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Abstract

Background

Prostate cancer progression involves metabolic reprogramming, but whether these changes
differ according to ERG status remains unclear. This study aimed to characterize ERG-
associated metabolic patterns during progression to metastatic castration-resistant prostate
cancer (mCRPC) and to identify and functionally validate genes contributing to these features.
Methods

ERG-stratified bulk transcriptomic analyses were integrated with single-cell analyses to
examine relationships between progression-associated tumor cell states and metabolic
programs in ERG-negative prostate cancer and to prioritize candidate genes. Acetyl-CoA
acetyltransferase 1 (ACAT1) was depleted in two ERG-negative prostate cancer cell lines, PC3
and C4-2B, to assess progression-related phenotypes and SOX4 protein regulation. Human
prostate cancer tissues were examined for spatial relationships between ACAT1 and SOX4.
Metabolomic and lipidomic profiling, extracellular lipid restriction, and PPARy antagonism
were used to investigate metabolic remodeling and its functional consequences.

Results

Integrated transcriptomic analyses revealed progression-associated suppression of metabolic
programs in ERG-negative prostate cancer and identified a stemness-associated, epithelial—
mesenchymal transition (EMT)-like, androgen receptor (AR)-low tumor cell state with
elevated ACAT1 expression. ACAT1 depletion suppressed proliferation, anchorage-
independent growth, and gap closure, reduced AKT phosphorylation, increased p27 abundance,
and induced a senescence-associated phenotype. Basal SOX4 protein abundance decreased
without a corresponding reduction in SOX4 mRNA, and proteasome inhibition restored SOX4

abundance. ACAT1 loss also prevented TNFa-induced SOX4 accumulation. Human prostate
2
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cancer specimens showed focal spatial overlap between ACAT1-positive regions and a subset
of extranuclear SOX4 signals. ACAT1 loss induced broad metabolomic and lipidomic
remodeling and neutral lipid accumulation without significantly altering palmitate oxidation.
Extracellular lipid restriction attenuated lipid accumulation and alleviated the proliferative and
AKT-p27 signaling defects. ACAT1 depletion increased PPARy abundance, and the PPARy
antagonist GW9662 reduced lipid accumulation and alleviated these defects in ACAT1-
knockout PC3 cells.

Conclusions

ACATI1 maintains basal and TNFa-induced SOX4 protein abundance and supports lipid
homeostasis in ERG-negative prostate cancer cells. Its loss induces metabolic remodeling and
extracellular lipid-dependent proliferative suppression. Rescue by lipid restriction and PPARYy
antagonism supports a functional contribution of the lipid response to growth suppression.

Keywords

Prostate cancer, ACAT1, AKT signaling, SOX4, TNFa, Lipid metabolism, PPARY, ERG
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Background

Prostate cancer encompasses a broad disease spectrum ranging from localized, androgen-
dependent tumors to recurrent, metastatic, and castration-resistant disease [1]. Although
localized tumors can often be controlled by surgery or radiotherapy, advanced prostate cancer
adapts to androgen deprivation and other therapeutic pressures, ultimately progressing to
metastatic castration-resistant prostate cancer (mCRPC) [1]. This progression involves
extensive molecular and cellular adaptation that enables continued tumor growth and survival
[1].

Metabolic reprogramming is an integral component of this adaptive process. During
progression, prostate cancer cells alter nutrient utilization, mitochondrial activity, lipid
handling, and energy production to accommodate changing bioenergetic and biosynthetic
demands [2—4]. These metabolic changes have generally been examined in relation to disease
stage or treatment resistance. However, prostate cancer is composed of molecularly distinct
subgroups, and the metabolic adaptations accompanying progression may differ according to
the underlying molecular context.

One of the major molecular subdivisions of prostate cancer is defined by ERG, an ETS-family
transcription factor frequently activated through the TMPRSS2—-ERG genomic fusion [5,6].
ERG-positive and ERG-negative tumors differ in their genomic architecture, transcriptional
programs, and tumor-associated epithelial cell states [6,7]. These differences suggest that the
metabolic adaptations required for progression may also follow ERG-defined patterns.
Analyses that combine ERG-positive and ERG-negative tumors could therefore obscure
metabolic changes that arise preferentially within either subgroup.

To determine whether progression-associated metabolic reprogramming differs according to

ERG status, we performed an ERG-stratified transcriptomic analysis of primary prostate cancer
4
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and mCRPC. The metabolic pathway changes accompanying progression were distinct
between ERG-positive and ERG-negative disease, with ERG-negative progression exhibiting
broader suppression of metabolic programs. Single-cell transcriptomic analysis further
resolved the tumor cell states associated with this metabolic pattern. Together, these findings
established ERG status as a relevant framework for investigating metabolic reprogramming
during prostate cancer progression and provided a basis for identifying molecular factors
associated with the ERG-negative metabolic phenotype.

Integrative analysis highlighted acetyl-CoA acetyltransferase 1 (ACAT1) as a candidate
metabolic factor associated with ERG-negative progression. ACAT 1 is a mitochondrial thiolase
involved in acetyl-CoA and ketone body metabolism [8]. Previous proteomic and tissue-based
studies have reported increased ACAT1 abundance in high-grade, metastatic, and castration-
resistant prostate cancer [9-11]. Notably, ACAT1 expression independently predicted
biochemical recurrence specifically in ERG-negative disease [10]. Functional studies have also
implicated ACAT1 in prostate cancer cell proliferation, migration, invasion, tumor growth, and
survival during therapeutic stress [12—15]. Despite these observations, whether ACAT1
contributes functionally to the metabolic reprogramming and aggressive phenotype of ERG-
negative prostate cancer remains unresolved. This study therefore investigated the metabolic

and cellular consequences of ACATT1 loss in ERG-negative prostate cancer models.
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Methods

Cell culture and generation of stable cell populations

PC3, Dul45, and C4-2B cells were cultured in RPMI 1640 medium containing L-glutamine,
whereas HEK293T cells were maintained in high-glucose Dulbecco’s modified Eagle medium.
Both media were supplemented with 100 IU/mL penicillin, 100 pg/mL streptomycin, and 10%
fetal bovine serum. Cells were maintained at 37°C in a humidified atmosphere containing 5%
CO: and confirmed to be mycoplasma-free. Cells were treated with TNFa, MG132,
chloroquine (CQ), C6-ceramide (d18:1/6:0), or GW9662, as indicated. Cell lines, reagents,
antibodies, plasmids, and oligonucleotide sequences are listed in the supplementary materials
table.

For shRNA-mediated depletion, synthesized oligonucleotides targeting ACAT1 (shACAT1) or
SOX4 (shSOX4), or containing the control sequence (shCTRL), were inserted into the pLKO. 1
vector. Lentiviral particles were produced by cotransfecting the resulting pLKO.1 constructs
with pMD2.G and psPAX2 into HEK293T cells using FuGENE HD Transfection Reagent. At
48 h after transfection, lentiviral supernatants were collected and used to transduce the
indicated target cells in the presence of polybrene. Transduced cells were selected with 2 pg/mL
puromycin.

For ACAT1 knockout, PC3 cells were cotransfected with an ACAT1-targeting CRISPR—Cas9
plasmid and the corresponding homology-directed repair plasmid using FuGENE HD
Transfection Reagent. PC3 cells transfected with a non-targeting control CRISPR—Cas9
plasmid and subjected to the same culture and selection procedure were used as controls. At
24-48 h after transfection, cells were selected with 2 ug/mL puromycin, and ACAT1 loss was
validated by immunoblotting.

All stable knockdown and knockout experiments were performed using puromycin-selected
6
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polyclonal cell populations rather than single-cell-derived clones.

RNA extraction and quantitative reverse transcription PCR

Total RNA was extracted using TRIzol reagent and a Direct-zol RNA Miniprep Kit, including
DNase treatment. RNA concentrations were measured using a NanoDrop spectrophotometer.
Equal amounts of total RNA were used for first-strand cDNA synthesis using TOPscript RT
DryMIX (dT18 plus). Each quantitative PCR reaction contained cDNA corresponding to 20 ng
of input total RNA. Quantitative PCR was performed using TOPreal qPCR 2X PreMIX (SYBR
Green with low ROX, UDG plus) on a 7500 Real-Time PCR System. Threshold cycle (Ct)
values were determined using the instrument software. Relative mRNA expression was
normalized to ACTB or 18S rRNA and calculated using the 2"—AACt method.

Protein extraction and immunoblotting

Harvested cells were lysed in RIPA buffer supplemented with protease and phosphatase
inhibitors for 30 min at 4°C. Cell lysates were centrifuged at 16,000 x g for 15 min, and the
supernatants were collected. Protein concentrations were determined using Bradford reagent.
Equal amounts of protein (20 pg) were separated by SDS-PAGE and transferred onto
nitrocellulose membranes. Membranes were blocked with 5% bovine serum albumin for 1 h
and incubated overnight at 4°C with primary antibodies diluted in TBS-T containing 0.1%
Tween 20. After washing with TBS-T, membranes were incubated with secondary antibodies
diluted in TBS-T for 1 h at room temperature. Membranes were washed twice with TBS-T, and
protein signals were detected using Amersham ECL Prime Western Blotting Detection Reagent.
Band intensities were quantified using Image Lab software or, for images acquired using Fuji
Medical X-Ray Film, Fiji/Image]. Target protein band intensities were normalized to the
corresponding loading control, and relative values were calculated by setting the indicated

control condition to 1.
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Cell proliferation assay

Cells were seeded in 6-well plates at the indicated density. Total cell numbers were counted
using a hemocytometer every 24 h for 96 h after seeding. For delipidated-serum experiments,
cells were cultured in medium supplemented with delipidated FBS prepared using a previously
described lipid-stripping protocol [16].

Anchorage-independent growth assay

One hundred cells were embedded in 0.35% soft agar prepared in 1x RPMI 1640 and layered
over a base layer of 0.7% soft agar prepared in 1x RPMI 1640. PC3 and C4-2B cells were
cultured for 21 and 28 days, respectively. Images were acquired at x40 magnification, and
colonies exceeding 50 um in diameter were counted manually.

Wound-healing assay

Cells were seeded in 12-well plates at a density of 2.0 x 10° cells/well and incubated overnight
at 37°C with 5% COs.. The cell monolayer was scratched using a 200-pL pipette tip, and images
were acquired at 0 and 24 h using a microscope at x4 magnification. Wound areas were
measured using ImagelJ software. Gap closure was calculated as the reduction in wound area
between 0 and 24 h and expressed relative to the corresponding control.
Senescence-associated B-galactosidase staining

Senescence-associated [-galactosidase staining was performed using a Senescence [-
Galactosidase Staining Kit. Cells were washed with PBS and fixed with 1x fixative solution
for 10—15 min at room temperature. After washing twice with PBS, cells were incubated with
freshly prepared B-galactosidase staining solution containing X-gal at pH 6.0 overnight at 37°C
in a dry incubator without CO.. Blue-stained senescence-associated -galactosidase-positive
cells were visualized under a light microscope. In parallel, cells from matched plates were lysed,

and lamin B1 abundance was assessed by immunoblotting as an additional marker of cellular
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senescence.
CE-TOFMS-based metabolite profiling

Metabolite profiling was performed in triplicate using control and ACAT1-knockout PC3 cells
by capillary electrophoresis—time-of-flight mass spectrometry (CE-TOFMS) at Human
Metabolome Technologies, Inc., according to the company’s standard protocol. After removal
of the culture medium, cells were washed twice with 5% mannitol solution, treated with 800
uL of methanol, and incubated at room temperature for 30 s. The methanol extract was mixed
with 550 pL of internal standard solution diluted in HPLC-grade water. One milliliter of the
metabolite extract was transferred to a new tube and centrifuged at 2,300 x g for 5 min at 4°C.
A total of 700 pL of the resulting supernatant was filtered through an Ultrafree-MC centrifugal
filter at 9,100 x g for 120 min at 4°C to remove proteins. The filtrate was dried using a
centrifugal evaporator before CE-TOFMS analysis.

Lipid extraction and LC-MS/MS lipidomic analysis

Total lipids were extracted from cell pellets containing 3.0 x 10¢ cells using a modified Folch
method [17]. Briefly, cell pellets were extracted with chloroform/methanol (2:1, v/v), and the
resulting lipid-containing supernatants were collected and dried in a vacuum concentrator
before LC-MS/MS analysis.

LC-MS/MS was performed using an Agilent 1290 UPLC system coupled to an Agilent 6546
quadrupole time-of-flight mass spectrometer equipped with an electrospray ionization source.
Chromatographic separation was adapted from the method of Bishop and Fiehn [18] and
performed using a Waters Acquity UPLC BEH C18 column (2.1 x 100 mm, 1.7 pm) maintained
at 65°C, with an injection volume of 3 pL and a flow rate of 0.6 mL/min. Mobile phases A and
B consisted of acetonitrile/water (60:40, v/v) and isopropanol/acetonitrile (90:10, v/v),

respectively. Both mobile phases contained 10 mM ammonium formate for positive-ion

9
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analysis or 10 mM ammonium acetate for negative-ion analysis. The gradient profiles for both
ionization modes followed those described by Bishop and Fiehn [18]. Data were acquired over
an m/z range of 100-3000 using data-dependent MS/MS acquisition, with the four most
abundant precursor ions selected per cycle. Collision energies were set to 20 and 40 V for
positive- and negative-ion modes, respectively.

Lipid features were processed and annotated using Lipid Annotator [19]. Lipid abundances
were normalized to cell counts and statistically analyzed using MetaboAnalyst [20]. Lipid
ontology enrichment analysis was performed using LION/web [21].

Oil Red O staining and quantification

Cells were washed with PBS, fixed with 10% formalin, and incubated with 60% isopropanol
for 5 min. After drying, cells were stained for 20 min at room temperature with Oil Red O
working solution prepared by mixing a 0.35% Oil Red O stock solution in isopropanol with
distilled water at a 3:2 ratio. Cells were then washed with distilled water and imaged under a
microscope. For quantification, Oil Red O dye was eluted with 100% isopropanol for 10 min.
Absorbance was measured at 500 nm and normalized to the cell number determined from
parallel plates.

Fatty acid B-oxidation assay

Fatty acid B-oxidation was measured using [9,10-*H(N)]palmitic acid. Cells were seeded at 5.0
x 10* cells/well in 24-well plates and incubated overnight. Cells were pretreated for 1 h with
100 uM palmitic acid and 1 mM carnitine in serum-free, low-glucose medium containing 5
mM glucose. The medium was then replaced with serum-free, low-glucose medium containing
1 uCi [9,10-*H(N)]palmitic acid and 1 mM carnitine, and cells were incubated for 3 h at 37°C
with 5% CO.. Etomoxir (10 pM) was included as an inhibitor control for carnitine

palmitoyltransferase 1 (CPT1).
10
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To terminate the reaction, 450 uL of incubation medium was mixed with 450 pL of 10%
trichloroacetic acid and centrifuged at 4,000 x g for 10 min. A total of 850 pL of the supernatant
was neutralized with 90 pL of 6 M NaOH. Unmetabolized radiolabeled palmitate was removed
using an AmberChrom 1X2 ion-exchange column. Water-soluble metabolites were eluted twice
with 800 pL of sterile water, mixed with 4 mL of Ultima Gold LLT scintillation cocktail, and
analyzed using a Hidex 300 SL liquid scintillation counter.

Cell viability and C6-ceramide dose-response assay

PC3 and C4-2B cells were seeded at 5.0 x 10° and 1.0 x 10* cells/well, respectively, and
incubated for 48 h to allow cell attachment. Cells were then treated with the indicated
concentrations of C6-ceramide for 24 h. After removal of the culture medium, 15 pL of MTS
reagent was added, and cells were incubated for 45 min. Absorbance was measured at 492 nm
and normalized to that of untreated cells to generate C6-ceramide dose-response curves.
Gelatin zymography

Cells were washed and incubated in serum-free medium for 24 h, after which conditioned
media were collected. Equal volumes of conditioned media were mixed with non-reducing
sample buffer without heating and separated on 7.5% polyacrylamide gels containing gelatin.
After electrophoresis, gels were washed twice for 30 min in washing buffer containing 2.5%
Triton X-100, 50 mM Tris-HCI (pH 7.5), 5 mM CaClz, and 1 uM ZnCl.. Gels were then
incubated for 24 h at 37°C in incubation buffer containing 1% Triton X-100, 50 mM Tris-HCl
(pH 7.5), 5 mM CaClz, and 1 pM ZnCl.. Gels were stained with Coomassie Brilliant Blue and
destained until gelatinolytic activity was visible as clear bands against a blue background.
After collection of the conditioned media, the remaining cells were harvested using trypsin and
lysed, and total cellular protein concentrations were determined. Gelatinolytic band intensities

were normalized to the corresponding cellular protein concentrations. Equal volumes of the
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same conditioned media were also subjected to immunoblotting to assess MMP9 abundance.
Immunofluorescence analysis of human prostate cancer tissues

Human prostate cancer tissues obtained from Inha University Hospital were prepared as
formalin-fixed paraffin-embedded sections. Tissue sections were deparaftfinized in xylene and
rehydrated through graded ethanol solutions. Heat-induced antigen retrieval was performed in
10 mM sodium citrate buffer at 110°C for 10 min. Tissues were permeabilized with 0.1% Triton
X-100 for 5 min and blocked with goat serum for 1 h. Samples were incubated overnight at
4°C with primary antibodies against ACAT1 and SOX4, followed by incubation for 1 h at room
temperature in the dark with Alexa Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor
594-conjugated goat anti-mouse IgG, each diluted 1:500. Nuclei were counterstained with
Hoechst, and fluorescence images were acquired using a confocal microscope. Fluorescence
intensity profiles were generated using Fiji, and colocalization of ACAT1 and SOX4 signals
was evaluated by calculating Pearson correlation coefticients using the Coloc 2 plugin.
Transcriptomic and clinical analyses

Transcriptomic analyses were performed using R version 4.3.3 [22]. For GSE32269 [23],
samples were classified as primary prostate cancer or metastatic castration-resistant prostate
cancer (mCRPC) and as ERG fusion-positive or ERG fusion-negative according to the
accompanying sample metadata. Gene set enrichment analysis (GSEA) was performed using
clusterProfiler (version 4.10.1) [24] to compare primary and mCRPC samples within the ERG
fusion-positive and ERG fusion-negative subgroups using Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway gene sets.

For GSE176031 [7], cells annotated as ERG-negative cancer cells by the original authors were
selected and analyzed using Seurat (version 5.2.1) [25]. The subset was scaled, and principal

component analysis was performed using 100 principal components. UMAP dimensionality
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reduction and nearest-neighbor graph construction were performed using principal components
1-100, followed by clustering at a resolution of 0.5. Marker genes for the selected cluster were
identified relative to all remaining cells using FindMarkers with the receiver operating
characteristic test, a log-fold-change threshold of 0.25, and selection of positive markers only.
Single-sample gene set enrichment analysis (ssGSEA) was performed on the normalized RNA
expression matrix using the GSVA package (version 1.50.5) [26]. The “‘WANG PROSTATE
CANCER ANDROGEN INDEPENDENT [27]’, ‘OUYANG PROSTATE CANCER
PROGRESSION UP’ [28], ‘AKT UP V1 UP’ [29], and ‘HALLMARK TNFA SIGNALING
VIA NFKB’ gene sets obtained from the Molecular Signatures Database (MSigDB) [30] were
used to evaluate transcriptional states associated with prostate cancer progression. Median
ssGSEA scores were calculated for each cluster and standardized as Z-scores. For each gene
set, scores for cells in each cluster were compared with those for all remaining cells using the
Wilcoxon rank-sum test. Overall survival in the TCGA prostate adenocarcinoma cohort
(TCGA-PRAD) [6] was analyzed using GEPIA2 [31].

Statistical analysis

Statistical analyses of experimental data were performed using GraphPad Prism. Unless
otherwise indicated, quantitative data are presented as the mean + standard deviation (SD).
Comparisons between two independent groups were performed using unpaired two-tailed t-
tests. Experiments involving two independent variables were analyzed using ordinary two-way
ANOVA followed by Sidak’s multiple-comparisons test with a single pooled variance. P <0.05
was considered statistically significant.

Use of large language models

During manuscript preparation, the authors used ChatGPT (OpenAl) for English-language

editing, stylistic refinement, and assistance in improving manuscript clarity and organization.
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Results

Integrated transcriptomic analyses identify ACAT1 within a progression-associated
ERG-negative prostate cancer cell state

To identify metabolism-related transcriptional programs associated with prostate cancer
progression, we performed gene set enrichment analysis (GSEA) using gene-expression
microarray data from the GSE32269 cohort, which includes TMPRSS2-ERG fusion-positive
and fusion-negative primary prostate cancer (PCa) and metastatic castration-resistant prostate
cancer (mCRPC) samples [23]. The analyzed cohort comprised ERG-positive primary PCa (n
=12), ERG-positive mCRPC (n = 11), ERG-negative primary PCa (n = 10), and ERG-negative
mCRPC (n = 18). Comparative GSEA identified two KEGG gene sets that met the significance
criteria exclusively in the ERG-positive comparison, five that met the criteria in both ERG
subgroups, and seven that met the criteria exclusively in the ERG-negative comparison (Fig.
1A, Supplementary Figure 1A—C, and Supplementary Table S1). All seven gene sets identified
exclusively in the ERG-negative comparison were related to metabolic processes and exhibited
negative normalized enrichment scores in the mCRPC-versus-primary comparison, indicating
relative enrichment in primary tumors and attenuation during progression to mCRPC.

To determine whether a similar metabolism-low state was detectable within ERG-negative
primary tumors, we analyzed single-cell RNA-sequencing (scRNA-seq) data from the
GSE176031 cohort using the authors’ annotation of ERG-negative cancer cells [7].
Unsupervised clustering of ERG-negative tumor cells from 11 patients identified nine
transcriptionally distinct clusters, as visualized by UMAP (Fig. 1B, left). Among these, Cluster
5 showed relatively high expression of the stemness-associated transcription factors KLF2 and
SOX4 and the mesenchymal marker VIM, together with relatively low expression of the

epithelial marker CDH1 and AR (Fig. 1B, right). These features were consistent with a
15
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stemness-associated, EMT-like, and relatively AR-low transcriptional state.

Single-sample gene set enrichment analysis (ssSGSEA) showed that Cluster 5 had relatively
high scores for prostate cancer progression, AKT1-driven prostate cancer, TNFa signaling via
NF-kB, and AR-independent signatures, together with low scores for several metabolism-
related gene sets, including fatty acid, tyrosine, and histidine metabolism (Fig. 1C, left,
Supplementary Table S2). Across the nine cluster-level transcriptional profiles, the prostate
cancer progression signature score correlated positively with the AKT1-driven prostate cancer,
TNFa signaling via NF-xB, and AR-independent signature scores. Among the seven metabolic
gene sets examined, fatty acid, histidine, and tyrosine metabolism showed significant inverse
correlations with the progression signature (Fig. 1C right, Supplementary Table S2). Cluster 5
therefore occupied the progression-high, metabolism-low end of these -cluster-level
transcriptional relationships.

Together with the negative enrichment of these metabolic gene sets in the ERG-negative
mCRPC-versus-primary comparison, these findings indicate that reduced transcriptional
activity of fatty acid, histidine, and tyrosine metabolic programs is associated with ERG-
negative metastatic progression and is detectable within a progression-associated tumor cell
state in primary PCa.

We next integrated single-cell, bulk transcriptomic, and clinical outcome data to prioritize
candidate genes associated with this tumor cell state (Fig. 1D). Genes enriched in Cluster 5
relative to the other clusters in GSE176031 were selected using the criteria area under the curve
(AUC) > 0.6, average log2 fold change > 0.5, and expression in > 50% of Cluster 5 cells. To
prioritize genes showing an ERG-negative-biased progression pattern, we further required a
positive log fold change and P <0.05 in the ERG-negative mCRPC-versus-primary comparison,

together with P> 0.1 in the corresponding ERG-positive comparison. This intersection yielded
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19 candidate genes (Fig. 1D and Supplementary Table S3). Exploratory median-split overall
survival analysis of these candidates in the TCGA-PRAD cohort [6] identified RPL35A and
ACATI as the only genes with log-rank P < 0.05 (Supplementary Table S3). Among these
candidates, ACAT1 was prioritized because it encodes a metabolic enzyme and because its
association with disease recurrence was previously reported in ERG-negative, but not ERG-
positive, PCa[10], consistent with the disease context identified by our transcriptomic analyses.
ACAT]1 expression was relatively high in Cluster 5 compared with the other ERG-negative
tumor cell clusters in GSE176031 (Fig. 1E). In GSE32269, ACAT1 mRNA expression was
significantly higher in ERG-negative mCRPC than in ERG-negative primary tumors (P =
0.0382), whereas no significant difference was observed between ERG-positive primary PCa
and mCRPC (P = 0.3384) (Fig. 1F). In the TCGA-PRAD cohort, median-based stratification
showed that high ACAT1 expression was associated with shorter overall survival (high: n =
246, low: n = 246, log-rank P = 0.047, Fig. 1G). ACAT1 expression also correlated positively
with the Cluster 5 signature ssGSEA score across 492 TCGA-PRAD tumors (Spearman
correlation r = 0.4137, P < 0.0001) (Fig. 1H). Collectively, these multi-cohort analyses
prioritized ACAT1 as a metabolism-related candidate associated with the progression-related
Cluster 5 state and elevated in the ERG-negative mCRPC-versus-primary comparison,
supporting its subsequent functional investigation.

ACAT1 is required to maintain proliferative and aggressive phenotypes in ERG-negative
prostate cancer cells

To investigate the functional role of ACAT1 in ERG-negative PCa, we first examined ERG
mRNA expression in PC3, C4-2B, and Du145 cells. ERG mRNA was detectable in Dul45 cells
but not in PC3 or C4-2B cells under our assay conditions (Supplementary Figure 2A). We

therefore selected PC3 and C4-2B as ERG-negative models and generated ACAT1-knockout
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PC3 cells using CRISPR/Cas9 and stable ACAT1-knockdown C4-2B cells using shRNA.
ACATI1 depletion was confirmed by immunoblotting (Supplementary Figure 2B). In both
models, ACAT1 depletion significantly reduced cell proliferation over 96 h (Fig. 2A) and
impaired anchorage-independent growth, as shown by a marked reduction in the number of
soft agar colonies exceeding 50 um in diameter (Fig. 2B). ACAT1-depleted cells also exhibited
significantly reduced gap closure over 24 h in wound-healing assays (Fig. 2C).

At the molecular level, ACAT1 depletion reduced AKT phosphorylation at Ser473, a key
regulatory modification associated with full AKT activation [32,33], and increased p27 protein
abundance in both models (Fig. 2D). These reciprocal changes were consistent with
suppression of the AKT—p27 signaling axis [34]. The attenuation of AKT signaling following
ACATI1 depletion was also concordant with the high ACAT1 expression and elevated AKT1-
driven prostate cancer signature score observed in the progression-associated Cluster 5 state
identified by scRNA-seq (Fig. 1C, E). This growth-suppressive response was further
accompanied by increased senescence-associated -galactosidase (SA-B-gal) staining (Fig. 2E)
and reduced lamin B1 protein abundance (Fig. 2F), consistent with acquisition of a senescence-
associated phenotype [35].

To determine whether this dependency was shared across PCa cellular contexts, we next
depleted ACAT1 in Dul45 cells, in which ERG mRNA was detectable (Supplementary Figure
2A). In contrast to its effects in PC3 and C4-2B cells, ACAT1 depletion in Dul45 cells did not
reduce AKT phosphorylation at Ser473 or increase p27 protein abundance (Supplementary
Figure 2C) and did not significantly alter proliferation or gap closure (Supplementary Figure
2D, E). Moreover, ACAT1 depletion produced neither an apparent increase in SA-B-gal
staining nor a reduction in lamin B1 abundance in Dul45 cells (Supplementary Figure 2F, G).

ACAT1 is required for TNFo-induced SOX4 accumulation
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Because Cluster 5 displayed elevated TNFa signaling via NF-kB and AKT signature scores
together with high SOX4 expression, we next examined whether ACAT1 contributed to TNFa-
responsive signaling. Previous studies have shown that TNFa induces RelA phosphorylation,
promotes post-transcriptional stabilization of SOX4 protein through a proteasome-sensitive
mechanism, and enables RelA and SOX4 to function as transcriptional partners in selected
cellular contexts [36-38] (Fig. 3A).

In PC3 cells, ACAT1 loss reduced basal RelA phosphorylation at Ser536, a regulatory site
within the RelA transactivation domain that has been linked to its transcriptional activity [39,40]
(Fig. 3B). Given this reduction in RelA phosphorylation and the impaired gap closure observed
following ACAT1 loss, we next examined MMP9, an NF-«B-regulated protease linked to
prostate cancer cell migration and invasion [41,42]. ACAT1 loss decreased cellular and
conditioned-medium MMP9 abundance and reduced MMP9 gelatinolytic activity, whereas
MMP?2 activity was not significantly altered (Supplementary Figure 3A, B). TNFa induced
RelA phosphorylation in both control and ACAT 1-knockout PC3 cells, but the response was
attenuated following ACATI1 loss (Supplementary Figure 3C). In C4-2B cells, basal
phosphorylated RelA was barely detectable. TNFa induced RelA phosphorylation in both
control and ACAT 1-depleted cells, with no apparent attenuation following ACAT1 depletion
(Fig. 3C). Thus, the effect of ACAT1 loss on basal and TNFa-responsive RelA signaling was
cell context-dependent.

Next, we examined the TNFa—SOX4 axis. ACAT1 depletion did not significantly alter SOX4
mRNA expression in either PC3 or C4-2B cells (Fig. 3D) but markedly reduced SOX4 protein
abundance in both models (Fig. 3E). This RNA—protein discordance suggested that ACAT1
maintains SOX4 abundance through a post-transcriptional process shared across the two ERG-

negative models. To determine whether protein degradation contributed to the reduction in

19



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

SOX4 abundance, we treated cells with the proteasome inhibitor MG132 or the lysosomal
inhibitor chloroquine. MG132 increased SOX4 abundance in both control and ACATI-
depleted cells, bringing SOX4 abundance to similar levels between the two groups in both
models (Fig. 3F). In contrast, chloroquine produced no evident restoration of SOX4 in PC3
cells but increased SOX4 abundance in C4-2B cells, suggesting a cell context-dependent
contribution of lysosome-sensitive regulation (Fig. 3F). The shared response to MG132
nevertheless implicated a proteasome-sensitive process as a common component of ACAT1-
dependent SOX4 maintenance. Finally, TNFa increased SOX4 protein abundance in control
PC3 and C4-2B cells, whereas this induction was not observed following ACAT1 depletion in
either model (Fig. 3G).

Together, the unchanged SOX4 transcript abundance, reduced basal SOX4 protein abundance,
MG132-mediated restoration, and loss of TNFa-induced accumulation indicate that ACAT1 is
required for TNFa-responsive SOX4 protein maintenance and implicate a proteasome-
sensitive post-transcriptional process.

ACAT1 and SOX4 exhibit an extranuclear pattern of spatial association in human
prostate cancer tissue

Having established that ACAT1 was required for SOX4 protein maintenance in prostate cancer
cell models, we next examined the spatial relationship between the two proteins in human
prostate cancer tissue. Confocal immunofluorescence imaging of specimens from four
independent cases revealed heterogeneous ACAT1 and SOX4 staining patterns, with Hoechst
providing a nuclear reference. Although signal intensity and distribution varied among cases,
merged images revealed focal overlap between ACAT1- and SOX4-positive regions (Fig. 4A).
Three-channel line-intensity profiles showed coincident ACAT1 and SOX4 peaks at positions

spatially separated from prominent Hoechst peaks, consistent with focal overlap outside
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Hoechst-rich nuclear regions (Fig. 4B). Complementary ACAT1-SOX4 colocalization analysis
using Coloc 2 yielded positive Pearson correlation coefficients of 0.70, 0.51, 0.67, and 0.67 in
cases 1—4, respectively. Together, the line-profile and pixel-intensity analyses support a focal
extranuclear pattern of spatial association between ACAT1 and a subset of SOX4 signals in
human prostate cancer tissue.

ACAT1 loss induces lipid remodeling and extracellular lipid-dependent growth
suppression

To define the metabolic consequences of ACAT1 depletion, we performed global metabolomic
profiling of control and ACAT1-knockout PC3 cells. Principal component analysis revealed
clear separation between the two groups, indicating distinct global metabolomic profiles (Fig.
5A, Supplementary Table S4). A heatmap of the differentially abundant metabolites further
illustrated contrasting abundance patterns between control and ACAT1-knockout cells (Fig.
5B).

Analysis of the 20 canonical amino acids showed that ACAT1 loss significantly increased the
abundance of arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
tryptophan, tyrosine, and valine while decreasing aspartate (Supplementary Figure 4A).
Histidine and tyrosine were of particular interest because their corresponding metabolic gene
sets showed negative enrichment in ERG-negative mCRPC relative to primary PCa and inverse
correlations with progression-associated transcriptional programs in the primary-tumor
scRNA-seq analysis (Fig. 1A, C). In contrast, alanine, asparagine, cysteine, glutamine,
glutamate, glycine, proline, serine, and threonine were not significantly altered (Supplementary
Figure 4B). Notably, cysteine, glutamate, and glycine—the three amino acid constituents of
glutathione—were all unchanged, paralleling the absence of a significant correlation between

the glutathione metabolism gene set and progression-associated programs in the scRNA-seq
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analysis (Fig. 1C).

Metabolite set enrichment analysis using the differentially abundant metabolites identified
phosphatidylethanolamine (PE) and phosphatidylcholine (PC) biosynthesis as the only
pathways meeting the significance threshold (Fig. 5C). Choline, phosphoethanolamine (EAP),
and ethanolamine, which mapped to these pathways, were significantly increased following
ACATI1 loss (Fig. 5D). Given that the fatty acid metabolism gene set showed negative
enrichment in ERG-negative mCRPC and an inverse association with progression-associated
transcriptional programs (Fig. 1A, C), the prominence of phospholipid-associated changes
prompted us to investigate lipid remodeling and its contribution to the growth-suppressive
phenotype following ACAT1 loss.

Principal component analysis of the lipidomic profiles likewise distinguished control and
ACAT 1-knockout PC3 cells (Fig. SE, Supplementary Table S5). A heatmap of the differentially
abundant lipid species revealed extensive remodeling across multiple lipid classes, including
increases in multiple ceramide species and alterations in polyunsaturated fatty acid (PUFA)-
containing phospholipids (Fig. 5F). Lipid ontology analysis further highlighted long-chain and
polyunsaturated lipid features, including lipids containing four double bonds and arachidonic
acid (C20:4) (Supplementary Figure 5A). Several diacylglycerol (DG) and triacylglycerol (TG)
species were also increased following ACAT1 loss (Supplementary Figure 5B), together with
broad increases in endogenous ceramide species (Supplementary Figure 6A).

As an orthogonal, cell-based assessment of neutral lipid accumulation, we performed Oil Red
O staining. Neutral lipid accumulation was significantly increased in ACAT 1-knockout PC3
cells (Fig. 5G) and ACAT1-depleted C4-2B cells, whereas it was reduced following ACAT1
depletion in Dul45 cells (Supplementary Figure 5C). We next asked whether the neutral lipid

accumulation observed in PC3 cells was associated with impaired fatty acid B-oxidation.
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ACATI1 loss did not significantly alter palmitate oxidation, whereas the carnitine
palmitoyltransferase 1 (CPT1) inhibitor etomoxir markedly reduced oxidation, confirming
assay responsiveness (Fig. SH). Thus, the neutral lipid accumulation following ACAT1 loss
was not accompanied by a detectable impairment in fatty acid B-oxidation under these
conditions.

We then tested whether extracellular lipid availability contributed to the ACATI1-loss
phenotype. Culture in delipidated serum markedly attenuated neutral lipid accumulation in
ACAT1-knockout cells (Fig. 5I). This response was accompanied by restoration of AKT
Ser473 phosphorylation within 24 h and subsequent attenuation of p27 accumulation at later
time points (Fig. 5J), together with significant alleviation of the proliferation defect (Fig. 5K).
Notably, reduced basal RelA/p65 phosphorylation and attenuated TNFa-induced RelA/p65
phosphorylation persisted under delipidated-serum conditions (Supplementary Figure 3D), in
contrast to the restoration of AKT—p27 signaling and proliferation. These findings indicate that
the NF-kB-associated defect was separable from the extracellular lipid-dependent growth
response.

Finally, given the increase in multiple endogenous ceramide species following ACAT1 loss, we
sought proof-of-principle that exogenous ceramide could reproduce selected features of the
ACAT 1-loss phenotype. To this end, we used cell-permeable C6-ceramide as a short-chain
ceramide analog. C6-ceramide reduced cell viability in a dose-dependent manner in both PC3
and C4-2B cells (Supplementary Figure 6B). At the respective approximate ICso concentrations
of 3 uM for PC3 cells and 30 uM for C4-2B cells, C6-ceramide significantly suppressed cell
proliferation in both models (Supplementary Figure 6C), accompanied by reduced AKT Ser473
phosphorylation and increased p27 protein abundance (Supplementary Figure 6D). Moreover,

addition of C6-ceramide to ACAT 1-knockout PC3 cells cultured in delipidated serum reversed
23



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

the recovery of AKT phosphorylation and reinstated p27 accumulation (Supplementary Figure
6E).

Together, extracellular lipid restriction alleviated neutral lipid accumulation and proliferative
suppression and reversed the ACAT1-loss-associated changes in AKT—p27 signaling, whereas
exogenous Co6-ceramide reinstated the AKT—p27 response under lipid-depleted conditions and
suppressed proliferation in both models. These complementary findings support a role for
ACATI in buffering extracellular lipid-driven perturbations in lipid homeostasis, thereby
sustaining AKT signaling and cell proliferation.

PPARY contributes to lipid accumulation and growth suppression following ACAT1 loss
Because SOX4 has previously been implicated in repressing PPARY2 during adipogenic
commitment [43], we first examined whether SOX4 depletion elicited a PPARy-associated
response in prostate cancer cells. SOX4 depletion reproduced selected effects of ACATT loss,
including reduced AKT Ser473 phosphorylation, increased p27 abundance, impaired
proliferation and gap closure, and increased neutral lipid accumulation (Supplementary Figure
7A-D). SOX4 depletion also increased PPARYy protein abundance in both PC3 and C4-2B cells
(Supplementary Figure 7E). These findings, together with the neutral lipid accumulation and
extracellular lipid-dependent growth suppression caused by ACAT1 loss, prompted us to
examine PPARy abundance following ACAT1 depletion. PPARY protein abundance was
increased in both ACATI1-depleted PC3 and C4-2B cells (Fig. 6A), identifying PPARYy
upregulation as a convergent response to SOX4 and ACAT1 depletion.

To test the functional contribution of PPARY activity to the ACAT 1-loss phenotype, we treated
control and ACAT1-knockout PC3 cells with the PPARy antagonist GW9662. GW9662
reduced Oil Red O-positive neutral lipid accumulation in ACAT1-knockout cells (Fig. 6B) and

significantly alleviated their proliferation defect over 96 h (Fig. 6C). This proliferative recovery
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was accompanied by increased AKT Ser473 phosphorylation and reduced p27 protein
abundance relative to vehicle-treated ACAT1-knockout cells (Fig. 6D). However, GW9662 did
not significantly restore gap closure (Fig. 6E).

Together, these findings support a functional contribution of PPARY to neutral lipid
accumulation, AKT—p27 signaling changes, and proliferative suppression following ACAT1
loss. The lack of significant restoration of gap closure suggests the involvement of additional
ACAT1-dependent mechanisms that are not reversed by PPARY antagonism. Integrating these
results with the SOX4 and extracellular lipid-restriction experiments, we propose a model in
which ACAT1 maintains SOX4 protein abundance and lipid homeostasis in ERG-negative
prostate cancer cells, whereas its depletion elicits a PPARy-associated lipid response that

contributes to reduced AKT signaling and proliferative suppression (Fig. 7).
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Discussion

Prostate cancer undergoes substantial metabolic reprogramming during progression [2—4], but
whether this process differs between ERG-defined molecular subsets has remained unclear [5—
7]. Our ERG-stratified analyses identified distinct progression-associated metabolic patterns
and an EMT-like, AR-low tumor cell state characterized by high ACAT1 and SOX4 expression
and reduced fatty acid metabolism gene-set activity. ACAT1 expression increased in the ERG-
negative mCRPC-versus-primary comparison but not in the corresponding ERG-positive
comparison. Functionally, ACAT1 depletion in PC3 and C4-2B cells suppressed proliferation,
anchorage-independent growth, and gap closure and reduced AKT phosphorylation, consistent
with the association between high ACAT1 expression and elevated AKT signature scores
observed in the scRNA-seq analysis.

Global metabolomic profiling revealed broad metabolic changes following ACAT1 loss,
including increased intracellular isoleucine and several other amino acids. Although ACATT is
annotated within mitochondrial lipid catabolic pathways, its established physiological thiolase
functions center on ketone-body utilization and terminal isoleucine catabolism, as illustrated
by inherited ACAT1 deficiency [8,44,45]. Consistent with the latter function, ACAT1 depletion
increased intracellular isoleucine abundance. The accompanying accumulation of valine,
histidine, tyrosine, and several other amino acids suggests that the metabolic consequences of
ACAT]1 loss extend beyond its immediate substrates. Histidine and tyrosine were of particular
interest because their corresponding metabolic gene sets were attenuated during ERG-negative
metastatic progression and inversely associated with progression-related transcriptional
programs. The mechanisms underlying these broader amino acid changes and their contribution
to growth suppression remain unresolved.

Lipidomic profiling revealed extensive remodeling following ACAT1 loss, including increases
26
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in multiple endogenous ceramide species and alterations in PUFA-containing phospholipids,
DGs, and TGs. These changes affected both bioactive and storage lipid pools and were
accompanied by neutral lipid accumulation. However, palmitate oxidation was not significantly
altered, indicating that lipid accumulation was not explained by a detectable reduction in fatty
acid B-oxidation under the conditions examined. The contribution of individual lipid species to
the growth-suppressive phenotype remains unresolved.

The strongest functional connection between lipid remodeling and proliferative suppression
was provided by the delipidated-serum experiments. Restriction of extracellular lipids
attenuated neutral lipid accumulation, restored AKT phosphorylation, reduced p27
accumulation, and alleviated the proliferation defect caused by ACAT1 loss. Extracellular lipid
availability was therefore a major determinant of this phenotype. In prostate cancer,
extracellular fatty acids contribute to tumor lipid synthesis, while periprostatic adipose tissue
can supply lipids to adjacent tumor cells [46,47]. Although extracellular lipids generally
support prostate cancer growth, their effects also depend on how acquired lipids are processed,
stored, and remodeled [3,4,46,48]. Complementing these findings, C6-ceramide suppressed
proliferation, reduced AKT phosphorylation, increased p27 abundance, and reversed the
signaling recovery produced by delipidated serum. This provided proof of principle that an
externally supplied lipid can modify the AKT—p27—proliferation response. Because C6-
ceramide is a cell-permeable short-chain analog distinct from the endogenous long-chain
ceramide species increased following ACAT1 loss, these experiments do not identify a specific
endogenous ceramide as the mediator of the phenotype. Together, these findings suggest that
ACAT] enables a subset of ERG-negative prostate cancer cells to maintain lipid homeostasis
and proliferative signaling in a lipid-replete environment, whereas its loss converts

extracellular lipid exposure into a maladaptive, growth-suppressive response.
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PPARY provided an additional functional link between ACAT1 loss, lipid accumulation, and
proliferative suppression. ACAT1 depletion increased PPARY protein abundance in both PC3
and C4-2B cells, and pharmacological PPARY antagonism with GW9662 reduced neutral lipid
accumulation in ACAT 1-knockout PC3 cells. GW9662 also partially restored proliferation and
shifted AKT—p27 signaling toward the control state, supporting a contribution of the PPARYy-
associated lipid response to the growth-suppressive phenotype. However, GW9662 did not
significantly restore gap closure, indicating that PPARy contributes selectively to the lipid and
proliferative consequences of ACAT1 loss rather than accounting for all ACAT1-dependent
phenotypes.

A second central finding of this study is that ACAT1 maintains a proteasome-sensitive SOX4
protein pool. ACAT1 depletion reduced SOX4 protein without decreasing its mRNA, and
proteasome inhibition brought SOX4 abundance to similar levels in control and depleted cells
in both PC3 and C4-2B models. ACAT1 loss also prevented TNFo-induced SOX4
accumulation in both models. Chloroquine responses differed between models, suggesting a
cell context-dependent contribution of lysosome-sensitive regulation. Previous work showed
that inflammatory cytokines stabilize SOXC proteins through a post-transcriptional,
proteasome-sensitive process [37], while the degradation-sensitive C-terminal region of SOX4
can be protected by the adaptor protein syntenin [49]. Together, these findings identify ACAT1
as a determinant of basal and TNFa-responsive SOX4 protein abundance. Tissue imaging
revealed focal extranuclear association between ACAT1 and a subset of SOX4 signals in human
prostate cancer specimens, providing spatial context for ACAT 1-dependent SOX4 regulation.
SOX4 depletion reproduced selected signaling, proliferative, migratory, and lipid-associated
phenotypes observed following ACAT1 loss and was accompanied by increased PPARYy

abundance. These findings support functional convergence between ACAT1 loss and SOX4
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depletion and suggest that ACAT1-dependent SOX4 maintenance may contribute to the
PPARy-associated lipid response. However, the molecular mechanism by which ACATI
maintains SOX4 protein abundance and whether the metabolic consequences of ACAT1 loss
are mediated through a linear ACAT1-SOX4-PPARY axis remain unresolved. Future studies
should define this mechanism and use mechanism-guided approaches to restore SOX4 protein
abundance in ACAT 1-knockout cells.

Although identified in prostate cancer cells, ACAT1-dependent maintenance of SOX4 protein
may not be restricted to this disease context. ACAT1 exerts metabolic and post-translational
regulatory functions in multiple tumor types [50-53], while SOX4 broadly contributes to tumor
progression and cell-state plasticity [54—57]. Examining whether ACAT1 similarly regulates a
proteasome-sensitive SOX4 pool in other malignancies and inflammatory contexts will help
determine the broader relevance of this regulatory relationship.

The weaker response to ACAT1 depletion in Dul45 cells further indicates that ACATI
dependency is cell context-dependent. Although Dul45 cells do not harbor the canonical
TMPRSS2-ERG fusion, ERG mRNA was detectable under our experimental conditions,
consistent with a previous report showing low ERG protein expression in this cell line [58].
Accordingly, whereas the clinical transcriptomic analyses were stratified by TMPRSS2—-ERG
fusion status, the cell-line experiments distinguished ERG-undetectable PC3 and C4-2B cells
from ERG-detectable Dul45 cells. This distinction may be biologically relevant because the
principal consequence of the TMPRSS2—-ERG rearrangement is aberrant ERG expression
under androgen-responsive TMPRSS2 regulatory elements rather than acquisition of a
TMPRSS2-derived protein domain. ERG expression itself may therefore influence cellular
behavior irrespective of the mechanism responsible for its expression. ERG has also been

reported to interact with SOX4 and cooperate with it in EMT-associated transcriptional
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programs [59]. However, because ERG abundance in Dul45 cells is low and the cell lines differ
in multiple molecular features, isogenic ERG gain- and loss-of-function models will be
required to determine whether ERG expression directly modifies ACAT1 dependency.

A limitation of this study is that the functional analyses were conducted primarily in vitro.
However, previous clinical and in vivo studies support the disease relevance of ACATI1 in
prostate cancer. Proteomic and tissue-based analyses identified increased ACAT1 abundance
in high-grade, metastatic, and castration-resistant prostate cancer [9—11], and ACAT1 protein
expression independently predicted biochemical recurrence, with prognostic separation
observed specifically in ERG-negative disease [10]. Functional studies have further implicated
ACATI in prostate cancer cell proliferation, invasion, migration, xenograft growth, pollutant-
induced aggressiveness, and survival during enzalutamide exposure [12—15]. More recently,
pharmacological ACAT1 blockade increased lipid accumulation and lipid uptake in prostate
cancer cells, reduced the viability of PDX-derived organoids, and suppressed tumor growth in
multiple prostate cancer PDX models [60]. These independent observations support the in vivo
and clinical relevance of ACAT1 and corroborate the association between ACAT1 inhibition
and altered lipid homeostasis observed in the present study. Nevertheless, ACAT1-dependent
SOX4 protein maintenance and the PPARy-associated lipid response identified here require

direct validation in vivo.
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Conclusions

Multi-cohort transcriptomic analyses revealed reduced fatty acid metabolism gene-set activity
and elevated ACAT1 expression in ERG-negative mCRPC and the progression-associated
Cluster 5 state, with fatty acid metabolism scores inversely correlated with prostate cancer
progression signature scores across tumor cell clusters. ACAT1 supports proliferative and
aggressive phenotypes in ERG-negative prostate cancer cells, maintains basal and TNFa-
induced SOX4 protein abundance, and restrains PPARy-associated lipid remodeling. Limiting
extracellular lipid availability attenuated neutral lipid accumulation, restored AKT—p27
signaling, and alleviated proliferative suppression following ACAT1 loss, identifying
extracellular lipids as a major determinant of this phenotype. PPARY antagonism similarly
reduced lipid accumulation and partially restored AKT—p27 signaling and proliferation,
supporting a functional contribution of the PPARy-associated response. SOX4 depletion
reproduced selected signaling, lipid, and growth phenotypes of ACAT1 loss, while human
tissue imaging revealed focal extranuclear spatial association between ACAT1 and SOX4.
Collectively, these findings identify ACAT1 as a regulator of SOX4 protein maintenance and

lipid homeostasis that supports the growth of ERG-negative prostate cancer cells.
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674  List of abbreviations

675  ACATI1: Acetyl-CoA acetyltransferase 1

676  AKT: Protein kinase B

677  AR: Androgen receptor

678  AUC: Area under the curve

679  CE-TOFMS: Capillary electrophoresis—time-of-flight mass spectrometry
680  CPT1: Carnitine palmitoyltransferase 1

681  CQ: Chloroquine

682  DG: Diacylglycerol

683  EAP: Phosphoethanolamine

684  EMT: Epithelial-mesenchymal transition

685  ERG: ETS-related gene

686  FBS: Fetal bovine serum

687  GSEA: Gene set enrichment analysis

688  ICso: Half-maximal inhibitory concentration

689  KEGG: Kyoto Encyclopedia of Genes and Genomes
690 LC-MS/MS: Liquid chromatography—tandem mass spectrometry
691  LION: Lipid Ontology

692 mCRPC: Metastatic castration-resistant prostate cancer
693  MMP: Matrix metalloproteinase

694  MSEA: Metabolite set enrichment analysis

695  NF-kB: Nuclear factor kappa B

696  PC: Phosphatidylcholine

697  PCa: Prostate cancer
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PCA: Principal component analysis

PDX: Patient-derived xenograft

PE: Phosphatidylethanolamine

PPARY: Peroxisome proliferator-activated receptor gamma
PUFA: Polyunsaturated fatty acid

SA-B-gal: Senescence-associated B-galactosidase
scRNA-seq: Single-cell RNA sequencing

SOX4: SRY-box transcription factor 4

ssGSEA: Single-sample gene set enrichment analysis
TCGA-PRAD: The Cancer Genome Atlas Prostate Adenocarcinoma
TG: Triacylglycerol

TNFa: Tumor necrosis factor alpha

UMAP: Uniform Manifold Approximation and Projection
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Figure Legends

Fig. 1. Integrated transcriptomic analyses identify ACAT1 in a progression-associated,
metabolism-low cell state in ERG-negative prostate cancer.

(A) Gene set enrichment analysis (GSEA) comparing metastatic castration-resistant prostate
cancer (mCRPC) with primary prostate cancer (PCa) in GSE32269, stratified by ERG status.
(B) UMAP of ERG-negative tumor cells in GSE176031 (left) and a dot plot of KLF2, SOX4,
VIM, CDHI, and AR expression across clusters (right).

(C) Heatmap of single-sample gene set enrichment analysis (ssGSEA) scores for the indicated
transcriptional signatures and metabolic gene sets (left). Per-cell scores were summarized as
cluster medians and standardized as Z-scores for each gene set. Scatter plots show relationships
between the progression signature and the indicated signature scores (right). Each dot
represents one cluster, Pearson correlation coefficients are indicated. Cluster 5 is highlighted
in red.

(D) Schematic of candidate selection integrating GSE176031, GSE32269, and TCGA-PRAD.
(E) Violin plots of ACAT1 expression across ERG-negative tumor cell clusters in GSE176031.
(F) Violin plots of ACAT1 expression across ERG-defined primary PCa and mCRPC groups
in GSE32269.

(G) Kaplan—Meier overall survival analysis in TCGA-PRAD, stratified by median ACAT1
expression into high (red) and low (blue) groups. The log-rank P value is indicated.

(H) ACAT1 mRNA expression [log2(normalized count + 1)] versus Cluster 5 signature
sSGSEA scores in TCGA-PRAD. Each dot represents one tumor, the Spearman correlation

coefficient is indicated.
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Fig. 2. ACAT1 is required to maintain proliferative and aggressive phenotypes in ERG-
negative prostate cancer cells.

(A) Proliferation of the indicated control and ACAT1-depleted cell lines over 96 h. Cell
numbers at the indicated time points are presented.

(B) Anchorage-independent growth of the indicated control and ACAT1-depleted ERG-
negative prostate cancer cell lines in soft agar. Colonies exceeding 50 um in diameter were
counted. Representative images are shown at x40 magnification. Scale bars, 50 um.

(C) Wound-healing assays of the indicated control and ACAT 1-depleted ERG-negative prostate
cancer cell lines over 24 h. Gap closure was calculated as the difference between the gap areas
at 0 and 24 h. Representative images are shown at x4 magnification. Scale bars, 500 pm.

(D) Immunoblot analysis of ACAT1, phosphorylated AKT at Ser473, total AKT, and p27.

(E) Senescence-associated f-galactosidase (SA-B-gal) staining of the indicated control and
ACAT1-depleted cell lines. Representative images are shown at x40 magnification. Scale bars,
50 um.

(F) Immunoblot analysis of the senescence-associated marker lamin B1 in the indicated control

and ACAT 1-depleted cell lines.
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Fig. 3. ACAT1 is required for TNFa-induced SOX4 accumulation.

(A) Schematic illustrating TNFa-induced RelA phosphorylation at Ser536 and proteasome-
sensitive SOX4 protein stabilization. The solid arrow denotes an established signaling pathway,
whereas the dashed arrow indicates reported SOX4 stabilization through an unresolved
molecular mechanism.

(B) Immunoblot analysis of basal RelA/p65 phosphorylation at Ser536 and total RelA/p65
protein abundance in control and ACAT 1-knockout PC3 cells.

(C) Immunoblot analysis of RelA/p65 phosphorylation at Ser536 and total RelA/p65 in control
and ACAT 1-knockdown C4-2B cells following treatment with TNFa (10 ng/mL) for 30 min.
(D) SOX4 mRNA expression in the indicated control and ACAT1-depleted PC3 and C4-2B
cells.

(E) Immunoblot analysis of SOX4 protein abundance in the indicated control and ACAT1-
depleted PC3 and C4-2B cells.

(F) Immunoblot analysis of ACAT1 and SOX4 in control and ACAT1-depleted PC3 and C4-
2B cells treated with vehicle, MG132 (10 uM), chloroquine (CQ, 10 pM), or their combination
for 4 h.

(G) Immunoblot analysis of the indicated proteins in control and ACAT1-depleted PC3 and

C4-2B cells following treatment with TNFa (10 ng/mL) for 4 h.
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Fig. 4. ACAT1 and SOX4 exhibit an extranuclear pattern of spatial association in human
prostate cancer tissue.

(A) Representative confocal immunofluorescence images of four independent human prostate
cancer cases stained for ACAT1 (green), SOX4 (red), and nuclei (Hoechst, blue). Single-
channel and merged images show the distribution of each signal and focal overlap between
ACAT1- and SOX4-positive regions. White lines indicate the positions used for the line-
intensity profiles in (B). Scale bars, 100 um.

(B) Three-channel line-intensity profiles from the corresponding tissue images in (A).
Fluorescence intensities of ACAT1 (green), SOX4 (red), and Hoechst (blue) were measured
along identical line selections and plotted against distance. Coloc 2-derived Pearson correlation

coefficients for ACAT1 and SOX4 are indicated for each case.
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Fig. 5. ACAT1 loss induces lipid remodeling and extracellular lipid-dependent growth
suppression.

(A) Principal component analysis (PCA) of global metabolomic profiles from control and
ACAT1-knockout (sgACAT1) PC3 cells. Cells were incubated in fresh medium for 4 h before
metabolite extraction.

(B) Heatmap showing the relative abundance of differentially abundant metabolites in control
and ACAT1-knockout PC3 cells.

(C) Metabolite set enrichment analysis (MSEA) of the differentially abundant metabolites
identified in control and ACAT 1-knockout PC3 cells.

(D) Relative abundance of choline, phosphoethanolamine (EAP), and ethanolamine, which
mapped to phosphatidylcholine (PC) and phosphatidylethanolamine (PE) biosynthesis
pathways, in control and ACAT1-knockout PC3 cells.

(E) PCA of global lipidomic profiles from control and ACAT1-knockout PC3 cells. Cells were
incubated in fresh medium for 4 h before lipid extraction.

(F) Heatmap showing the relative abundance of differentially abundant lipid species in control
and ACAT 1-knockout PC3 cells.

(G) Oil Red O staining of control and ACAT 1-knockout PC3 cells. Representative images are
shown at x40 magnification. Scale bars, 50 um.

(H) Fatty acid B-oxidation in control and ACAT1-knockout PC3 cells measured using [9,10-
*H(N)]palmitic acid. Etomoxir (10 puM) was used as an inhibitor of carnitine
palmitoyltransferase 1 (CPT1)-dependent fatty acid oxidation.

(D) Oil Red O staining of control and ACAT1-knockout PC3 cells cultured in normal or
delipidated serum for 24 h. Representative images are shown at x40 magnification. Scale bars,

50 pm.
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(J) Immunoblot analysis of phosphorylated AKT at Ser473, total AKT, and p27 in control and
ACAT1-knockout PC3 cells under normal-serum conditions and in ACAT1-knockout cells
cultured in delipidated serum for 24 or 48 h.

(K) Proliferation of control and ACAT 1-knockout PC3 cells cultured in normal or delipidated

serum over 96 h. Cell numbers at the indicated time points are presented.
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Fig. 6. PPARY contributes to lipid accumulation and growth suppression following
ACAT1 loss.

(A) Immunoblot analysis of SOX4 and PPARy protein abundance in control and ACATI-
depleted PC3 and C4-2B cells.

(B) Oil Red O staining of control and ACAT 1-knockout PC3 cells treated with vehicle or the
PPARY antagonist GW9662 (20 nM). Cells were treated with GW9662 for 48 h before Oil Red
O staining. Representative images are shown at x40 magnification. Scale bars, 50 um.

(C) Proliferation of control and ACAT 1-knockout PC3 cells treated with vehicle or GW9662
(20 nM) over 96 h. Cell numbers at the indicated time points are presented.

(D) Immunoblot analysis of phosphorylated AKT at Ser473, total AKT, and p27 in control and
ACAT 1-knockout PC3 cells treated with vehicle or GW9662 (20 nM).

(E) Wound-healing assays of control and ACAT1-knockout PC3 cells treated with vehicle or
GW9662 (20 nM) over 24 h. Cells were pretreated with GW9662 for 24 h before initiation of
the assay. Gap closure was calculated as the difference between the gap areas at 0 and 24 h.

Representative images are shown at x4 magnification. Scale bars, 500 pm.
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Fig. 7. Proposed model of ACAT1-dependent SOX4 maintenance and lipid homeostasis

in ERG-negative prostate cancer cells.

ACATI1 maintains basal and TNFa-induced SOX4 protein abundance and supports lipid
homeostasis, AKT signaling, proliferation, and migration. ACAT1 depletion reduces SOX4
abundance and increases PPARy abundance, accompanied by neutral lipid accumulation and
remodeling of ceramides, DGs, TGs, and PUFA-containing phospholipids. These changes are
associated with reduced AKT Ser473 phosphorylation and suppressed proliferation.
Extracellular lipid restriction and PPARy antagonism with GW9662 attenuate lipid
accumulation and partially restore signaling and proliferation, whereas GW9662 does not
significantly restore gap closure. Dashed connections indicate relationships attenuated

following ACAT1 depletion.
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