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Abstract: Acyl-coenzyme A synthetase medium chain family member 1 (ACSM1) is a medium chain Acyl-CoA
Synthetase family member and plays an important role in fatty acid metabolism. The oncogenic roles of ACSM1 are
largely unknown. Using comprehensive approaches, we analyzed gene expression profiles and genomic datasets
and identified that the expression of ACSM1 was specifically increased in prostate cancer in comparison to the adja-
cent non-tumor tissues. The increased expression of ACSM1 was associated with increased risks of poor prognosis
and shorter survival time. Moreover, genomic copy number alterations of ACSM1, including deletion, amplification,
and amino acid changes were frequently observed in prostate cancers, although these mutations did not correlate
with gene expression levels. However, ACSM1 gene amplifications were significantly corrected with increased risks
of prostate cancer metastasis, and ACSM1 genetic alterations were significantly associated with worse disease-
free. And progress-free survival. Gene function stratification and gene set enrichment analysis revealed that the
oncogenic roles of ACSM1 in prostate cancer were mainly through metabolic pathways and extracellular matrix
(ECM)-receptor interaction signaling pathways, but not associated with microenvironmental immunological signaling
pathways, and that ACSM1 expression was not associated with immune cell infiltration in the cancer microenviron-
ment or prostate cancer immune subtypes. In conclusion, the present work has demonstrated that ACSM1 can be
specifically and significantly elevated in prostate cancer. ACSM1 gene expression and genomic amplification exhibit
important clinical significance through metabolic and ECM-receptor interaction signaling pathways. Thus, ACSM1
may be a novel oncogene and serve as a biomarker for prostate cancer screening and prognosis prediction, and/
or a therapeutic target.

Keywords: ACSM1, prostate cancer, metastasis, microenvironment, metabolic signaling pathway, ECM-receptor
interaction

Introduction reports have suggested that ACSM1 is a genet-
ic predisposition gene for major depressive dis-
order (MDD) and Schizophrenia (SCZ), two of
the most common and severe mental disorders

[7]. It has also been reported that differential

ACSM1 (Acyl-coenzyme A synthetase medium
chain family member 1) is a medium chain Acyl-
CoA Synthetase family member (also known as

MACS1). Located in 16p.12.3, ACSM1 encodes
a protein of 577 amino acids with an estimated
molecular weight of 65 kDa [1]. This enzyme
catalyzes the activation of fatty acids by CoA to
produce acyl-CoA, the first step in fatty acid
metabolism [2-4] and plays an important role in
the metabolic system [5, 6]. Its clinical signifi-
cance has not been well characterized. Some

expression of ACSM1 is observed in breast apo-
crine carcinomas [8]. However, ACSM1 expres-
sion levels and biological functions in cancer
are largely unknown.

Recent studies from the combination of gene
profiling, proteomics and metabolomics, geno-
mic technologies, and bioinformatic analysis
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have identified numerous genes whose expres-
sion is up- or down-regulated in cancers [3,
9-12]. However, the specificity and sensitivity
for prostate cancer are not clear. We have
recently re-analyzed the prostate cancer gene
profile data from The Cancer Genome Atlas
(TCGA) and from other studies on prostate can-
cer and found differential gene expression and
genomic alterations. However, the expression
levels of very few genes, either upregulated or
downregulated, are specific in prostate cancer.
ACSM1 was among those genes whose expres-
sion level is significantly increased in prostate
cancer tissues, compared to the adjacent non-
cancerous or normal tissues.

Prostate cancer is the most common cancer
and third leading cause of cancer death in men
worldwide [13]. It is estimated that in 2022,
both incidence and mortality rates are slightly
increased from last year [13, 14]. And there will
be approximately 268,490 new cases of pros-
tate cancer in the United States alone, accom-
panied by an estimated 34,500 deaths from
prostate cancer [13], mainly due to a lack of
efficient early detection biomarkers and effi-
cient targets for personalized or precision ther-
apy. Although the prostate specific antigen
(PSA) is a well-known and widely used biomark-
er for prostate cancer, its clinical utilization has
also caused concerns of inconsistency with
clinic-pathological characteristics [15-17]. For
instance, the levels of PSA are not consistent
with Gleason scores, and do not show prognos-
tic significance in tumor metastasis [18, 19]. It
has been noted that prostate cancer-associat-
ed death is not from the cancer itself, but from
cancer metastasis and the dysfunction of af-
fected organs [20-22]. Therefore, the identifica-
tion of novel biomarkers for prostate cancer
diagnosis and prediction of progression, recur-
rence, and metastasis is sorely needed. More-
over, revealing the underlying mechanisms will
improve the understanding of prostate cancer
development and progression, providing alter-
native therapeutic strategies for precision on-
cology.

The present study also showed that increased
expression of ACSM1 was correlated with poor
outcomes, but not with cancer environment
immune cell infiltration, prostate cancer im-
mune subtypes and molecular classifications.
Furthermore, genomic copy number alterations
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(CNAs) were frequently seen in prostate can-
cers, but the amplifications were associated
with increased risks of cancer metastasis.
Moreover, gene function stratification and gene
set enrichment analysis revealed that the
underlying mechanisms of oncogenic roles of
ACSM1 in prostate cancer to be mainly throu-
gh metabolic pathways and extracellular matrix
(ECM)-receptor interaction signaling pathways.

Materials and methods

TCGA and ONCOMINE data information and
survival analysis

The Cancer Genome Atlas (TCGA) (https://www.
cancer.gov/) and ONCOMINE™ Platform (htt-
ps://www.oncomine.org) are open-source da-
tabases for researchers. We used the GDC-
CLIENT software to download 551 prostate
cancer (PRAD) FPKM data files from TCGA
website (Version 07-20-2019, including 485
adenomas and adenocarcinoma cases, 9 duc-
tal and lobular neoplasm cases, 1 cystic, mu-
cinous and serous neoplasm case). Among
these, 495 cases have vital status (483 alive,
10 dead, 2 not reported). For the ONCOMINE
website, prostate cancer expression profile da-
tasets from multiple studies were accessed.
The ACSM1 gene expression level and corre-
sponding clinical information, including primary
and metastatic cancer status, were retrieved
and analyzed.

For survival analysis, The Human Protein Atlas
data set (https://www.proteinatlas.org/) was
used. A total of 494 prostate cancer cases
from TCGA dataset were used, including 377
cases with low ACSM1 expression and 117
cases with high ACSM1 expression.

Gene expression analysis

TCGA differential gene expression analysis
was processed using multiple online databas-
es. Differential gene expression was analyzed
on the GEPIA (Gene Expression Profiling In-
teractive Analysis) website http://gepia.cancer-
pku.cn/index.html, an interactive web server
for analyzing RNA sequencing data from TCGA
and GTEx projects, providing web-based ana-
lytical functions of clinical data using a stan-
dard processing pipeline [23]. Gene expression
levels were defined with [Log FC] >1 and value
<0.01 as the cut-off in different cancers. R lan-
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guage was applied in medical statistical analy-
sis. R packages (Version 3.6.3, https://cran.r-
project.org/web/packages/) (including the gg-
plot2 package) was used to calculate prorate
cancer (PRAD) paired samples and unpaired
samples for differential expression analysis
with the Wilcoxon rank sum test and distinctive
mark (P>0.05; *, P<0.05; **, P<0.01; **%*,
P<0.001). The Shapiro-Wilk normality test and
Spearman statistical methods were used in
molecular correlation analysis. Receiver oper-
ating characteristic curve (ROC) was process-
ed with PROC package (Version 1.17.0.1) and
ggplot2 package, where the abscissa is the
false positive rate (FPR) and the ordinate the
true positive rate (TPR). Gene baseline charac-
teristics of TCGA prostate cancer were analyz-
ed depending on theoretical frequency, sample
size and normal distribution with Chi-square
test in T stage and N stage, Fisher test in M
stage, and Wilcoxon rank sum test in Age.

ACSM1 gene mutation signature research and
genomic alteration analysis

For ACSM1 gene mutation signature research
and genomic alteration analysis, prostate can-
cer datasets were selected from the cBioPortal
database (www.cbioportal.org) [24]. Genomic
information was retrieved and a total of 7,161
cases of prostate cancer were analyzed, where
6,082 and 1,079 cases were without and with
metastasis respectively. Genomic alterations,
including DNA copy number variants (CNVs),
genomic amplifications and deletions, and
amino acid changes, were calculated. The
odds ratio (OR) and 95% CI (confidence inter-
val) were statistically analyzed by comparing
prostate cancer groups with vs. without metas-
tasis. P values of less than 0.05 was consid-
ered significant. Relationship data between
mutation frequency, type, and site are obtained
through different modules. The copy number,
mutation status, and patient survival of various
cancer types are also analyzed using datasets
from multiple studies retrieved from cBio-
Portal.

Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) is a
computational method that determines wheth-
er an a priori defined set of genes shows
statistically significant, concordant differences
between two biological states [25, 26]. GSEA
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analysis was carried out through the WebGe-
stalt online website (WEB-based GEne SeT
Analysis Toolkit) (http://www.webgestalt.org/),
a functional enrichment analysis web tool th-
at supports GSEA [25, 27]. Prostate cancer
(PRAD) differentially expressed genes (DEGs)
data were analyzed on the WebGestalt website
with website-advanced statistical parameters,
and the results were further evaluated by the
clusterProfiler R package.

Gene Ontology (GO)/KEGG analysis

The Gene Ontology (GO) analysis can describe
aspects of a gene’s biology. The clusterPro-
filer R package is an ontology-based tool that
offers different methods for gene classification
and enrichment analyses [28]. GO analysis and
significantly enriched GO terms were imple-
mented by the clusterProfiler R package for dif-
ferentially expressed genes data in TCGA pros-
tate cancer, with cutoffs of p-values <0.01 and
FDR <0.05. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment an-
alysis was conducted using the clusterProfiler R
package.

Protein-protein interaction (PPIl) network com-
plex analysis

The online database STRING (http://string-db.
org ) [29] was used to query ACSM1-associat-
ed genes and protein-protein interaction net-
works (PPI) with the criterion. The Cytoscape
software [30] was utilized to construct pro-
tein interaction and relationship network with
STRING output results, and the modules of
ACSM1-associated genes were filtered with the
MCODE (Molecular Complex Detection) plugin
in Cytoscape 3.7.2 (Standard default: Degree
cutoff =2, node score cutoff =0.2, k-core =2,
and max depth =100).

Gene expression and abundance of immune
infiltrates and subtype analysis

The TIMER web server is a comprehensive
resource for systematic analysis of immune
infiltrates across diverse cancer types (htt-
ps://cistrome.shinyapps.io/timer/) [31]. ACS-
M1 gene Tumor Immune Estimation was evalu-
ated with B cells, CD4+ T cells, CD8+ T cells,
Neutrophils, Macrophages, and Dendritic cells.
Subtype distribution was submitted to the
TISIDB website in PRAD (http://cis.hku.hk/
TISIDB/) [32].
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Figure 1. ACSM1 gene expression profile in 33 types of cancers. The words in red stood for upregulated expression,
the words in green stood for downregulated expression, and the words in black stood for non-changed expression.
Cancer types abbreviations: ACC, Adrenocortical carcinoma; BLCA, Bladder urothelial carcinoma; BRCA, Breast in-
vasive carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangial
carcinoma; COAD, Colon adenocarcinoma; DLBC, Lymphoid neoplasm diffuse Large B-cell ymphoma; ESCA, Esoph-
ageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and neck squamous cell carcinoma; KICH, Kidney
chromophobe; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LAML, Acute my-
eloid leukemia; LGG, Brain lower grade glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma;
LUSC, Lung squamous cell carcinoma; MESO, Mesothelioma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pan-
creatic 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; THCA, Thyroid carcinoma; THYM, Thymoma; UCEC, Uterine corpus endometrial
carcinoma; UCS, Uterine carcinosarcoma; UVM, Uveal melanoma.

The association between ACSM1 expression
and prostate cancer molecular subtypes was
evaluated using the TCGA prostate cancer da-
taset based on classifications derived from the
literature [33-35] which are ETS family tran-
scription factors (ERG, ETV1, ETV4, and FLI1),
non-ETS factors (SPOP, FOXA1, and IDH1), and
others (PI3K, p53, CHD1, and SPINK1).

Results

ACSM1 was differentially expressed in pan-
cancers and prostate cancer exhibited the
highest expression level of ACSM1

The Cancer Genome Atlas (TCGA) has provid-
ed tremendous information at genomic, genet-
ic, transcriptional, and translational levels. Th-
rough deep data mining of the TCGA gene
expression profile data across all tumors and
non-tumor tissues, we found that ACSM1 mRNA
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levels were differentially expressed in 33 differ-
ent cancer types (Figure 1). However, pan-can-
cer profiles showed that among cancers with
upregulated expression, prostate cancer exhib-
ited the highest expression levels of ACSM1,
suggesting the specificity of ACSM1 in prostate
cancetr.

ACSM1 was significantly increased in prostate
carcinomas and metastatic prostate cancer

To detail the expression of ACSM1 in prostate
cancer, we re-analyzed the prostate cancer
datasets from TCGA and other studies. As
shown in Figure 2A, ACSM1 was significantly
increased in prostate cancer in comparison to
non-tumor tissues. Among the 499 cases of
prostate cancer in the TCGA dataset, 52 cases
had both cancer and matched normal tissues.
Again, prostate cancer tissues showed signifi-
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Figure 2. The expression levels of ACSM1 were significantly upregulated in prostate cancers in comparison to non-
cancer tissues and increased in metastatic prostate cancers in comparison to the primary cancers. A. Expression
levels of ACSM1 in TCGA prostate cancers (Normal or benign cases =52, cancer cases =499; ***P<0.001). B. Ex-
pression levels of ACSM1 in prostate cancers and matched non-tumor tissues from TCGA datasets (Normal: cancer
=52:52; ***P<0.001). C. ACSM1 expression in prostate cancers from other nine studies from Oncomine datasets
(*P<0.05; ***P<0.001); And ACSM1 expression level was increased in metastatic prostate cancers, in comparison

to the primary cancers (***P<0.001).

cant increases of ACSM1 expression in the
paired samples (Figure 2B).

Data analysis from another nine studies [36-
41] from the Oncomine database also showed
significant increases of ACSM1 expression in
prostate cancer, compared to benign or normal
prostate tissues (Figure 2C).

To elucidate the association between gene
expression and metastasis, one set of meta-
static prostate cancer gene expression data
from the Holzbeierlein study was analyzed [42].
In comparison to the primary cancer, metastat-
ic prostate cancer exhibited higher expression
of ACSM1 (Figure 2C).
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Genomic alterations of ACSM1 increase the
risk of prostate cancer metastasis

Clinical studies have shown important roles of
genetic alterations in prostate cancer metasta-
sis. We utilized the web-based datasets (www.
cbioprtal.org) and conducted a comprehensive
analysis in a total of 7,161 cases of prostate
cancer and 1,079 cases that had metastasis.
As shown in Table 1, we found that genomic
alterations of ACSM1 significantly increased
the risk of metastasis, with an odds ratio (OR)
of 6.22 (95% Cl: 3.60, 10.76), which was mainly
due to copy number variants (CNVs). For geno-
mic amplifications, the odds ratio increased to

Am J Cancer Res 2022;12(4):1824-1842
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Table 1. ACSM1 copy number variations and their association with prostate cancer metastasis

Prostate cancer without metastasis Prostate cancer with metastasis .
0Odds ratio (95%
Total (%)-mutation types Altered  Non-altered Sub—totql Altered  Non-altered Sub—tota.ll Altered Non-altered confidence p value*
numbers numbers (%)-mutation numbers numbers (%)-mutation  numbers numbers (%) interval)
(%) (%) types (%) (%) types (%)
7161 (100) 52(0.7) 7109 (99.3) 6082 (100) 25 (0.4) 6057 (99.6) 1079 (100) 27 (2.5) 1052 (97.5) 6.22 (3.60, 10.76) <0.0001
Copy number variants (CNVs) Copy number variants (CNVs) Copy number variants (CNVs)
Amplification 43 (82.7%) Amplification 19 (76.0%) Amplification 24 (88.9%) 7.26 (3.96, 13.30) <0.0001
Deletion 5 (9.6%) Deletion 2 (8.0%) Deletion 3(11.1%) NS
Protein changes Protein changes Protein changes
D57E (Missense) 1 (1.9%) D57E (Missense) 1 (4.0%)
P233H (Missense) 1(1.9%) P233H (Missense) 1 (4.0%)
V347M (Missense) 1 (1.9%) V347M (Missense) 1 (4.0%)
H240Y (Missense) 1 (1.9%) H240Y (Missense) 1 (4.0%)
Sub-total (%) 52 (100%) Sub-total 25 (100%) 27 (100%)

*Comparison between without metastasis and with metastasis groups. NS, no significance.
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7.26 (95% CI: 3.96, 13.30). This finding was
supported by other studies showing that meta-
static prostate cancer exhibited the highest
percentages of ACSM1 genomic amplifications
(Figure 3A).

In addition, genomic alterations of ACSM1 were
also analyzed on TCGA Pan-Cancer Atlas stud-
ies from 10,953 patients/10,967 samples in
35 studies. As shown in Figure 3B, the muta-
tions were frequently observed in multiple can-
cer types. Besides prostate cancer, cancer
types including breast cancer, bladder cancer,
and diffuse large B-cell lymphoma also show-
ed gene amplifications as the dominant altera-
tions. Mutation sites were distributed through-
out the gene but concentrated in the AMP-
binding domain (Figure 3C). Unexpectedly, th-
ese alterations did not affect gene expression,
as evidenced by the lack of significant associa-
tion between ACSM1 gene expression and copy
number alterations, compared to diploid sam-
plesin 8,521 prostate cancer samples from 22
studies (Figure 3D).

Prognostic significance of ACSM1 in prostate
cancer

The increased expression in prostate cancer
and the increase of metastasis by genomic
alterations led us to determine the prognostic
significance of ACSM1. As shown in Figure 4A,
ACSM1 expression level increased the risk of
prostate cancer progression, with the area
under curve (AUC) =0.828 and confidential
interval (Cl) =0.778-0.878, and high expression
of ACSM1 showed a trend of shorter survival
time (Figure 4B, P>0.05). Moreover, the corre-
lation between genetic alterations of the
ACSM1 gene and survival was also analyzed
using the big dataset from cBioPortal (www.
cbioportal.org). We found that ACSM1 genetic
alterations were significantly associated with
disease-free survival (P=9.74x107%) and prog-
ress-free survival (P=8.62x107), but not with
overall survival (P>0.07) (Figure 4C). The asso-
ciation between ACSM1 expression and prog-
nosis in pan-cancers has not been well charac-
terized and needs further investigation.

ACSM1-associated oncogenic roles were
through metabolic and ECM-receptor interac-
tion signaling pathways

To determine the underlying mechanisms of
ACSM1-associated oncogenic roles in prostate
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cancer, we conducted gene functions and gene
set enrichment analysis (GSEA). Several can-
cer-related pathways were enriched and signifi-
cantly associated with ACSM1 expression in
prostate cancer. One group of signaling path-
ways was positively enriched with the expres-
sion of ACSM1 in prostate cancer, including Ri-
bosome, Proteasome, N Glycan Biosynthesis,
Peroxisome, Citrate TCA Cycle, Systemic Lupus
Erythematosus, Valine Leucine and Isoleucine
Degradation, Amino sugar and Nucleotide Su-
gar Metabolism, Protein Export, and Butanoa-
te metabolism signaling pathways. The top 5
upregulated gene sets are shown in Figure 5A.
In contrast, one group of signaling pathways
was negatively enriched with the expression of
ACSM1 in prostate cancer, including ECM-
Receptor Interaction, Dilated Cardiomyopa-
thy, Hypertrophic Cardiomyopathy HCM, Focal
Adhesion, Arrhythmogenic Right Ventricular
Cardiomyopathy Arvc, Aldosterone Regulated
Sodium Reabsorption, Phosphatidylinositol Si-
gnaling System, Vascular Smooth Muscle Con-
traction, Small Cell Lung cancer, and Metabo-
lism of Xenobiotics by Cytochrome P450 signal-
ing pathways. The top 5 downregulated gene
sets are shown in Figure 5B.

Gene functional stratification showed signifi-
cantly enriched GO terms of differentially ex-
pressed genes (DEGs) from prostate cancer in
TCGA database as shown in Figure 5C. GO an-
alysis classified the DEGs into 3 groups, i.e.
Molecular Function, Biological Process, and
Cellular Component. In the Molecular Function
group, the significantly changed and highest
number of genes changed were extracellular
matrix (ECM)-associated gene sets, including
extracellular matrix structural constituent (29
of the total 596 genes, p value =2.051x1073),
and extracellular matrix structural constituent
conferring tensile strength (14 of the total 596
genes, p value =5.489x10*) (Figure 5C, left
panel). In the Biological Process group, extra-
cellular matrix organization (39 of the total 608
genes, p value =1.7037x10*) and extracellu-
lar structure organization (43 of the total 608
genes, p value =8.000x107?) were two of the
most changed gene sets (Figure 5C, middle
panel). Similarly, in the Cellular Component gr-
oup, extracellular matrix (63 of the total 629
genes, p value =3.212x102) and collagen-con-
taining extracellular matrix (58 of the total 629
genes, p value =2.96x102') were two of the

Am J Cancer Res 2022;12(4):1824-1842
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D Combined study of 8521 prostate cancer samples from 22 studies
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Figure 3. Genomic alterations of ACSM1 increase the risk of prostate cancer metastasis. A. Genomic alterations in
prostate cancers. Metastatic prostate cancers exhibited the highest percentage of ACSM1 amplifications. B and C.
Mutation frequency, mutation type and mutation site analysis in 33 of 35 categories (Pan-cancers) from cBioPortal
database. D. ACSM1 copy number changes were not associated with mRNA expression compared with diploid sam-
ples, analyzed from a combined study of 8521 prostate cancer samples from 22 studies from cBioPortal database.

most changed gene sets (Figure 5C, right
panel).

The Top 20 pathways from the KEGG database,
including purine metabolism, thiamine metabo-
lism, 2-Oxocarboxylic acid metabolism, biosyn-
thesis of amino acids, and others, were also
identified (Figure 5D). This again supported the
association between ACSM1-involved metabo-
lism and prostate cancer.

A search was conducted using the protein
name ACSM1 and organism Homo sapiens in
the STRING online database (http://string-db.
org). A total of 47 ACSM1-interacting proteins
that had been confirmed experimentally were
then collected. Further analysis using Cytotype
MCODE showed ACSM1-interacting proteins to
be mainly associated with metabolic signaling
pathways (Figure 5E).

ACSM1 expression was not associated with
stromal immune cell infiltration, or with im-
mune and molecular subtypes of prostate
cancer

Since the cancer microenvironment and im-
mune system play important roles in tumori-
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genesis, metastasis, and responses to the-
rapy, we determined the roles of ACSM1 in
prostate cancer stromal immune system. First,
we explored the association between ACSM1
expression and immune cell infiltration in pros-
tate cancer environment, but found no associa-
tion between the expression levels of ACSM1
and the infiltration of B cells, CD8+ T cells,
macrophage cells, neutrophil cells, or dendritic
cells, except for a negative association with
CD4+ T cell infiltration (Data not shown). Next,
we determined the association between ACS-
M1 expression with immune subtypes of pros-
tate cancer. Prostate cancer subtype distribu-
tion was submitted to the TISIDB website, in
which prostate cancer can be divided into 4
immune subtypes (C1, C2, C3, and C4). How-
ever, we did not see significant association of
ACSM1 expression levels with any of the sub-
types of prostate cancer (Data not shown).

Increasing clinical studies have agreed that
prostate cancer can be classified into 7 major
molecular subtypes, including 4 gene fusions
[ETS-related gene (TMPRSS2-ERG), ETS variant
1 (ETV1), ETV4, and FLI1] and 3 gene muta-
tions (SPOP, FOXA1, and IDH1). Others include
alterations in PI3K and p53 signaling, deletions
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Figure 4. Prognostic significance of ACSM1 in prostate cancer. A. ACSM1 expression increased the risk of prostate
cancer progression. Area Under Curve (AUC) =0.828, CI=0.778-0.878. B. ACSM1 high expression showed a trend
of shorter survival in prostate cancer from TCGA prostate data from the Human Protein Atlas (https://www.pro-
teinatlas.org). C. Genetic alterations of ACSM1 gene were significantly associated with disease-free survival and
progress free survival but were not associated with overall survival (data analysis using the prostate cancer from

www.cbhioportal.org).

of CHD1, and overexpression of SPINK1. To
evaluate the roles of ACSM1 in molecular clas-
sification of prostate cancer, an association
between ACSM1 expression and molecular
subtypes was analyzed. Unfortunately, the ex-
pression of ACSM1 did not show significant
association with prostate cancer molecular cla-
ssification (Data not shown).

Discussion

Clinical and experimental studies have reveal-
ed numerous genes and associated-interac-
tive signaling pathways in promoting prostate
cancer development and progression [43-46].
However, biomarkers for early diagnosis and
targets for therapy are rare, contributing to
prostate cancer being a leader among cancer
incidences and mortalities in the world. Using
comprehensive approaches, we analyzed in
depth gene expression profiles and genomic
datasets in combination with clinical outcomes,
and identified ACSM1 whose expression levels
are specifically and significantly increased in
prostate cancers among the 33 types of malig-
nancies, in comparison to non-tumor prostate
tissues.

PSA has been used as a specific biomarker for
prostate cancer screening and for monitoring
cancer recurrence and response to treatment
[15, 16, 18, 19]. But concern has been raised
for its inconsistency with clinical characteris-
tics and Gleason scores. For example, some
low-grade cases show higher PSA levels while
high-grade cases show lower PSA levels, and
some metastatic cases even show opposite
PSA values. Herein we discovered that ACSM1
expression levels are highest in prostate can-
cer among the 33 cancer types, and signifi-
cantly upregulated in cancers compared to the
non-cancer prostate tissues. This is consistent
with recent reports showing that ACSM1 ex-
pression levels were significantly upregulated
in prostate cancer tissues at both mRNA and
protein levels [47-49]. To determine the biolo-
gical functions of ACSM1 in prostate cancer,
Alinezhad et al. introduced small interfering
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RNAs (siRNAs) targeting human ACSM1 into
prostate cancer cells and found that silencing
ACSM1 resulted in marked growth arrest and
cytotoxicity in PC3 and VCaP cells in 2D culture
and in reduced tumor cell invasion in PC3
organoid cultures [49]. siRNA-induced prostate
cancer cell growth arrest was also observed by
Shrestha et al [47, 48]. Taken together, all the
findings suggest oncogenic roles of ACSM1.
Therefore, ACSM1 may be a novel biomarker
for prostate cancer screening and diagnosis,
metastasis monitoring, and outcome predic-
tion. This study is the first to identify the clini-
cal value of ACSML1 in prostate cancer, and pro-
vide additional evidence that ACSM1 may be
targets for personalized therapy. However, the
expression levels of ACSM1 in peripheral blood
plasma and other bodily fluid remain unknown
and need to be further investigated.

Recent epidemiological studies have shown the
association between genomic alterations and
metastasis, particularly DNA copy number vari-
ants or alterations in certain gene deletions,
amplifications, or mutations in tumor tissues
that had strong association with prostate can-
cer progression [50-52]. Dr. Sawyers has sh-
own that CNVs can predict prostate cancer
relapse [53]. Combining 6,082 non-metastatic
prostate cancer cases and 1,079 metastatic
prostate cancer cases from the cBioPortal
dataset, we found that genomic amplifications
of ACSM1 significantly increased the risk of
metastasis. Thus, somatic DNA amplifications
of ACSM1 will have great impact on predicting
cancer metastasis and outcomes.

Changes in metabolic signaling pathways are
one of the hallmarks of cancer [54] and a major
cause of prostate cancer development, but no
specific essential genes in this pathway have
been identified or used as biomarkers in clini-
cal settings [55-57]. Through gene function
stratification and GSEA, we identified ACSM1
as an important element, whose expression
and biological functions are enriched and asso-
ciated with multiple signaling pathways, most
of which are positively correlated with metabol-
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Figure 5. Gene set enrichment analysis and GO/KEGG analysis revealed ACSM1 gene-associated signaling pathways in prostate cancer and in pan-cancer. A. Top 5
up-regulated gene sets (positively enriched) on the Rank Ordered List by GESA: Ribosome, Proteasome, N Glycan Biosynthesis, Peroxisome, and Citrate TCA Cycle
signaling pathways. B. TOP 5 down-regulated gene sets (negatively enriched) on the Rank Ordered List by GSEA: ECM Receptor Interaction, Dilated Cardiomyopathy,
Focal Adhesion, Small Cell Lung cancer, and Metabolism of Xenobiotics by Cytochrome P450 signaling pathways. C. Significantly enriched GO terms of differentially
expressed genes in prostate cancer from TCGA database. GO analysis classified the DEGs into 3 groups (i.e. Cellular Component, Biological Process, and Molecu-
lar Function), in which, extracellular matrix and extracellular-associated signaling pathways were significantly involved in ACSM1-associated molecular functions,
biological process, and cellular components (Shown in red box). D. The KEGG pathways of ACSM1-associated genes. Top 20 pathways were shown. E. ACSM1-
associated genes protein-protein interaction (PPIl) network complex analysis. The modules of ACSM1 associated genes was filtered with MCODE. Among them, 47
ACSM1-associated genes were displayed.
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ic signaling pathways. Numerous studies have
implicated metabolic and inflammatory path-
ways in prostate cancer development. Herein
we found that critical metabolic signaling such
as Butanoate metabolism, Citrate TCA Cycle
signaling, Peroxisome, Amino sugar and Nu-
cleotide Sugar Metabolism, and Protein Export,
Valine Leucine and Isoleucine Degradation,
Ribosome, Proteasome, and N Glycan Biosyn-
thesis are positively enriched with ACSM1 in
prostate cancer and in pan-cancer. In fact, an
in vitro study showed that knockdown of the
ACSM1 gene resulted in ATP depletion in pros-
tate cancer cells. Cellular lipidomic analysis
showed that polyunsaturated fatty acids accu-
mulated with the reduction of the ACSM1
gene. Metabolomics revealed that cells adapt-
ed to ACSM1 reduction through glycolysis.
Moreover, knockdown of the ACSM1 gene led
to metabolic dysregulation, mitochondrial oxi-
dative stress, and lipid peroxidation, ultimately
leading to cell death [47, 48]. The involvement
of the ACSM1 gene in metabolic signaling is
also closely related to its upstream polymerase-
delta-interacting protein 2 (Poldip2). Several
studies have shown that Poldip2 deficiency
leads to ACSM1 degradation. Poldip2 is a nu-
clear-encoded mitochondrial protein that has
been confirmed to regulate fatty acylation th-
rough caseinolytic peptidase (Clp) complex-
mediated ACSM1 degradation [5, 58-60]. Th-
ese studies collectively provide direct evidence
that demonstrates the critical roles of ACSM1
in metabolism.

Ribosome biogenesis is a fundamental cellular
process linked to cell growth and proliferation.
Ribosome biogenesis and signaling are upregu-
lated in most of cancers, usually enhanced by
MYC in prostate cancer, which in turn further
stimulates prostate cancer growth and pro-
gression [61-63]. Therefore, in recent years tar-
geting the ribosome has become a new thera-
peutic approach to treat advanced prostate
cancer [64, 65]. Studying these signaling path-
ways will improve our understanding of the
development and progression of prostate can-
cer, and also provide critical information for
developing novel adjuvant therapies for pros-
tate cancer.

Cancer progression, recurrence, and metasta-
sis are highly associated with microenviron-
mental factors, in which the extracellular matrix
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(ECM) is one of the key components. ECM is a
non-cellular three-dimensional macromolecu-
lar modeling system and a highly dynamic st-
ructural network of collagens, proteoglycans,
glycoproteins, fibronectin, laminins, elastin, im-
mune cells, growth factors, cytokines and che-
mokines, and other elements. Matrix elements
bind each other as well as cell adhesion recep-
tors via complicated signaling systems to form
a complex network that controls organ and tis-
sue residual cells and physical functions. Cell
surface receptors transduce ECM signals into
cells and regulate cell differentiation, prolifera-
tion, migration, death, and survival, and play a
critical role in maintaining cellular homeosta-
sis. Deregulation of ECM composition and st-
ructure is associated with carcinogenesis and
cancer progression [66]. In this study, GSEA
also identified that ACSM1 expression was neg-
atively correlated with ECM-receptor interac-
tion pathway, one of the critical pathways con-
tributing to cancer formation, progression, me-
tastasis, and responses to cancer treatment. In
addition, gene functional stratification analysis
further showed significantly enriched GO terms
of differentially expressed genes (DEGs) from
prostate cancer, from which Molecular Func-
tion, Biological Process and Cellular Compo-
nent groups were classified. In all three groups,
the significantly changed and the highest num-
ber of genes changed were extracellular matrix
(ECM)-associated gene sets, including extracel-
lular matrix structural constituent and extracel-
lular matrix structural constituent conferring
tensile strength in Molecular Function Group;
extracellular matrix organization and extracel-
lular structure organization in the Biological
Process group; and finally, extracellular and
collagen-containing extracellular matrix genes
in the Cellular Component group. These obser-
vations indicate that ECM-receptor interaction
pathway and deregulation of ECM composition
and structure may be involved in the develop-
ment and metastasis of prostate cancer.

We also found Gap Junction signaling and
Tight Junction signaling in this ECM-receptor
interaction pathway, both of which are key ele-
ments in cancer cell integrity maintenance and
cell adhesion [67-71]. Therefore, it is hypothe-
sized that the upregulation of ACSM1 is nega-
tively correlated with extracellular matrix (ECM)
and ECM receptors to facilitate cancer metas-
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tasis, and that ACSM1 could be a potential
therapeutic target [68, 69, 72].

Consistent with the enrichment analysis, GO
functional stratification showed that similar
molecular functions of ACSM1 were specifi-
cally enriched in prostate cancer (Figure 5C)
and in pan-cancers, which was further con-
firmed by KEGG analysis where most signaling
pathways are related to metabolism and extra-
cellular matrix components (Figure 5D). Again,
Protein-protein interaction exhibited ACSM1-
correlated interaction at protein levels (Figure
5E).

Immune functions have been known as one of
the key elements affecting cancer formation
and outcomes. Cancer immunotherapy has
revolutionized cancer care, and antibodies ag-
ainst CTLA-4, PD-1, and PD-L1 have proven
effective in treating a variety of malignancies
[73, 74]. Therefore, to characterize the cancer
immune microenvironment is critical for under-
standing the mechanisms of cancer progres-
sion and designing immunotherapy strategies.
Using Tumor Immune Estimating Resource
(TIMER) (https://cistrome.shinyapps.io/timer/)
[31], we evaluated the association between
ACSM1 expression and immune cell infiltration
in cancer environment. Unexpected, no associ-
ation was observed between ACSM1 expres-
sion and the infiltration of B cells, CD8+/CD4+
T cells, neutrophils, macrophages, or dendritic
cells. In addition, ACSM1 expression was not
correlated with any immune subtypes of pros-
tate cancer.

Molecular classifications have been widely
used in precision oncology for cancer outcome
prediction and personalized treatment [75, 76].
Based on molecular alterations, prostate can-
cer has been classified into 7 major molecular
subtypes (4 gene fusions and 3 gene recurrent
mutations) [33-35, 77, 78]. Our stratification
analysis did not identify a significant associa-
tion between ACSM1 expression and molecular
classification in prostate cancer, more samples
from other studies are sorely needed for further
investigation into these questions before more
definitive conclusions can be made.

Conclusions

The present work has demonstrated that
ACSML1 is specifically and significantly upregu-
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lated in prostate cancer, ACSM1 gene expres-
sion and genomic amplification exhibit clini-
cal significance through metabolic and ECM-
receptor interaction signaling pathways. Thus,
ACSM1 may be a novel oncogene and serve as
a biomarker for prostate cancer screening,
prognosis prediction, and as a therapeutic tar-
get. This work promises to have great impact on
personalized prevention and therapy for pros-
tate cancer.
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