated with OS (Figure 2F, P=9x10%). Taken together, the
skyblue2 module was selected as the main prognostic module.

We further performed differential expression analysis to de-
fine 3769 DEGs between long-term survivors (OS >5 years)
and short-term survivors (OS <3 years) in the TCGA-ACC co-
hort (Figure 2G). Moreover, we performed a univariate Cox
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Figure 2. Identification of prognostic genes in the TCGA-ACC cohort by WGCNA. (A) Cluster dendrogram of samples in the TCGA-ACC
cohort to detect outliers. The dendrogram branches represent the clustered samples. (B) Soft-threshold power analysis of the
scale-free fit index (upper) and the mean connectivity (lower). (C) Dendrogram of gene clustering and module assignment.
Modules are represented by different colors. (D) Heatmap of adjacencies in the eigengene network. Higher adjacency
is represented by red color. (E) Interaction of co-expressing modules. Higher connectivity is represented by light color.

(F) Heatmap of the correlation between module eigengenes and patients’ survival. Close relationships are represented by
red color. (G) Volcano plot of DEGs between long-term survivors and short-term survivors in the TCGA-ACC cohort. (H) Venn
diagram of the intersection of DEGs between long-term survivors and short-term survivors, prognostic genes according

to univariate Cox regression model, and the WGCNA-skyblue2 module. WGCNA — weighted correlation network analysis;
DEGs - differentially expressed genes.
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Figure 3. Identification of prognostic genes in the GSE76021 cohort. (A) Cluster dendrogram of samples in the GSE76021 cohort. The
dendrogram branches represent the clustered samples. (B) Soft-threshold power analysis of the scale-free fit index (upper)
and the mean connectivity (lower). (C) Dendrogram of gene clustering and module assignment. Modules are represented
by different colors. (D) Heatmap of adjacencies in the eigengene network. Higher adjacency is represented by red color.

(E) Interaction of co-expressing modules. Higher connectivity is represented by light color. (F) Heatmap of the correlation
between module eigengenes and patients’ survival. Close relationships are represented by red color. (G) Volcano plot of DEGs
between long-term survivors and short-term survivors in the GSE76021 cohort. (H) Venn diagram of the intersection between
DEGs, prognostic genes according to Cox analysis, and the WGCNA-plum3 module. WGCNA — weighted correlation network
analysis; DEGs — differentially expressed genes.
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Figure 4. Identification of NDRG4/CKS2 as key prognostic genes in ACC. (A) Venn diagram of the intersection of prognostic genes in
the TCGA-ACC cohort and the GSE76021 cohort. (B) Multivariate Cox regression model for overall survival in ACC including
gender, age, tumor stage, NDRG4 expression, and CKS2 expression. (C) NDRG4 gene expression in ACC according to different
stages. (D) CKS2 gene expression in ACC according to different stages. ACC — adrenocortical carcinoma.

regression model to define 8393 potential prognostic genes
(Figure 2H). Finally, 820 intersection genes were defined be-
tween the DEGs, Cox regression prognostic genes, and the
WGCNA-skyblue2 module genes.

Identification of Potential Prognostic Genes in the
GSE76021 Cohort

We downloaded clinicopathologic and transcriptomic data from
the GEO dataset GSE76021, which consisted of data from 29
ACC patients. We also set OS as the phenotype for WGCNA. A
cluster dendrogram of the samples in the GSE76021 cohort is
illustrated in Figure 3A. After quality assessment for the ex-
pression matrix, R?=0.9 was selected to ensure a scale-free net-
work (Figure 3B). We also set a threshold of 0.4 to merge sim-
ilar modules. After that, a total of 16 modules were identified
(Figure 3C). Next, we calculated eigengenes for all modules
and clustered them based on their correlation (Figure 3D, 3E).
The modules were mainly divided into 2 clusters (Figure 3D),
and the interactions among all of the modules were detect-
ed by network heatmap (Figure 3E). In the end, the plum3
module was defined as relatively independent from the other

modules, with a high-scale independence of transcriptomic ex-
pression. Moreover, a close relationship was found between
the plum3 module and the patients’ OS in the GSE76021 co-
hort (Figure 3F). Taken together, the plum3 module was se-
lected as the main prognostic module in the GSE76021 cohort.

Differential expression analysis was further performed in the
GSE76021 cohort, and 410 DEGs were found between long-
term survivors (OS >5 years) and short-term survivors (OS <3
years) (Figure 3G). Moreover, univariate Cox analysis was per-
formed, and 1059 potential prognostic genes were identified
(Figure 3H). Finally, 5 intersection genes were defined between
the DEGs, Cox regression prognostic genes, and WGCNA-plum3
module genes in the GSE76021 cohort.

Identification of NDRG4 and CKS2 as Prognostic Genes for
ACC

Figure 4A shows a Venn diagram of the intersection of prog-
nostic genes in the TCGA-ACC cohort and the GSE76021 co-
hort. We next constructed a multivariate Cox regression mod-
el for OS in ACG, including gender, age, tumor stage, NDRG4,
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Figure 5. Association between NDRG4/CKS2 expression and survival of ACC patients. (A) Kaplan-Meier survival curve of overall survival
in the TCGA-ACC cohort according to NDRG4 and CKS2 expression. (B) Survival curve of overall survival in the GSE76021
cohort according to NDRG4 and CKS2 expression. (C) Survival curve of disease-free survival in the TCGA-ACC cohort
according to NDRG4 and CKS2 expression. (D) Survival analysis according to NDRG4 and CKS2 expression in ACC patients
treated by mitotane therapy. (E, F) Receiver operating characteristic analysis of the tumor stage, CKS2 expression, NDRG4
expression, and the combined risk score for predicting 3-year survival (E) and 5-year survival (F) in the TCGA-ACC cohort.

ACC - adrenocortical carcinoma.
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Figure 6. Association between NDRG4/CKS2 expression and homologous recombination/mismatch repair pathways. (A) GSEA analysis
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Figure 7. Association between NDRG4/CKS2 expression and immunological status in ACC. (A) Fraction of immune cell infiltration in the
NDRG4 high-expression and low-expression samples according to xCell cell type enrichment analysis. (B) Correlation between
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ACC - adrenocortical carcinoma.

and CKS2 (Figure 4B). In this multivariate Cox regression
model, NDRG4 and CKS2 expression were both independent-
ly associated with the patients’ OS (NDRG4: HR 0.61, 95% ClI
0.46-0.80, P<0.001; CKS2: HR 2.52,95% Cl 1.38-4.60, P=0.003;
Figure 4B). Moreover, NDRG4 expression decreased when tu-
mor stage increased (Figure 4C). In contrast, CKS2 expression
increased when tumor stage increased. The results indicat-
ed that NDRG4 and CKS2 expression are potential prognos-
tic genes in ACC, and are associated with ACC progression.

We also performed Kaplan-Meier survival analysis for the ACC
patients. Kaplan-Meier survival curves and log-rank analysis
showed that high expression of NDRG4 was associated with
better survival in both the TCGA-ACC cohort (P<0.001; Figure 5A)
and the GSE76021 cohort (P=0.002; Figure 5B). On the other
hand, CKS2 high expression was associated with worse sur-
vival in both the TCGA-ACC cohort (P<0.001; Figure 5A) and
the GSE76021 cohort (P<0.001; Figure 5B). For disease-free
survival, Kaplan-Meier survival analysis also identified NDRG4
(P<0.001) and CKS2 (P<0.001) expression as prognostic factors
(Figure 5C). Moreover, NDRG4 (P<0.001) and CKS2 (P<0.001)
expression could also be prognostic factors for patients treat-
ed with mitotane therapy (Figure 5D).

We further performed ROC analysis to identify whether CKS2
and NDRG4 could be used as predictors for 3-year survival and
5-year survival of ACC patients. We constructed a combined
risk score by logistic regression modelling for ACC survival

according to tumor stage, NDRG4 expression, and CKS2 ex-
pression. We found that this combined risk score could be used
for prediction of 3-year survival in ACC, and this worked better
than tumor stage alone (AUC=0.974 vs AUC=0.804, P=0.0016,
Figure 5E). The combined risk score could also be used for pre-
diction of 5-year survival, a stronger prediction than for tumor
stage alone (AUC=0.969 vs AUC=0.891, P=0.0313; Figure 5F).

Biologic Pathways Related to NDRG4 and CKS2 Expression

In order to clarify biologic pathways related to NDRG4 and CKS2
expression, we further performed GSEA analysis in the TCGA-
ACC cohort. We found several pathways enriched in NDRG4
low-expression samples including the cell cycle pathway, the
DNA replication pathway, the hedgehog signaling pathway, and
the homologous recombination pathway (Figure 6A). Moreover,
expression of genes related to the homologous recombina-
tion pathway was mostly elevated in the NDRG4 low-expres-
sion samples (Figure 6B). In addition, a negative correlation
was found between NDRG4 expression and homologous re-
combination genes including BRCA1, BRCA2, EXO1, and MSH2
(Figure 6C).

We also performed GSEA analysis between low and high ex-
pression levels of CKS2. We found DNA replication mismatch
repair, p53 signaling pathway, and spliceosome pathway genes
were enriched in CKS2 high-expression samples (Figure 6D).
Moreover, expression of genes related to DNA mismatch repair
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pathways was mostly elevated in the CKS2 high-expression
samples (Figure 6E). In addition, a positive correlation was
found between NDRG4 expression and mismatch repair genes
such as BRCA1, BRCA2, EXO1, and MSH2 (Figure 6F).

Immune Cell Infiltration Associated with NDRG4 and CKS2
Expression

Immunotherapy has been recently applied in multiple cancer
types. We aimed to discover whether NDRG4 and CKS2 ex-
pression was associated with immune cell infiltration in ACC.
By using xCell cell type enrichment analysis, we identified im-
mune cell infiltration in the TCGA-ACC samples. The infiltra-
tion of CD8+ T cells, dendritic cells, natural killer T cells, regu-
latory T cells, macrophages, and fibroblasts was significantly
more abundant in NDRG4 high-expression samples, while the
infiltration of Th1 and Th2 cells was more abundant in NDRG4
low-expression samples (Figure 7A). Correlation analysis also
identified a positive correlation between NDRG4 expression
and infiltration of CD8+ T cells, dendritic cells, natural killer T
cells, regulatory T cells, macrophages, and fibroblasts; and a
negative correlation between NDRG4 expression and infiltra-
tion of Th1 and Th2 cells (Figure 7B).

We also analyzed the relationship between CKS2 expression
and immune cell infiltration. The infiltration of CD8+ T cells,
dendritic cells, natural killer T cells, regulatory T cells, macro-
phages, and fibroblasts was significantly more abundant in
CKS2 low-expression samples, while the infiltration of Th1 and
Th2 cells was more abundant in CKS2 high-expression sam-
ples (Figure 7C). Correlation analysis also identified a nega-
tive correlation between CKS2 expression and infiltration of
CD8+ T cells, dendritic cells, natural killer T cells, regulatory T
cells, macrophages, and fibroblasts; and a positive correlation
between CKS2 expression and infiltration of Th1 and Th2 cells
(Figure 7D). Our results suggested immune cell infiltration dif-
fers according to NDRG4 and CKS2 expression.

Discussion

ACC is an aggressive cancer with heterogeneous outcomes, but
its molecular mechanisms have not yet been clarified. Recently,
genomic technologies have been applied for the discovery of
mechanisms of ACC. In the present study, we applied transcrip-
tional analysis of available transcriptomic data from 2 data-
sets of ACC. We identified NDRG4 and CKS2 as key prognos-
tic genes for ACC, with potential predictive value for mitotane
therapy as well. We further identified mismatch repair path-
ways as dominant biologic pathways associated with CKS2.
Moreover, immune cell infiltration in ACC differed according
to NDRG4 and CKS2 expression.
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NDRG#4 is a member of the N-myc downregulated gene family,
which belongs to the alpha/beta hydrolase superfamily [28].
The protein encoded by this gene is a cytoplasmic protein that
is required for cell cycle progression and survival [29], and may
be involved in the regulation of mitogenic signaling in vascu-
lar smooth muscles cells [30]. Research into the connection
between NDRG4 and cancer is gaining more and more atten-
tion, although conflicting results have been reported. NDRG4
can show either tumor-suppressive or oncogenic function, de-
pending on the tumor types [31-34]. Currently, the function
of NDRG4 in ACC has not been determined. Our study found
a relationship between high expression of NDRG4 and favor-
able survival in ACC (Figure 5A-5C), suggesting that it may be
a potential tumor suppressor. Since NDRG4 is required for tu-
mor cell cycle regulation [29], and cell cycle regulation plays
a crucial role in ACC progression [12], we believe this could
be a potential mechanism underlying the correlation between
NDRG4 and ACC development. Moreover, Agosta et al (2018)
found that NDRG4 may be a potential target of miR-139-5p,
and that the miR-139-5p/NDRG4 pathway promotes ACC ag-
gressiveness by mediating epithelial-to-mesenchymal transi-
tion, which results in tumor cell invasiveness and anchorage-
independent growth [35]. However, this finding needs further
in vitro and in vivo validation.

CKS2 is a protein-coding gene that binds to the catalytic sub-
unit of the cyclin-dependent kinases and is essential for their
biological function [36]. CKS2 is involved in the process of tu-
morigenesis of gastric cancer [37], prostate cancer [38], blad-
der cancer [39] and others. Our study also found an associ-
ation between high expression of CKS2 and poor survival in
ACC (Figure 5A-5C). Moreover, we found CKS2 expression to be
correlated with elevated expression of mismatch repair genes
such as BRCA1, BRCA2, EXO1, and MSH?2 (Figure 6D-6F). Since
CKS2 overexpression has been found to be able to override the
DNA damage response barrier triggered by activated oncopro-
teins [40], we believe this could be a potential mechanism un-
derlying the correlation between CKS2 and survival of ACC pa-
tients. Moreover, through in vitro experiments, Chehade et al
found that miR-7, which participates in cell cycle arrest in ACC,
acts as a key regulator of CKS2 [41]. According to these stud-
ies, we speculate that miRNAs might play an important role
in the regulation of NDRG4 and CKS2, resulting in tumor cell
proliferation and aggressiveness, as well as ACC progression.
However, further in vitro and in vivo functional studies are still
needed. In vitro studies needed include gene overexpression
and CRISPR knock-out in tumor cells, and evaluation of tumor
cell growth, invasion, and other related biological processes. In
vivo studies could be performed on tumor-bearing mice, includ-
ing evaluation of tumor growth and mouse survival. Moreover,
the functional status of immune cells in tumor-bearing mice
should also be evaluated, since our study also suggested a re-
lationship between CKS2/NDRG4 and intratumoral immunity.
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Mitotane is recommended as systemic therapy for metastat-
ic or unresectable ACC, and also as adjuvant therapy in high-
risk postoperative patients [20], but not all patients respond
to this drug. The development of robust predictive biomarkers
for mitotane therapy efficacy may have potential clinical sig-
nificance. Our study identified NDRG4 and CKS2 as predictive
biomarkers for mitotane therapy success in ACC (Figure 5D),
which may be helpful in clinical management. However, further
validation studies in larger, prospective cohorts are still needed.

Sequence-based analyses, including genomic, transcriptomic,
and epigenomic profiling, have been applied recently in ACC
studies [18]. Such studies have identified novel driver genes
and molecular classifications for ACC, which may guide fur-
ther functional studies [18]. Our study integrated multiple da-
tasets from previous studies, which provided a more compre-
hensive view of the pathogenesis of ACC.

The present study still has some limitations. The limited sam-
ple size is the major limitation. Further validation studies in
larger, prospective cohorts are needed. Moreover, the meth-
odology of the current study could not clarify the underlying
molecular mechanism of the 2 prognostic genes. Future func-
tional and mechanical studies are needed to fully understand
the underlying mechanisms. In addition, the study indicated
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a relationship between immunogenic status and prognosis in
ACC. Further studies are needed to clarify whether or not im-
mune cell infiltration is involved in ACC pathogenesis and de-
velopment, and whether immune cell infiltration could be a
potential therapeutic target in ACC. The prognostic genes iden-
tified in this preliminary study require validation by further in-
terventional and functional studies.

Conclusions

This study applied a comprehensive transcriptomic approach to
analyze available transcriptomic data to identify key prognostic
genes in ACC. We identified NDRG4 and CKS2 as key prognos-
tic genes in ACC that also may have potential predictive val-
ue for mitotane therapy. We further identified DNA mismatch
repair pathways as dominant biologic pathways associated
with CKS2. Moreover, immune cell infiltration in ACC differed
according to NDRG4 and CKS2 expression. These findings re-
quire validation by further interventional and functional studies.
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