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Abstract: Prostate adenocarcinoma (PRAD) is the most common histological subtype of prostate
cancer. Post-treatment biochemical recurrence is a challenging issue. ATAD1 (ATPase Family AAA
Domain Containing 1) plays a vital role in mitochondrial proteostasis and apoptosis activity, while its
clinical value in PRAD and its impact on the tumor microenvironment (TME) remain unanswered. In
this study, we aimed to investigate the clinical value and possible mechanisms of ATAD1 in PRAD
via multi-omics analysis. Using cBioPortal, we confirmed that ATAD1 alteration was associated
with gene expression and unfavorable DFS. Deep deletion predominantly occurred in PRAD. By
integrating DriverDBv3 and GEPIA2, we noted ATAD1 downregulation in PRAD tissues compared
to normal tissues, associated with unfavorable DFS in PRAD patients. DNA repair genes ATM,
PARP1and BRCA2 had positive associations with ATAD1 expression. We found that the general-
ization value of ATAD1 could be applied to other cancers such as KIRC and UCEC. In addition,
LinkedOmics identified that the functional involvement of ATAD1 participates in mitochondrial
structure and cell cycle progression. Using TIMER analysis, we demonstrated that ATAD1 downreg-
ulation correlated with an immunosuppressive TME. Furthermore, we accessed a GSE55062 dataset
on UALCAN and discovered the involvement of ERG-mediated transcriptional repression on ATAD1
downregulation. Cross-association screening of shATAD1 efficacy vs. altered mRNAs identified 190
perturbed mRNAs. Then, functional enrichment analysis using the Metascape omics tool recognized
that shATAD1-perturbed mRNAs are primarily in charge of the activation of Wnt/β-catenin pathway
and lipid metabolic processes. In conclusion, multi-omics results reveal that ATAD1 downregulation
is a clinical biomarker for pathological diagnosis and prognosis for patients with PRAD. Reduced
ATAD1 may be involved in the enhanced activity of mitochondria and cell cycle, as well as possi-
bly shaping an immunosuppressive TME. ERG serves as an upstream transcriptional repressor of
ATAD1. Downstream mechanisms of ATAD1 are involved in Wnt/β-catenin pathway and lipid
metabolic processes.

Keywords: prostate adenocarcinoma; ATPase Family AAA Domain Containing 1; biomarker; deep
deletion; ETS transcription factor ERG; transcription repression; mitochondria; cell cycle; tumor
immune microenvironment

1. Introduction

Prostate adenocarcinoma (PRAD) is the most common histological subtype of prostate
cancer [1]. Prostate cancer occupies the second most common malignant tumor and the fifth
major cause of cancer mortality in men globally [2]. With advancements in detection and
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treatment, patients with PRAD at an early stage had an 99% ten-year overall survival (OS)
rate [3]. Active surveillance, focal therapy, radiotherapy, radical prostatectomy, androgen
restriction, as well as more recently, immunotherapy, are all available as treatments for
metastatic illness [4,5]. However, after having treatment without signs of overt metastatic
illness, more than half of patients will develop biochemical recurrence (BCR) [6], which is
characterized by elevated prostate-specific antigen (PSA) levels. In regard to anti-tumor
immunity, prostate cancer is often defined as a “cold tumor” with an immunosuppressive
tumor microenvironment (TME), in which tumor-infiltrating lymphocytes (TILs) may
exacerbate the development of prostate cancer [7]. TILs from prostate cancer biopsy
samples are predisposed to the Tregs and T helper 17 (Th17) phenotypes, which block
autoreactive T cells and antitumor immune responses [8]. Thus, the identification of
biomarkers that features good clinicopathological value is an urgent need for the prognosis
and companion diagnosis of these patients.

ATAD1 (ATPase Family AAA Domain Containing 1) plays a vital role in many bio-
logical scenarios, including preserving mitochondrial proteostasis [9,10] and activating
apoptotic pathways via depleting BCL-family protein [11]. In addition, ATAD1 was re-
cently found to participate in neurological development, such as the regulation of synaptic
plasticity. For now, the best understood function of ATAD1 is the removal of mistargeted
tail-anchored (TA) proteins from the mitochondrial outer membrane [12]. Interestingly, the
clinical value of ATAD1 in PRAD and its impact on TME remain unanswered.

In this study, we aimed to investigate the clinical value of ATAD1 in PRAD via multi-
omics analysis. Firstly, the mutational profile of ATAD1 and clinical significance of its
genetic alteration were examined. Secondly, its predominant implication in the diagnosis
and prognosis of PRAD were identified. Thirdly, the possible mechanisms behind ATAD1
downregulation on PRAD progression were determined. Fourthly, the association between
ATAD1 expression and the prostate microenvironment at the single-cell level and its
relationship with immune infiltration were analyzed. Finally, we found that ERG may act
as a transcriptional repressor on the gene expression of ATAD1.

2. Materials and Methods
2.1. cBioPortal

cBioPortal is gear toward interactive analysis of genomics and clinical profiles in
human tumor tissue from The Cancer Genome Atlas (TCGA) databases [13]. The OncoPrint
module was used to examine the profiled for mutations, mutation spectrum, mutation
counts, tumor mutational burden (TMB), and genetic alterations of ATAD1 across cancers.
The Mutations modules was used to analyze a lollipop plot of gene mutation landscape.
Log2 copy-number values from Affymetrix SNP6 was selected to analyze the correlation
coefficient of copy number with mRNA levels. The Comparison/Survival module was
used to analyze survival rate based on gene alteration status. The Cancer type panel of
the Cancer Types Summary module was employed to genetic alteration frequency across
all cancers.

2.2. DriverDB

DriverDBv3 is a cancer driver gene database that provides integrative multi-omics
analysis bioinformatics algorithms to identify driver genes/mutations [14]. The Visualiza-
tion panel of the CNV module was used to determine the relations between the top-ranked
genes and their CNV in PRAD samples. The Locus enrichment panel was used to illustrate
the loci of genes within all chromosomes and the correlation coefficient value of CNV and
mRNA levels. The Visualization panel of the Expression module was utilized to exhibit
ATAD1 gene expression levels in normal and PRAD specimens.

2.3. GEPIA2

The updated version of the Gene Expression Profiling Interactive Analysis (GEPIA2)
public database was designed to deliver fast and customizable functionalities based on
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TCGA and GTEx datasets, and features 198,619 isoforms and 84 cancer subtypes [15]. The
Survival Analysis module was used to determine the probability of disease-free survival
(DFS) based on the expression levels of a gene. The cutoff value of the gene expression
level was set at 25–75% (high–low).

2.4. Human Protein Atlas

The differential expression levels of ATAD1 protein in normal and tumor tissues was
validated using the Human Protein Atlas portal [16–18], which is geared toward mapping
the biology of all human proteins in cells, tissues, and organs by integrating a variety
of biological techniques, including antibody-based imaging, mass spectrometry-based
proteomics, single-cell level transcriptomics, and systems.

2.5. Tumor Immune Estimation Resource (TIMER)

TIMER is a public web server for comprehensive evaluations of the clinical impact
of different immune cells in diverse cancer types [19]. Its updated version TIMER2.0
exploits multiple algorithms to estimate infiltration levels of immune cells [20]. We used the
Gene_DE and the Gene_Corr module to analyze ATAD1 expression in pan-cancer view and
investigate the associations between immune infiltrates and genetic markers, respectively.

2.6. LinkedOmics

LinkedOmics is a multi-omics web portal comprising 32 cancer types and a total of
11,158 patients from TCGA project [21]. The LinkFinder module was used to analyze
and visualize the associations between ATAD1 and other attributes for the PRAD cohort.
The LinkInterpreter module was used to perform Gene Set Enrichment Analysis (GSEA),
whereby identified associations can be transformed into biological understanding through
gene ontology (GO) and pathway. The Rank Criteria exploited p-value. The Minimum
Number of Genes Size and Simulation were set at 3 and 500, respectively.

2.7. Chromatin Immunoprecipitation Sequencing (ChIP-Seq) Dataset

The ChIP-Seq dataset derived from GSE55062, GSE83653 and GSE73616 in which ERG
ChIP-seq was performed in human prostate cancer cell line VCaP [22]. The binding of ERG
to ATAD1 promote region was analyzed on The University of Alabama at Birmingham
CANcer (UALCAN) data analysis portal, which allows users to perform in silico validation
of potential genes of interest [23,24].

2.8. Statistical Analysis

Statistical methods were as previously described [25]. Briefly, quantitative data were
analyzed using unpaired t-test for two-group comparison or one-way analysis of variance
(ANOVA) for three-or-more-group comparison, as appropriate. The Pearson method was
employed to analyze correlations. The Kaplan–Meier (log rank) test was used to give the
significance of P value for the difference between two groups.

3. Results
3.1. ATAD1 Alteration Is Associated with Gene Expression and Unfavorable Clinical Outcome

The mutational landscape of ATAD1 in cancer samples of 10953 patients was analyzed
on cBioPortal web server (Figure 1A). The profiled for mutation, mutation spectrum and
mutation counts went hand-in-hand with the tumor mutational burden (TMB). ATAD1
genetic alterations comprised deep deletion, amplification, structural variant, splice mu-
tation, missense mutation, and truncating mutation. Deep deletion occupies most of the
genetic alteration types of ATAD1. Notably, the occurrence of missense, truncating and
splice mutations was in synchronicity with TMB. The number and the distribution of
the mutations across the amino acid sequence of ATAD1 is illustrated in Figure 1B. The
correlation coefficient analysis revealed that the gene expression level of ATAD1 has a
positive association with the copy number (Figure 1C). To confirm whether ATAD1 alter-
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ation is associated with clinical outcome, we employ Kaplan–Meier analysis to examine
the 5-year progression free survival rate of patients harboring altered (n = 144) or unal-
tered ATAD1 (n = 10,258) in the tumor tissue. As shown in Figure 1D, ATAD1 altered
group had a shorter 5-year progression free survival compared to ATAD1 unaltered group
(HR = 1.36, p = 0.0005). These findings indicate the involvement of ATAD1 alteration in the
gene expression and unfavorable clinical outcome of cancer patients.
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Figure 1. Mutation Profile and clinical relevance of ATAD1: (A) the profiled for mutations, mutation
spectrum, mutation counts, tumor mutational burden (TMB), and genetic alterations of ATAD1 across
patients (n = 10,953) of all TCGA PanCancerAtlas cancer types; (B) lollipop plot illustrating number
and the distribution of the mutations spanning ATAD1 amino acid sequence. AAA, ATPase family
associated with various cellular activities; (C) correlation analysis of ATAD1 mRNA expression levels
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with ATAD1 copy number in 9889 samples from 32 studies; and (D) Kaplan–Meier analysis of the
5-year disease-free survival rate based on altered/unaltered ATAD1 variant. HR, hazard ratio. AML,
acute myeloid leukemia; ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; LGG,
brain lower grade glioma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carci-
noma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; CML, chronic myelogenous
leukemia; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multi-
forme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney
renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular
carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; DLBC, lymphoid
neoplasm diffuse large b-cell lymphoma; MESO, mesothelioma; OV ovarian serous cystadenocarci-
noma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD,
prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous
melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THYM, thymoma;
THCA, thyroid carcinoma; UCS, uterine carcinosarcoma; UCEC, uterine corpus endometrial carci-
noma; UVM, uveal melanoma.

3.2. Deep Deletion of ATAD1 Predominantly Occurs in PRAD

Next, we examined the significance of ATAD1 across different cancers. PRAD showed
the highest ATAD1 alteration frequency compared to other cancer types, in which deep
deletion occupied the majority (Figure 2A). Similarly, ATAD1 copy number variation (CNV)
predominantly occurs in PRAD is well shown by employing iGC [26] and digit [27] R
packages (Figure 2B).

Life 2022, 12, x FOR PEER REVIEW 6 of 20 
 

 

myelogenous leukemia; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glio-
blastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromo-
phobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, 
liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; 
DLBC, lymphoid neoplasm diffuse large b-cell lymphoma; MESO, mesothelioma; OV ovarian 
serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and 
paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; 
SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tu-
mors; THYM, thymoma; THCA, thyroid carcinoma; UCS, uterine carcinosarcoma; UCEC, uterine 
corpus endometrial carcinoma; UVM, uveal melanoma. 

3.2. Deep Deletion of ATAD1 Predominantly Occurs in PRAD 
Next, we examined the significance of ATAD1 across different cancers. PRAD 

showed the highest ATAD1 alteration frequency compared to other cancer types, in which 
deep deletion occupied the majority (Figure 2A). Similarly, ATAD1 copy number varia-
tion (CNV) predominantly occurs in PRAD is well shown by employing iGC [26] and digit 
[27] R packages (Figure 2B). 

 
Figure 2. Deep deletion of ATAD1 predominantly occurs in PRAD among cancers: (A) the alteration 
frequency of ATAD1 across all cancers; and (B) bar chart illustrating the copy number variation 
(CNV) proportion of ATAD1 in various cancer types, which is analyzed by two CNV tools: iGC and 
diggit. The sample proportion is shown in the plot when the cancer is identified by one or both of 
the tools. Note that ATAD1 was identified as a CNV-driven gene particularly in PRAD. 

3.3. Diagnostic and Prognostic Value of ATAD1 Down-Regulation in PRAD 
The relationship between the top 25 altered genes and their CNV in patients with 

PRAD was shown using an oncoplot (Figure 3A). There were only six genes that have 
association with clinical outcome, including ATAD1, CHRAN2, FA2H, FBXO43, LGI3 
(Supplementary Figure S1). Specifically, ATAD1 contains mostly CNV loss and non-alter-
ation (Figure 3B). Locus enrichment located ATAD1 position on chromosome 10 and re-
vealed positive correlation with mRNA expression levels (Figure 3C). In PRAD samples, 
ATAD1 CNV correlated positively with mRNA expression levels (Figure 3D). Compared 
to normal tissues, PRAD tissues showed a decreased expression level of ATAD1 mRNA 

Figure 2. Deep deletion of ATAD1 predominantly occurs in PRAD among cancers: (A) the alteration
frequency of ATAD1 across all cancers; and (B) bar chart illustrating the copy number variation
(CNV) proportion of ATAD1 in various cancer types, which is analyzed by two CNV tools: iGC and
diggit. The sample proportion is shown in the plot when the cancer is identified by one or both of the
tools. Note that ATAD1 was identified as a CNV-driven gene particularly in PRAD.

3.3. Diagnostic and Prognostic Value of ATAD1 Down-Regulation in PRAD

The relationship between the top 25 altered genes and their CNV in patients with PRAD
was shown using an oncoplot (Figure 3A). There were only six genes that have association with
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clinical outcome, including ATAD1, CHRAN2, FA2H, FBXO43, LGI3 (Supplementary Figure S1).
Specifically, ATAD1 contains mostly CNV loss and non-alteration (Figure 3B). Locus enrich-
ment located ATAD1 position on chromosome 10 and revealed positive correlation with
mRNA expression levels (Figure 3C). In PRAD samples, ATAD1 CNV correlated positively
with mRNA expression levels (Figure 3D). Compared to normal tissues, PRAD tissues
showed a decreased expression level of ATAD1 mRNA (Figure 3E) and ATAD1 protein
(Figure 3F). Low gene expression of ATAD1 was associated with decreased disease-free sur-
vival rate (DFS) (Figure 3G). As the genetic aberrations can be due to the alteration of several
key genes that are responsible for DNA repair, including ATM, PARP1/2, BRCA1/2 [28],
we further looked into the impact of DNA repair genes on ATAD1 expression. As shown in
Figure 3H–J, ATAD1correlated positively with ATM, PARP1and BRCA2. Together, these
findings indicate that the downregulation of ATAD1 can act as a marker for the diagnosis
and prognosis of PRAD and its genetic alteration is associated with perturbation of intracel-
lular DNA repair. The alteration frequency and CNV proportions used are robust to claim
the results.Life 2022, 12, x FOR PEER REVIEW 8 of 20 

 

 

 

Figure 3. Deletion-associated downregulation of ATAD1 features clinical value on the differential
gene expression, prognostic prediction and pathological testing (A) oncoplot illustrates the relations
between the top 25 genes and their CNV in patients with PRAD; the samples of cancer patients are
on the x-axis and the top 25 genes are on the y-axis. Note that ATAD1 contains only CNV loss and
non-alteration; (B) bar chart provides an overview of the CNV percentages for each of the top 25 genes
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in patients with PRAD; (C) locus enrichment graph shows the loci of all listed genes within all
chromosomes. Each red dot represents a gene and its related position on the chromosome. Enlarged
square shows the chromosome, position, and value of ATAD1. The value represents the correlation
between mRNA expression and CNV; (D) a combination of scatter plot and boxplots shows a detailed
view of the CNV distribution and correlation of ATAD1 in PRAD; (E) box plot shows the ATAD1
expression levels in normal tissues and PRAD tumors. (F), Immunohistochemistry staining using
antibody HPA037569 for the detection of ATAD1 protein expression levels in normal tissues and
PRAD tumors; (G) Kaplan–Meier analysis of the disease-free survival rate based on low/high ATAD1
expression. HR, hazard ratio; and (H–J) Spearman correlation analysis of ATAD1 with DNA repair
genes for prostate cancer such as ATM (H) and PARP1 (I) and BRCA2 (J).

3.4. Generalization Value of ATAD1

To verify whether ATAD1 has a broad value, we investigated differential expression
and examined DFS across cancers. We observed that a number of cancers, apart from PRAD,
show altered ATAD expression, such as breast invasive carcinoma (BRCA), cholangiocarci-
noma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), head and
neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), kidney
renal papillary cell carcinoma (KIRP), liver hepatocellular carcinoma (LIHC), lung ade-
nocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), skin cutaneous melanoma
(SKCM), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA), and uterine corpus
endometrial carcinoma (UCEC) (Figure 4A). On the other hand, the DFS of most cancers
had no association with ATAD1 expression (Figure 4B–K), while low ATAD1 was asso-
ciated with poor DFS in KIRC (Figure 4L) and UCEC (Figure 4M). Therefore, ATAD1
downregulation could feature clinical value on KIRC and UCEC.
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Meier survival analysis representing the probability of disease-free survival (DFS) based on low/high
ATAD1 expression in breast cancer (BRCA) (B); cholangiocarcinoma (CHOL) (C); colon adenocar-
cinoma (COAD) (D); esophageal carcinoma (ESCA) (E); head and neck squamous cell carcinoma
(HNSC) (F); stomach adenocarcinoma (STAD) (G); kidney renal papillary cell carcinoma (KIRP)
(H); liver hepatocellular carcinoma (LIHC) (I); lung adenocarcinoma (LUAD) (J); skin cutaneous
melanoma (SKCM) (K); kidney renal clear cell carcinoma (KIRC) (L); and uterine corpus endometrial
carcinoma (UCEC) (M). * p < 0.05 and ** p < 0.01 calculated by log-rank test comparing low ATAD1
and high ATAD1 group.

3.5. Functional Involvement of ATAD1 in Mitochondrial Structure and Cell Cycle Progression

To gain more insight into the biological roles of ATAD1, we subsequently employed the
functional modules in LinkedOmics [21], which permits the examination of co-expressed
genes and analysis of functional enrichment for the TCGA-PRAD cohort. A total of
4827 genes showed significantly positive correlations with ATAD1, while 5350 genes had
significant negative correlations with ATAD1 (Figure 5A). Heap maps demonstrated top
25 genes with the most significant positive (Figure 5B) and negative correlations (Figure 5C)
with ATAD1. We noted that the significant enrichment of inhibited terms comprised ficolin-
1-rich granule, mitochondrial inner membrane and ribosome in gene ontology cellular
component (GO_CC) (Figure 5D) and Parkinson disease, cell cycle and salvage pyrimidine
ribonucleotides in Panther pathway (Figure 5E). Considering that ATAD1 localized to
the nucleoli rim and mitochondria (Supplementary Figure S2), we accordingly analyzed
the relationship between ATAD1 and mitochondrial structure and cell cycle progression.
Pearson’s correlation analysis showed negative correlations of ATAD1 with mitochondrial
genes such as NDUFS6 (Figure 5F) and IMMT (Figure 5G) and cell cycle genes such as
MKI67 (Figure 5H) and CDK4 (Figure 5I).
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modules. (A), Volcano plot showing the Pearson correlation coefficient and p value of the ATAD1-
coexpressed genes; (B,C) heatmap showing top 50 positively (B) and negatively (C) correlated genes
with ATAD1; (D,E) bar chart showing the normalized enrichment score, involved gene count and
false discovery rate (FDR) of the gene ontology cellular component (GO_CC) terms (D) and Panther
pathway terms (E); (F,G) dot pots showing the correlation between ATAD1 and mitochondrial
structure genes such as NDUFS6 (F) and IMMT (G); (H,I) dot pots of the correlation between ATAD1
and cell cycle progression genes such as MKI67 (H) and CDK4 (I).

3.6. Correlation of ATAD1 Down-Regulation with Immunosuppressive TME

Considering the vital role of TME in tumor growth, spread, and escape from immune-
mediated destruction [29,30], we further analyzed the relationship between ATAD1 and
tumor-immune interaction. We used single-cell RNA sequencing datasets to analyze the
transcriptomic profile and visualize the heterogenous cell populations. The 10× Genomics
datasets retrieved from HPA portal was used to explore the potential association of ATAD1
with immune cells in the prostate microenvironment. We acquired gene expression data of
35,862 single cells to construct UMAP plot and bar chart in which the specificity and distri-
bution of ATAD1 in different cell populations in the prostate were analyzed to determine
the differential expression at single-cell level (Figure 6A,B). The heatmap demonstrated
the expression of ATAD1 and iconic biomarkers of multiple cell clusters in prostate tissue
(Figure 6C), whereby we identified specific immune cells (green boxes) such as macrophage,
plasma cells and T cells that harbor high expression from the single-cell sequencing data.
Accordingly, we further analyzed the correlation of ATAD1 with the infiltrated immune
cells. ATAD1 positively correlated with the infiltration level of CD8+ T cell (Figure 6D),
macrophage (Figure 6E), and plasma cells (Figure 6F), while negatively correlated with
that of regulatory T cells (Tregs) (Figure 6G) and myeloid derived suppressor cells (MDSC)
(Figure 6H). Furthermore, we noted that ATAD1 had positive associations with immunos-
timulatory markers such as CD28 (Figure 6I), CD86 (Figure 6J) and PIM2 (Figure 6K),
while showed negative correlations with immunosuppressive markers such as CTLA4
and (Figure 6L) LAG3 (Figure 6M). Taken together, these results suggest that ATAD1
downregulation is associated with an immunosuppressive TIME.

3.7. ERG-Mediated Transcriptional Repression Is Involved in ATAD1 Downregulation

As ERG acts as an oncogenic transcription factor in PRAD by repressing tumor sup-
pressor such as PTEN [31], we herein asked whether ERG exerts transcriptional repression
on ATAD1 in PRAD. To address this, we examined the interactivity between the ATAD1
promoter and ERG by accessing the GSE55062 dataset that conducted chromatin immuno-
precipitation (ChIP) assay in human prostate cancer cell line VCaP [22]. As shown in
Figure 7A, anti-ERG ChIP-seq showed positive signal on two ATAD1 promoter regions
compared to isotype IgG, indicating the interactivity between ERG and ATAD1 promoter.
Similar results observed in GSE83653 (Figure 7B) and GSE73616 (Figure 7C) were robust
to claim the ERG-ATAD1 interactivity result. Moreover, we noted that ERG negatively
correlated with ATAD1 expression (Figure 7D), supporting the notion that ERG exerts
transcriptional repression on the ATAD1 expression.

To gain insight into the downstream mechanisms of ATAD1, we sought to dissect the
perturbed functional pathways following ATAD1 knockdown in urinary cancer cell lines.
We firstly examined the cross-association between shATAD1 efficacy and altered mRNA
levels using Q-omics software program [32]. Amid the 17,728 mRNAs, 83 and 107 mRNAs
were identified to be respectively upregulated and downregulated by shATAD1 (Figure 8A).
Then, the perturbed 190 mRNAs were subjected to functional enrichment analysis using
Metascape portal [33]. The top two enriched terms were noted: Wnt/beta-catenin signaling
pathway and positive regulation of lipid metabolic process (Figure 8B). The relationship
between the enriched terms was illustrated by a network plot (Figure 8C). The negative
correlations of ATAD1 with WNT1 (Wnt family member 1) and with the key gene of lipid
metabolism DGAT1 (diacylglycerol O-acyltransferase 1) were well shown by accessing
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TCGA-PRAD data repository (Figure 8D,E), suggesting a negative role of ATAD1 in the
activity of Wnt signaling and lipid metabolism. In light of these results, we proposed that
ERG acts as a transcriptional repressor to reduce ATAD1 expression, which could lead to
the activation of Wnt/β-catenin pathway and lipid metabolic process (Figure 8F).
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Figure 6. The correlation between ATAD1 and immune microenvironment: (A,B) UMAP plots
(A) and bar chart (B) showing the single cell-RNA sequencing that identifies the single cell type
clusters in prostate tissue; (C) heatmap showing the expression of ATAD1 gene and iconic markers
in different single cell types clusters in prostate tissues. Note that ATAD1 presents relatively low
levels compared to markers of macrophage, plasma cells and T cells; (D–H) dot plots showing the
correlation between ATAD1 and infiltrated immune cells including CD8+ T cells (D), macrophages
(E), B cells (F), Tregs (T cells regulatory) (G), and MDSCs (myeloid derived suppressor cells) (H);
(I–M) dot plots showing the correlation between ATAD1 and immunostimulatory markers such as
CD28 (I), CD86 (J) and PIM2 (K), and immunoinhibitory markers such as CTLA4 (L) and LAG3 (M).
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association of ERG with ATAD1 promoter on chromosome 10 in prostate cancer cell line VCaP.
Immunoprecipitated lysates treated with anti-ERG or IgG (as negative control) undergo sequence
analysis on Illumina HiSeq 1000 platform. The yellow bars highlight the peak signal of ChIP-seq
in which the position and readout value are shown; (D) dot plot showing the Pearson correlation
coefficient of ATAD1 with ERG expression levels retrieved from TCGA-PRAD dataset.
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Figure 8. Downstream mechanisms of ATAD1 involved in Wnt/beta-catenin signaling and lipid
metabolic process: (A) dot plots showing the cross-association screening between shATAD1 efficacy
and altered mRNA levels. X-score represents log(fold-change) of shATAD1 efficacy between samples
of high and low expression of target mRNA. Y-score represents log(fold-change) of target mRNA
levels between samples of high and low shATAD1 efficacy. Red and blue dots denote significantly
upregulated and downregulated mRNAs by shATAD1, respectively. Then the 190 altered mRNAs
are subjected to functional enrichment analysis using Metascape portal; (B) bar chart of enriched
terms across input mRNAs, colored by p-values. Top two enriched terms (p < 10−4) are highlighted;
(C) Network of enriched terms colored by cluster ID, where nodes that share the same cluster ID are
typically close to each other; (D,E), dot plot showing the Pearson correlation coefficient of ATAD1
with WNT1 (D) and DGAT1 (E) by retrieving TCGA-PRAD datasets; and (F) a schematic illustrates
that oncogenic ERG acts as a transcriptional repressor to reduce ATAD1 expression, which could lead
to 190 altered mRNAs and perturbation of Wnt/beta-catenin pathway and lipid metabolic process.
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4. Discussion

Although the biological function of ATAD1 in mitochondrial proteostasis is emerging,
clinicopathological value of ATAD1 in patients with PRAD remains unclear. In this study,
we unveiled that decreased ATM, PARP1 and BRCA2 are associated with ATAD1 downreg-
ulation in PRAD tissues. In addition, the transcription repression of ERG may also play a
role. ATAD1 downregulation could serve as a biomarker for pathology and poor prognosis.
The downstream of ATAD1 is involved in the regulation of Wnt/β-catenin pathway and
lipid metabolic process. ATAD1 has a negative association with functional markers of
mitochondria (NDUFS6 and IMMT) and cell cycle (CDK4 and MKI67). Moreover, reduced
ATAD1 correlates with an immunosuppressive TME. A proposed model is summarized in
Figure 9.
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Figure 9. Proposed model delineating the clinicopathological implications and possible roles of
ATAD1 in PRAD.

To the best of our knowledge, report in regard to the clinical value of ATAD1 remains
scarce. A preprint study reported that patients with ATAD1-null prostate tumor had
favorable overall survival and that loss of ATAD1 in PC3 cells sensitized to the treatment
of Bortezomib, while overexpression of ATAD1 developed drug resistance [11]. In contrast,
our study demonstrates that PRAD tissues show ATAD1 downregulation compared to
normal tissue and that low ATAD1 indicates unfavorable DFS. However, a major caveat of
this study lies in the lack of an experimental study that exploits genetic manipulation to
verify the biological role of ATAD1 in the cancerous behaviors of PRAD. Therefore, further
study is warranted to clarify the impact of ATAD1 alteration.

While certain metastatic malignancies, like melanoma, lung cancer, and renal cell
carcinoma, have dramatically responded to immunotherapy, prostate cancer has typically
failed to demonstrate a meaningful response [7]. In fact, with an immunosuppressive
microenvironment, prostate cancer is frequently described as a “cool” tumor. Sfanos
et al. have shown that TILs from prostate cancer biopsy samples are predisposed to the
Tregs and T helper 17 (Th17) phenotypes, which block autoreactive T cells and antitumor
immune responses [8]. In our study, we discovered that ATAD1 downregulation correlates
with increased infiltration of Tregs and MDSC and decreased infiltration of CD8+ T cell,
macrophage, and plasma cells, which shape an immunosuppressive TME. In addition,
we found that reduced ATAD1 is related to decreased immunostimulatory markers and
increased immunoinhibitory markers, further underscoring its potential impact in TME.
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However, reports with regard to whether ATAD1 plays a role behind the mechanisms
accounting for shaping of the TME are still lacking. More efforts on this issue are required
in the future.

The oncogenic transcription factor ERG was shown to be implicated in cellular home-
ostasis, survival, differentiation, angiogenesis and vasculogenesis [34]. With regard to
prostate cancer, Adamo et al. reported that ERG acts as an oncogenic transcription factor
by repressing the activity of tumor suppressor gene such as PTEN [31]. In this study,
we identified the direct binding of ERG to ATAD1 promoter and a negative correlation
of ERG with ATAD1 in PRAD specimen, indicating that ERG may exert transcriptional
repression effect on ATAD1. In addition, the recognition of Wnt/β-catenin signaling and
lipid metabolic process provides further insight into the downstream action of ATAD1.
Nevertheless, further in vivo study is required to clarify the molecular basis behind this,
and test whether ERG, ATAD1, Wnt/β-catenin and lipid metabolism could be therapeutic
targets in PRAD.

In conclusion, multi-omics results reveal that ATAD1 downregulation is a clinical
biomarker for pathological diagnosis and prognosis for patients with PRAD. Reduced
ATAD1 may be involved in the enhanced activity of mitochondria and cell cycle, as well as
possibly shaping an immunosuppressive TME.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12111742/s1, Figure S1. Kaplan–Meier survival analysis rep-
resenting the probability of disease-free survival (DFS) based on high/low gene expression of PRAD
patients in TCGA datasets. The cutoff vale is set at 25%–75% (high–low); Figure S2. Representative
immunofluorescence image showing intracellular localization of ATAD1 in U-251MG cells. ATAD1
(green) is probed by antibody HPA037569. Nucleus (blue) and microtubule (red) are counterstained.
Bottom schematic depicts the ATAD1 localization detected in nucleoli and mitochondria.

Author Contributions: Conceptualization, P.-Y.C. and H.-Y.L.; methodology, C.-C.C.; software, C.-
C.C. and H.-Y.L.; validation, C.-C.C., P.-Y.C. and H.-Y.L.; formal analysis, P.-Y.C.; investigation,
C.-C.C.; resources, H.-Y.L.; data curation, C.-C.C.; writing—original draft preparation, C.-C.C.;
writing—review and editing, P.-Y.C. and H.-Y.L.; visualization, P.-Y.C.; supervision, H.-Y.L.; project
administration, P.-Y.C.; funding acquisition, P.-Y.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan (MOST
106-2314-B-442-001-MY3 [recipient: P.-Y.C.] and MOST 109-2314-B-442-001 [recipient: P.-Y.C.]), and
National Health Research Institutes (NHRI-109BCCO-MF-202015-01 [recipient: P.-Y.C.]). These
funding source had no role in the design the design of the study and collection, analysis, and
interpretation of data and in writing the manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset supporting the conclusions of this article is included within
the article.

Acknowledgments: The authors thank James Waddell for his assistance with the proofreading and
editing of this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ranasinghe, W.; Shapiro, D.D.; Zhang, M.; Bathala, T.; Navone, N.; Thompson, T.C.; Broom, B.; Aparicio, A.; Tu, S.M.;

Tang, C.; et al. Optimizing the diagnosis and management of ductal prostate cancer. Nat. Rev. Urol. 2021, 18, 337–358. [CrossRef]
[PubMed]

2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]

3. Rebello, R.J.; Oing, C.; Knudsen, K.E.; Loeb, S.; Johnson, D.C.; Reiter, R.E.; Gillessen, S.; Van der Kwast, T.; Bristow, R.G. Prostate
cancer. Nat. Rev. Dis. Primers 2021, 7, 9. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/life12111742/s1
https://www.mdpi.com/article/10.3390/life12111742/s1
http://doi.org/10.1038/s41585-021-00447-3
http://www.ncbi.nlm.nih.gov/pubmed/33824525
http://doi.org/10.3322/caac.21660
http://doi.org/10.1038/s41572-020-00243-0
http://www.ncbi.nlm.nih.gov/pubmed/33542230


Life 2022, 12, 1742 15 of 16

4. Bilusic, M.; Madan, R.A.; Gulley, J.L. Immunotherapy of Prostate Cancer: Facts and Hopes. Clin Cancer Res 2017, 23, 6764–6770.
[CrossRef]

5. Meng, J.; Zhou, Y.; Lu, X.; Bian, Z.; Chen, Y.; Zhou, J.; Zhang, L.; Hao, Z.; Zhang, M.; Liang, C. Immune response drives outcomes
in prostate cancer: Implications for immunotherapy. Mol. Oncol. 2021, 15, 1358–1375. [CrossRef] [PubMed]

6. Scher, H.I.; Solo, K.; Valant, J.; Todd, M.B.; Mehra, M. Prevalence of Prostate Cancer Clinical States and Mortality in the United
States: Estimates Using a Dynamic Progression Model. PLoS ONE 2015, 10, e0139440. [CrossRef]

7. Fay, E.K.; Graff, J.N. Immunotherapy in Prostate Cancer. Cancers 2020, 12, 1752. [CrossRef]
8. Sfanos, K.S.; Bruno, T.C.; Maris, C.H.; Xu, L.; Thoburn, C.J.; DeMarzo, A.M.; Meeker, A.K.; Isaacs, W.B.; Drake, C.G. Phenotypic

analysis of prostate-infiltrating lymphocytes reveals TH17 and Treg skewing. Clin. Cancer Res. 2008, 14, 3254–3261. [CrossRef]
9. Okreglak, V.; Walter, P. The conserved AAA-ATPase Msp1 confers organelle specificity to tail-anchored proteins. Proc. Natl. Acad.

Sci. USA 2014, 111, 8019–8024. [CrossRef]
10. Weidberg, H.; Amon, A. MitoCPR-A surveillance pathway that protects mitochondria in response to protein import stress. Science

2018, 360, eaan4146. [CrossRef]
11. Winter, J.M.; Fresenius, H.L.; Keys, H.R.; Cunningham, C.N.; Ryan, J.; Sirohi, D.; Berg, J.A.; Tripp, S.R.; Barta, P.; Agarwal,

N.; et al. Co-deletion of ATAD1 with PTEN primes cells for BIM-mediated apoptosis. bioRxiv 2021. Available online: https:
//www.biorxiv.org/content/10.1101/2021.07.01.450781v1 (accessed on 1 September 2022).

12. Wang, L.; Walter, P. Msp1/ATAD1 in Protein Quality Control and Regulation of Synaptic Activities. Annu. Rev. Cell Dev. Biol.
2020, 36, 141–164. [CrossRef] [PubMed]

13. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]
[PubMed]

14. Liu, S.H.; Shen, P.C.; Chen, C.Y.; Hsu, A.N.; Cho, Y.C.; Lai, Y.L.; Chen, F.H.; Li, C.Y.; Wang, S.C.; Chen, M.; et al. DriverDBv3: A
multi-omics database for cancer driver gene research. Nucleic Acids Res. 2020, 48, D863–D870. [CrossRef] [PubMed]

15. Tang, Z.; Kang, B.; Li, C.; Chen, T.; Zhang, Z. GEPIA2: An enhanced web server for large-scale expression profiling and interactive
analysis. Nucleic Acids Res. 2019, 47, W556–W560. [CrossRef] [PubMed]

16. Thul, P.J.; Akesson, L.; Wiking, M.; Mahdessian, D.; Geladaki, A.; Ait Blal, H.; Alm, T.; Asplund, A.; Bjork, L.; Breckels, L.M.; et al.
A subcellular map of the human proteome. Science 2017, 356, eaal3321. [CrossRef]

17. Uhlen, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjostedt, E.;
Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

18. Uhlen, M.; Zhang, C.; Lee, S.; Sjostedt, E.; Fagerberg, L.; Bidkhori, G.; Benfeitas, R.; Arif, M.; Liu, Z.; Edfors, F.; et al. A pathology
atlas of the human cancer transcriptome. Science 2017, 357, eaan2507. [CrossRef]

19. Li, T.; Fan, J.; Wang, B.; Traugh, N.; Chen, Q.; Liu, J.S.; Li, B.; Liu, X.S. TIMER: A Web Server for Comprehensive Analysis of
Tumor-Infiltrating Immune Cells. Cancer Res. 2017, 77, e108–e110. [CrossRef]

20. Li, T.; Fu, J.; Zeng, Z.; Cohen, D.; Li, J.; Chen, Q.; Li, B.; Liu, X.S. TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic
Acids Res. 2020, 48, W509–W514. [CrossRef]

21. Vasaikar, S.V.; Straub, P.; Wang, J.; Zhang, B. LinkedOmics: Analyzing multi-omics data within and across 32 cancer types. Nucleic
Acids Res. 2018, 46, D956–D963. [CrossRef]

22. Asangani, I.A.; Dommeti, V.L.; Wang, X.; Malik, R.; Cieslik, M.; Yang, R.; Escara-Wilke, J.; Wilder-Romans, K.; Dhanireddy, S.;
Engelke, C.; et al. Therapeutic targeting of BET bromodomain proteins in castration-resistant prostate cancer. Nature 2014, 510,
278–282. [CrossRef] [PubMed]

23. Chandrashekar, D.S.; Bashel, B.; Balasubramanya, S.A.H.; Creighton, C.J.; Ponce-Rodriguez, I.; Chakravarthi, B.; Varambally,
S. UALCAN: A Portal for Facilitating Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia 2017, 19, 649–658.
[CrossRef] [PubMed]

24. Chandrashekar, D.S.; Karthikeyan, S.K.; Korla, P.K.; Patel, H.; Shovon, A.R.; Athar, M.; Netto, G.J.; Qin, Z.S.; Kumar, S.; Manne,
U.; et al. UALCAN: An update to the integrated cancer data analysis platform. Neoplasia 2022, 25, 18–27. [CrossRef]

25. Chang, K.T.; Wu, H.J.; Liu, C.W.; Li, C.Y.; Lin, H.Y. A Novel Role of Arrhythmia-Related Gene KCNQ1 Revealed by Multi-Omic
Analysis: Theragnostic Value and Potential Mechanisms in Lung Adenocarcinoma. Int. J. Mol. Sci. 2022, 23, 2279. [CrossRef]

26. Lai, Y.P.; Wang, L.B.; Wang, W.A.; Lai, L.C.; Tsai, M.H.; Lu, T.P.; Chuang, E.Y. iGC-an integrated analysis package of gene
expression and copy number alteration. BMC Bioinform. 2017, 18, 35. [CrossRef]

27. Alvarez, M.J.; Chen, J.C.; Califano, A. DIGGIT: A Bioconductor package to infer genetic variants driving cellular phenotypes.
Bioinformatics 2015, 31, 4032–4034. [CrossRef] [PubMed]

28. Thoma, C. Targeting DNA repair defects in prostate cancer. Nat. Rev. Urol. 2020, 17, 432. [CrossRef] [PubMed]
29. Teijeira, A.; Garasa, S.; Etxeberria, I.; Gato-Canas, M.; Melero, I.; Delgoffe, G.M. Metabolic Consequences of T-cell Costimulation

in Anticancer Immunity. Cancer Immunol. Res. 2019, 7, 1564–1569. [CrossRef]
30. Pegna, G.J.; Roper, N.; Kaplan, R.N.; Bergsland, E.; Kiseljak-Vassiliades, K.; Habra, M.A.; Pommier, Y.; Del Rivero, J. The

Immunotherapy Landscape in Adrenocortical Cancer. Cancers 2021, 13, 2660. [CrossRef]
31. Adamo, P.; Porazinski, S.; Rajatileka, S.; Jumbe, S.; Hagen, R.; Cheung, M.K.; Wilson, I.; Ladomery, M.R. The oncogenic

transcription factor ERG represses the transcription of the tumour suppressor gene PTEN in prostate cancer cells. Oncol. Lett.
2017, 14, 5605–5610. [CrossRef]

http://doi.org/10.1158/1078-0432.CCR-17-0019
http://doi.org/10.1002/1878-0261.12887
http://www.ncbi.nlm.nih.gov/pubmed/33338321
http://doi.org/10.1371/journal.pone.0139440
http://doi.org/10.3390/cancers12071752
http://doi.org/10.1158/1078-0432.CCR-07-5164
http://doi.org/10.1073/pnas.1405755111
http://doi.org/10.1126/science.aan4146
https://www.biorxiv.org/content/10.1101/2021.07.01.450781v1
https://www.biorxiv.org/content/10.1101/2021.07.01.450781v1
http://doi.org/10.1146/annurev-cellbio-031220-015840
http://www.ncbi.nlm.nih.gov/pubmed/32886535
http://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://doi.org/10.1093/nar/gkz964
http://www.ncbi.nlm.nih.gov/pubmed/31701128
http://doi.org/10.1093/nar/gkz430
http://www.ncbi.nlm.nih.gov/pubmed/31114875
http://doi.org/10.1126/science.aal3321
http://doi.org/10.1126/science.1260419
http://doi.org/10.1126/science.aan2507
http://doi.org/10.1158/0008-5472.CAN-17-0307
http://doi.org/10.1093/nar/gkaa407
http://doi.org/10.1093/nar/gkx1090
http://doi.org/10.1038/nature13229
http://www.ncbi.nlm.nih.gov/pubmed/24759320
http://doi.org/10.1016/j.neo.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28732212
http://doi.org/10.1016/j.neo.2022.01.001
http://doi.org/10.3390/ijms23042279
http://doi.org/10.1186/s12859-016-1438-2
http://doi.org/10.1093/bioinformatics/btv499
http://www.ncbi.nlm.nih.gov/pubmed/26338767
http://doi.org/10.1038/s41585-020-0360-6
http://www.ncbi.nlm.nih.gov/pubmed/32651483
http://doi.org/10.1158/2326-6066.CIR-19-0115
http://doi.org/10.3390/cancers13112660
http://doi.org/10.3892/ol.2017.6841


Life 2022, 12, 1742 16 of 16

32. Lee, J.; Kim, Y.; Jin, S.; Yoo, H.; Jeong, S.; Jeong, E.; Yoon, S. Q-omics: Smart Software for Assisting Oncology and Cancer Research.
Mol. Cells 2021, 44, 843–850. [CrossRef] [PubMed]

33. Zhou, Y.; Zhou, B.; Pache, L.; Chang, M.; Khodabakhshi, A.H.; Tanaseichuk, O.; Benner, C.; Chanda, S.K. Metascape provides a
biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 2019, 10, 1523. [CrossRef] [PubMed]

34. Birdsey, G.M.; Dryden, N.H.; Amsellem, V.; Gebhardt, F.; Sahnan, K.; Haskard, D.O.; Dejana, E.; Mason, J.C.; Randi, A.M.
Transcription factor Erg regulates angiogenesis and endothelial apoptosis through VE-cadherin. Blood 2008, 111, 3498–3506.
[CrossRef] [PubMed]

http://doi.org/10.14348/molcells.2021.0169
http://www.ncbi.nlm.nih.gov/pubmed/34819397
http://doi.org/10.1038/s41467-019-09234-6
http://www.ncbi.nlm.nih.gov/pubmed/30944313
http://doi.org/10.1182/blood-2007-08-105346
http://www.ncbi.nlm.nih.gov/pubmed/18195090

	Introduction 
	Materials and Methods 
	cBioPortal 
	DriverDB 
	GEPIA2 
	Human Protein Atlas 
	Tumor Immune Estimation Resource (TIMER) 
	LinkedOmics 
	Chromatin Immunoprecipitation Sequencing (ChIP-Seq) Dataset 
	Statistical Analysis 

	Results 
	ATAD1 Alteration Is Associated with Gene Expression and Unfavorable Clinical Outcome 
	Deep Deletion of ATAD1 Predominantly Occurs in PRAD 
	Diagnostic and Prognostic Value of ATAD1 Down-Regulation in PRAD 
	Generalization Value of ATAD1 
	Functional Involvement of ATAD1 in Mitochondrial Structure and Cell Cycle Progression 
	Correlation of ATAD1 Down-Regulation with Immunosuppressive TME 
	ERG-Mediated Transcriptional Repression Is Involved in ATAD1 Downregulation 

	Discussion 
	References

