
ACSL3 promotes intratumoral steroidogenesis in
prostate cancer cells
Toshiro Migita,1,2 Ken-ichi Takayama,1,3 Tomohiko Urano,1,3 Daisuke Obinata,1,4 Kazutaka Ikeda,5,6

Tomoyoshi Soga,5 Satoru Takahashi4 and Satoshi Inoue1,3,7

1Departments of Anti-Aging Medicine and Geriatric Medicine, Graduate School of Medicine, The University of Tokyo; 2Division of Molecular Biotherapy,
Cancer Chemotherapy Center, Japanese Foundation for Cancer Research; 3Department of Functional Biogerontology, Tokyo Metropolitan Institute of
Gerontology; 4Department of Urology, Nihon University School of Medicine, Tokyo; 5Institute for Advanced Biosciences, Keio University, Yamagata; 6RIKEN
Center for Integrative Medical Sciences, Yokohama; 7Division of Gene Regulation and Signal Transduction, Research Center for Genomic Medicine, Saitama
Medical University, Saitama, Japan

Key words

ACSL3, AKR1C3, castration-resistant prostate cancer,
intratumoral steroidogenesis, UGT2B

Correspondence

Satoshi Inoue, Department of Functional Biogerontology,
Tokyo Metropolitan Institute of Gerontology, 35-2 Sakae-
cho, Itabashi-ku, Tokyo 173-0015, Japan.
Tel: 81-3-3964-3241; Fax: 81-3-3579-4776;
E-mail: sinoue@tmig.or.jp
and
Toshiro Migita, Division of Molecular Biotherapy, Cancer
Chemotherapy Center, Japanese Foundation for Cancer
Research, 3-8-31 Ariake, Koto-ku, Tokyo 135-8550,
Japan.Tel: 81-3-3520-0111 (ext. 5745);
Fax: 81-3-3570-0484; E-mail: toshiro.migita@gmail.com

Funding Information
Japan Society for the Promotion of Science.

Received March 10, 2017; Revised July 6, 2017; Accepted
July 30, 2017

Cancer Sci 108 (2017) 2011–2021

doi: 10.1111/cas.13339

Long-chain acyl-coenzyme A (CoA) synthetase 3 (ACSL3) is an androgen-respon-

sive gene involved in the generation of fatty acyl-CoA esters. ACSL3 is expressed

in both androgen-sensitive and castration-resistant prostate cancer (CRPC). How-

ever, its role in prostate cancer remains elusive. We overexpressed ACSL3 in

androgen-dependent LNCaP cells and examined the downstream effectors of

ACSL3. Furthermore, we examined the role of ACSL3 in the androgen metabolism

of prostate cancer. ACSL3 overexpression led to upregulation of several genes

such as aldo-keto reductase 1C3 (AKR1C3) involved in steroidogenesis, which uti-

lizes adrenal androgen dehydroepiandrosterone sulfate (DHEAS) as substrate,

and downregulated androgen-inactivating enzyme UDP-glucuronosyltransferase

2 (UGT2B). Exposure to DHEAS significantly increased testosterone levels and cell

proliferative response in ACSL3-overexpressing cells when compared to that in

control cells. A public database showed that ACSL3 level was higher in CRPC than

in hormone-sensitive prostate cancer. CRPC cells showed an increased expression

of ACSL3 and an expression pattern of AKR1C3 and UGT2B similar to ACSL3-over-

expressing cells. DHEAS stimulation significantly promoted the proliferation of

CRPC cells when compared to that of LNCaP cells. These findings suggest that

ACSL3 contributes to the growth of CRPC through intratumoral steroidogenesis

(i.e. promoting androgen synthesis from DHEAS and preventing the catabolism

of active androgens).

P rostate cancer is the most hormone-dependent malignant
tumor in men. The androgen and androgen receptor (AR)

signaling pathways play a pivotal role in prostate cancer biol-
ogy. Androgen deprivation therapy (ADT) is the standard treat-
ment for prostate cancer. However, most prostate cancers will
invariably relapse as castration-resistant prostate cancers
(CRPC) after ADT.(1) Notably, AR signaling is still active
after ADT and functions as a driving force for CRPC.(2)

Androgens stimulate the expression of over 20 enzymes
involved in lipogenesis.(3–5) De novo lipogenic enzymes are
overexpressed in prostate cancer by AR signaling and other
oncogenic pathways. Increased lipogenesis contributes to cell
survival and oncogenic transformation in prostate cancer.(3,6–
11) Long-chain acyl-CoA synthetases (ACSL) catalyze the con-
version of free long-chain fatty acids into acyl-CoA esters.
Physiologically, ACSL-mediated acyl-CoA exert diverse cellu-
lar functions, including the regulation of energy and lipid
metabolism and signal transduction.(12–15) ACSL3 is highly
expressed in human lung cancer and is required for survival
and the oncogenic capacity of mutant KRAS lung cancer
cells.(16) ACSL3 suppression impairs tumorigenesis of lung
cancer cells in vivo,(16) and triacsin C, an inhibitor of ACSL1,

3 and 4, induces apoptotic death in lung, colon and brain can-
cer cells in vitro and in vivo.(17) ACSL3 is an androgen-
responsive enzyme and is abundantly expressed in normal
prostate tissue and cancer.(18,19) Although the precise mecha-
nism remains unclear, ACSL3 contributes to CRPC progres-
sion through enhancing intratumoral steroidogenesis.(20)

Intratumoral steroidogenesis is one of the mechanisms
underlying the development of CRPC and leads to AR signal-
ing reactivation.(2,20–28) To date, three major pathways have
been proposed to explain the mechanism of intratumoral
steroidogenesis in CRPC: de novo androgenesis from choles-
terol, dihydrotestosterone (DHT) synthesis from cholesterol by
bypassing testosterone, and conversion of adrenal androgen to
testosterone and DHT.(21,29,30) The last pathway has been sug-
gested to function as the major mechanism for the acquisition
of androgens in prostate cancer after ADT.(27) The circulating
weak adrenal androgen, dehydroepiandrosterone sulfate
(DHEAS), is incorporated by members of the solute carrier
organic anion transporter family, including SLCO1B3 and
SLCO2B1, and is cleaved into DHEA by steroid sulfatase
(STS). DHEA is then metabolized into androgens by several
steroidogenic enzymes such as 3b-hydroxysteroid
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dehydrogenase (HSD) 3B, aldo-keto reductase family member
(AKR) 1C3 and steroid 5a-reductase (SRD5A). Excess intra-
cellular androgen is glucuronide-conjugated and inactivated by
UDP-glucuronosyltransferases (UGT) 2B15 and UGT2B17,
and released into the circulation.
In this manuscript, we show that ACSL3 contributes to intra-

tumoral steroidogenesis by modulating the steroidogenic genes
and to the growth of CRPC. Our data provides the rationale
for a new therapeutic strategy for CRPC.

Materials and Methods

Cell culture and reagents. The AR-positive LNCaP, and AR-
negative DU145 and PC3 prostate cancer cell lines were purchased
from the American Type Culture Collection (ATCC; Manassas,
VA, USA). Castration-resistant derivatives of LNCaP cells
(LTAD) were previously established after long-term androgen
deprivation in our laboratory.(31,32) Short tandem repeat (STR)
analysis was performed to authenticate the cell lines used in the
present study.(31) We performed all studies within 30 passages.
LNCaP cells and DU145 or PC3 cells were grown in Roswell Park
Memorial Institute Medium 1640 or DMEM, respectively, supple-
mented with 10% heat-inactivated FBS and 1% penicillin/strepto-
mycin (both from GIBCO-BRL, Grand Island, NY, USA) in a 5%
CO2 atmosphere at 37°C. Charcoal-stripped FBS was purchased
from Invitrogen (Carlsbad, CA, USA). G418 (Geneticin) was
obtained from GIBCO-BRL (Carlsbad, CA, USA). Cells were
stimulated with DHT (Wako, Osaka, Japan), DHEA or DHEAS
(both from Sigma, St-Louis, MO, USA).

Vector construction and transfection. An N-terminal FLAG-
tagged ACSL3 construct was generated by amplifying the cod-
ing sequence of human ACSL3 by PCR. This fragment was
subcloned into pcDNA3.1(�)/Myc-His B (Invitrogen) with the
FLAG epitope (DYKDDDDK) (pcDNA3.1-FLAG-ACSL3).
Increases in ACSL3 expression were confirmed by real-time
PCR or immunoblotting. To generate LNCaP and DU145 cells
stably overexpressing ACSL3 or vector-control, LNCaP and
DU145 cells were transfected with pcDNA3.1-FLAG-ACSL3
or pcDNA3.1-FLAG, respectively, using the FuGENE HD
transfection reagent (Roche Applied Science, Basel, Switzer-
land). Transfected cells were selected by their ability to grow
in medium containing 400 lg/mL G418, and the two isogenic
cell lines were generated.

RNA interference. ACSL3 knockdown was performed with
two different Stealth siRNA (HSS103535 and HSS176683)
(Invitrogen), and the data shown are from one representative
experiment with ACSL3 siRNA HSS103535, unless otherwise
noted. A negative control siRNA (Invitrogen) was used as a
control. Transfection was performed using Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer’s proto-
col. The cells were analyzed 72 h after transfection.

Real-time PCR. Total RNA was extracted using ISOGEN
reagent (Nippon Gene, Tokyo, Japan). First-strand cDNA was
generated from total RNA, using SuperScript II Reverse Tran-
scriptase (Invitrogen). Quantitative reverse transcription-PCR
was performed for each sample, using the KAPA SYBR Fast
qPCR Kit (Kapa Biosystems, Woburn, MA, USA) with gene-
specific primers on a StepOnePlus Real-Time PCR system
(Applied Biosystems, Foster city, CA, USA). The relative
amounts of mRNA were calculated following the comparative
CT method, after normalization to b-actin levels. The
sequences of the PCR primers are listed in Table S1. All reac-
tions were performed at least in duplicate. Data are presented
as mean � SD.

Cell proliferation assays. Cells were suspended in charcoal-
stripped FBS with 100 lM DHEAS, as described previ-
ously(33) and seeded in 96-well microplates (5 9 102 cells/
well). Cell proliferation was evaluated using Cell Count
Reagent SF (Nacalai Tesque, Kyoto, Japan).

Cell lysis and immunoblotting. For total cell lysis, the cells
were washed twice with ice-cold PBS and dissolved in Nonidet
P-40 (NP-40) buffer containing 50 mmol/L Tris-HCl (pH 7.5),
150 mmol/L NaCl, 0.5% NP-40, and protease and phosphatase
inhibitors (Nacalai Tesque). The protein concentration of each
lysate was determined using a protein assay reagent kit
(BioRad, Hercules, CA, USA). After sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, the proteins were trans-
ferred to polyvinylidene fluoride membranes (Millipore, Bed-
ford, MA, USA). The membranes were then blocked for
20 min in blocking buffer (Nacalai Tesque) and probed over-
night with primary antibodies for UGT2B (H-300; detection of
UGT2B family members and UGT2A1), KLK3, AR (all from
Santa-Cruz, Biotechnology, Santa Cruz, CA, USA), ACSL3,
AKR1C3, FLAG and b-actin (all from Sigma). After extensive
washing, bound antibodies were visualized using HRP-conju-
gated secondary antibodies and the signal was enhanced by
chemiluminescence (ECL; GE Healthcare, Tokyo, Japan).

Immunofluorescence and lipid staining. Cells were fixed with
4% paraformaldehyde, and lipids were stained using the BOD-
IPY 493/503 lipid probe (Invitrogen). 40,60-DAPI (Invitrogen)
was used for nuclear counterstaining. For immunofluorescence,
after treatment with 0.2% Triton X-100, the cells were blocked
with Protein Block (Dako Cytomation, Carpinteria, CA, USA)
for 10 min at room temperature and then incubated with anti-
ACSL3, anti-FLAG (both from Sigma), anti-calnexin or anti-
COX 4 (3E11; Alexa Fluor 594 conjugate; both from Cell Sig-
naling, Beverly, MA, USA) antibody at 4°C overnight. Cells
were incubated with fluorescein isothiocyanate-conjugated sec-
ondary antibodies (Dako Cytomation) followed by counter-
staining with DAPI. Fluorescence images were obtained using
a confocal laser-scanning microscope, FluoView FV10i (Olym-
pus, Tokyo, Japan).

Immunohistochemistry. Formalin-fixed, paraffin-embedded
prostate cancer tissue microarrays (TMA) were purchased from
Biochain (cat #Z7020091, lot# B507107, Hayward, CA, USA).
Each TMA contains 14 prostate cancer and 8 non-cancerous
lesions in duplicate. Data regarding the tumor grades and clini-
cal stages, which were based on the World Health Organiza-
tion (WHO) recommendations and the TNM system, were
obtained. Immunohistochemistry was performed on these TMA
as described previously,(34,35) using primary antibodies for
ACSL3, AKR1C3 and UGT2B.

Measurement of androgen levels. Cells were cultured in reg-
ular medium in the presence or absence of 100 lM DHEAS or
100 nM DHEA for 24 h, and then harvested together with the
culture medium. Concentrations of testosterone and DHT were
measured by liquid chromatography/electrospray tandem mass
spectrometry (LC-MS/MS; ASKA Pharma Medical, Kawasaki,
Japan), as described previously.(36) Briefly, a suspension com-
posed of a mixture of cells and cultured medium was homoge-
nized using an Ultra-Turrax homogenizer. As internal
standards, 400 pg of 13C3-T and 100 pg of 13C3-DHT were
added to the homogenized suspensions. Steroids were then
extracted using 3 mL of ethyl acetate. The concentration was
standardized by sample weight (pg/g). The lower limit of
quantification was 1 pg/assay for both DHT and testosterone.

Measurement of acyl-CoA and acyl-carnitine levels. Total
lipids from cells were extracted according to a modified Folch
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method, using chloroform/methanol/water (1/2/0.2; v/v/v).(37)

Reversed-phase LC separation was achieved using an
ACQUITY UPLC HSS T3 column (2.1 9 50 mm i.d., Waters
Corporation, Milford, MA, USA) at 45°C. The mobile phase
was prepared by mixing solvents (A) acetonitrile/methanol/wa-
ter (1/1/3; v/v/v) containing 5 mM ammonium formate and (B)
isopropanol containing 5 mM ammonium formate, and the
required composition was produced by mixing these solvents.
The mobile phase was pumped at a flow rate of 300 lL/min.
Acyl-CoA and acyl-carnitine measurements were performed by
multiple reaction monitoring in the positive ion mode, using a
5500 QTRAP mass spectrometer (AB SCIEX, Foster City,
CA, USA) with an Agilent 1290 Infinity LC system (Agilent
Technologies, Loveland, CO, USA).

Statistical analysis. Two-tailed t-test with unequal variance
was performed for continuous variables. Fold changes of
mRNA expression relative to the vehicle control were analyzed
by one-way ANOVA with Dunnett’s post-test. All statistical anal-
yses were performed using JMP for Mac version 10.0.0 (SAS,
Cary, NC, USA). For all analyses, P < 0.05 was considered
statistically significant.

Results

ACSL3 is overexpressed in prostate cancer and is an androgen-

responsive gene. To examine which type of cancer predomi-
nantly expresses ACSL3, tissue distribution of ACSL3 was
assessed using the Oncomine database. ACSL3 expression
was significantly higher in prostate cancer (median; 4.426)
than in other types of malignancies (P = 5.42E-19, fold
change = 2.711; Fig. 1a). Furthermore, ACSL3 expression
was significantly higher in prostate cancer (median; 0.791)
than in the prostate gland (median; 0.161) (P = 1.68E-6, fold
change = 1.502) in several studies (Fig. 1b and Fig. S1a and
S1b). In our immunohistochemistry analysis, ACSL3-positive
staining pattern was cytoplasmic dot-like (Fig. 1c, middle
panel), and was commonly observed in perinuclear regions
of cancer cells (Fig. 1c, lower panel), whereas normal pro-
static epithelium presented very low levels (Fig. 1c, upper
panel). To precisely determine the subcellular localization of
ACSL3, co-immunofluorescence staining for ACSL3 and
markers for the endoplasmic reticulum (ER; calnexin) or
mitochondria (COX-4) was performed in LNCaP cells.
ACSL3 co-localized with both ER (Fig. 1d, upper panels)
and mitochondrial markers (Fig. 1d, middle panels). As
described in the next section, we generated FLAG-tagged
ACSL3-overexpressing LNCaP cells, and exogenous ACSL3
protein was detected using both anti-FLAG and anti-ACSL3
antibodies (Fig. S1c). Lipids in ACSL3-LNCaP cells were
stained with BODIPY, and the results revealed that ACSL3
was also localized on the surface of lipid droplets (Fig. 1d,
lower panels). These results were in agreement with previous
studies.(38)

To determine the expression levels of ACSL isozymes in
prostate cancer cell lines, the mRNA levels of the ACSL iso-
zymes were measured in androgen-dependent LNCaP cells and
androgen-independent DU145 and PC3 cells. We observed that
the ACSL1 and ACSL3 isozymes were dominant in LNCaP
cells, whereas ACSL3 and ACSL4 were dominant in DU145
and PC3 cells. Only the ACSL3 isozyme was responsive to
DHT in LNCaP cells (Fig. 1e), which was in agreement with
previous reports.(3,18,39,40)

Collectively, these results indicate that ACSL3 is a unique
androgen-responsive ACSL isozyme overexpressed in prostate

cancer and localized at the ER, mitochondria and the lipid dro-
plet surface.

ACSL3 overexpression enhances long-chain acyl-CoA produc-

tion. To explore the role of ACSL3 in prostate cancer, we gen-
erated ACSL3-overexpressing LNCaP cells. ACSL3
overexpression was confirmed at the mRNA level by real-time
PCR (Fig. 2a), and at the protein level by immunoblotting
using both anti-FLAG and anti-ACSL3 antibodies (Fig. 2b).
Next, to confirm whether the exogenous ACSL3 is functional,
we measured the acyl-CoA level by mass spectrometry. Specif-
ically, ACSL3 overexpression increased the levels of saturated
or unsaturated C12-C20 fatty acyl-CoA (Fig. 2c). Total acyl-
CoA levels were significantly increased by ACSL3 overexpres-
sion (Fig. 2c, smaller bar graph). In addition, the levels of
acyl-carnitines, which are more stable derivatives than acyl-
CoA, were also increased by ACSL3 overexpression (data not
shown). This indicates that overexpressed ACSL3 is actually
functional and modulates lipid metabolism in LNCaP cells.

ACSL3 overexpression modulates gene expression and pro-

motes testosterone production and cell growth by adrenal andro-

gens. Lipogenic enzymes are involved in intratumoral
steroidogenesis and contribute to CRPC develop-
ment.(20,23,24,41) Therefore, we investigated whether ACSL3
influences intratumoral steroidogenesis. Intriguingly, compared
to that in LNCaP-vector cells, ACSL3 overexpression signifi-
cantly upregulated several steroidogenesis-related genes,
including SLCO1B3, which encodes an uptake transporter of
DHEAS, and AKR1C3 and HSD3B1, both of which encode
enzymes involved in testosterone synthesis (Fig. 3a and
Fig. S2). Meanwhile, ACSL3 overexpression significantly
reduced the expression of SRD5A1, UGT2B15 and UGT2B17
(Fig. 3a and Fig. S2). Upregulation of AKR1C3 and downreg-
ulation of UGT2B by ACSL3 overexpression were also con-
firmed by immunoblotting (Fig. 3c), and a similar relationship
between ACSL3 and AKR1C3 or UGT2B was observed by
immunohistochemistry (Fig. S3). The androgen-responsive
KLK3 protein level was increased without remarkable change
in the AR level (Fig. 3b), suggesting that ACSL3-mediated
AR reactivation is regulated by a post-translational mechanism.
To confirm that ACSL3 regulates the expression of these
genes, we knocked down ACSL3 in LNCaP cells to confirm
that ACSL3 regulates the expression of these genes. AKR1C3
expression was significantly decreased by ACSL3 knockdown,
whereas the expression of both SRD5A1 and UGT2B15 was
significantly increased by ACSL3 knockdown (Fig. 3c). The
gene involved in de novo androgenesis utilizing cholesterol,
such as steroidogenic acute regulatory protein (STAR) and a
cytochrome P-450 family member (CYP11A1), was either
downregulated or remained unchanged (Fig. S4). This suggests
that ACSL3 drives intratumoral steroidogenesis, but not
through cholesterol anabolism. In addition, ACSL3 overexpres-
sion in the AR-negative cell line, DU145, did not affect the
expression of these genes (data not shown). LNCaP cells
exhibited resistance to tunicamycin, an ER stress inducer,
whereas DU145 cells were sensitive to it (Fig. S5a). ACSL3
overexpression conferred resistance to tunicamycin in DU145
cells (Fig. S5b). These findings suggest that ACSL3 may
enhance ER function to confer a survival advantage to cancer
cells, and may drive steroidogenesis in the presence of the
functional AR signaling.
To address whether ACSL3 drives androgen synthesis

through DHEAS, the intracellular testosterone and DHT levels
were compared between LNCaP-vector and LNCaP-ACSL3
cells in the presence or absence of exogenous DHEAS.
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Although testosterone or DHT levels were undetectable in the
absence of DHEAS in both LNCaP-vector and LNCaP-ACSL3
cells, DHEAS stimulation significantly enhanced the produc-
tion of testicular androgen, in particular testosterone, in the
LNCaP-ACSL3 cells relative to that in LNCaP-vector cells
(Fig. 3d).
To assess the effect of DHEAS on cell proliferation, we

compared the growth of LNCaP-vector and LNCaP-ACSL3
cells in the presence or absence of DHEAS. In the absence of
DHEAS, there was no significant difference in proliferation
between LNCaP-vector and LNCaP-ACSL3 cells. However, in
the presence of DHEAS, proliferation of LNCaP-ACSL3 cells
was significantly promoted compared to that of LNCaP-vector
cells (Fig. 3e). Similar results were obtained using DHEA
stimulation instead of DHEAS (data not shown).
These findings suggest that ACSL3 promotes intratumoral

steroidogenesis, utilizing adrenal androgens, DHEAS and
DHEA, and contributes to cancer cell growth.

Expression of steroidogenic genes in castration-resistant pros-

tate cancer cells is similar to that in ACSL3 overexpressing-cells,

and cell growth is promoted by dehydroepiandrosterone sul-

fate. To examine whether ACSL3 is involved in CRPC,
ACSL3 mRNA level in hormone sensitive or na€ıve prostate
cancer and CRPC was assessed using the Oncomine database.
Comprehensive gene expression analysis showed that ACSL3
mRNA level was higher in CRPC than in hormone-sensitive or
na€ıve prostate cancer (Fig. 4a and Fig. S6).(42–44) Next, we
measured the endogenous ACSL levels in both LNCaP and
castration-resistant LTAD cells. ACSL3 was the most abundant
ACSL isozyme in LTAD cells under conditions of androgen
depletion, whereas ACSL3 expression was low in LNCaP cells
under the same conditions (Fig. 4b). Similar to that in ACSL3-
overexpressing cells, the expression levels of SLCO2B1,
SLCO1B3, STS, HSD3B1 and AKR1C3 were higher in LTAD
cells than in parental LNCaP cells, whereas the expression
levels of SRD5A1, UGT2B15 and UGT2B17 were signifi-
cantly lower in LTAD cells than in parental LNCaP cells
(Fig. 4c). In addition, LTAD cells grew significantly faster
than LNCaP cells in the presence of DHEAS (Fig. 4d).
Collectively, these data suggest that ACSL3 contributes to

intratumoral steroidogenesis by stimulating androgen synthesis,
utilizing DHEAS and suppressing androgen inactivation
(Fig. 4e).

Discussion

ACSL3 is overexpressed in both androgen sensitive prostate

cancer and castration-resistant prostate cancer. A previous study
demonstrated that the ACSL3 level is lower in prostate cancer
than in normal tissue.(45) However, a recent meta-analysis
revealed that ACSL3 mRNA levels as well as those of other
lipogenic enzymes were higher in prostate cancer than in

normal prostate tissue.(46) ACSL3 expression is decreased after
ADT in prostate cancer.(20) However, ACSL3 expression
increases again during CRPC progression.(20) This phe-
nomenon is also observed in other lipogenic enzymes and their
transcriptional factors, such as fatty acid synthase (FASN) and
sterol regulatory element-binding protein (SREBP), respec-
tively.(6,47) The expression of these molecules is associated
with prostate cancer aggressiveness.(11,47,48) Thus, ACSL3
could be a useful biological marker of prostate cancer progres-
sion in a clinical setting. ACSL3 immunohistochemical detec-
tion on biopsy specimens could provide information on the
efficacy of ADT. Circulating tumor cells (CTC) are rare cancer
cells that have been shed from primary or metastatic tumors,
and CTC burden is a useful biomarker of treatment response
and overall survival in patients with CRPC.(49) Because AR
expression in CTC is associated with a worse outcome in
patients with CRPC,(50) ACSL3 expression in CTC could also
predict and monitor the progression to CRPC.
Collectively, ACSL3 expression is increased in both hor-

mone-sensitive and refractory prostate cancer and may be uti-
lized as a biomarker for the detection of CRPC.

ACSL3 regulates genes are involved in intratumoral steroidoge-

nesis and contributes to cell growth of castration-resistant pros-

tate cancer. Our study showed that ACSL3 is involved in
intratumoral steroidogenesis in LNCaP cells, but not in DU145
cells. Because DU145 cells express neither AR nor
HSD3B1,(51) the latter of which is the essential enzyme to cat-
alyze both DHEA to androstenedione and androstenediol to
testosterone (Fig. 4e), DU145 cells per se cannot generate ster-
oids. ACSL3 overexpression upregulated the expression of
SLCO1B3, HSD3B1 and AKR1C3, whereas it downregulated
the expression of SRD5A1, UGT2B15 and UGT2B17. A num-
ber of studies support this alteration of gene expression in
aggressive prostate cancer. The levels of DHEAS transporters,
SLCO2B1 and SLCO1B3, are increased in metastatic sites of
prostate cancer, and their polymorphism is associated with
clinical outcome.(52) Testosterone-synthesizing enzymes,
HSD3B1 and AKR1C3, are highly expressed in CRPC.(25,26,28)

The activity of the DHT-synthesizing enzyme, SRD5A, is con-
sistently depressed in lymph node metastasis and primary pros-
tate cancer.(53) Androgen-inactivating enzymes, UGT2B15 and
UGT2B17, are major determinants of AR response in LNCaP
cells, and both reduce the intracellular active androgen.(54,55)

Because ACSL3 overexpression induced the upregulation of
AKR1C3 and downregulation of SRD5A1, ACSL3 overexpres-
sion enhances testosterone production rather than DHT. Intra-
tumoral testosterone levels are higher at metastatic sites than
at primary sites, whereas DHT levels are markedly decreased
in metastatic sites.(2,26,56,57) Moreover, it has been suggested
that testosterone is more crucial than DHT in CRPC.(27,58) Our
data highlighted the significance of testosterone in metastatic
CRPC.

Fig. 1. Long-chain acyl-coenzyme A (CoA) synthetase 3 (ACSL3) is overexpressed in prostate cancer. (a) ACSL3 mRNA expression levels in various
organs were obtained from Bittner Multi-cancer study in the Oncomine database (1911 samples). Statistical analysis was performed by t-test
(P = 5.42E-19, fold-change = 2.711). (b) ACSL3 mRNA levels in the prostate gland (n = 41) and in prostate cancer (n = 62) were obtained from
the study of Lapointe in Oncomine. Statistical analysis was performed by t-test (P = 1.68E-6, fold-change = 1.502). (c) Representative picture of
ACSL3 immunostaining in the prostate gland (upper panel) and in prostate cancer (middle panel). Higher magnification of the indicated area
focused on an ACSL3 immunostaining (lower panel). (d) Upper and middle panels: LNCaP cells were fixed and treated with anti-ACSL3 and anti-
calnexin (endoplasmic reticulum marker; upper panels), or with anti-ACSL3 and anti-COX 4 (mitochondrial marker; middle panels). Lower panels:
LNCaP-ACSL3 cells were treated with anti-FLAG antibody and stained with BODIPY 493/503 for lipids detection (green, BODIPY 493/503; red,
FLAG; and blue, DAPI). Nuclei were stained by DAPI. Immunofluorescence staining was analyzed by confocal microscopy. Scale bar, 10 lm. (e)
mRNA levels of endogenous ACSL isozymes quantified by real-time PCR in LNCaP cells in charcoal-stripped FBS with or without dihydrotestos-
terone, and in DU145 and PC3 cells in regular medium. The data were normalized to that of b-actin, which was used as an internal control. The
asterisk (*) indicates P < 0.05.
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New hormonal agents, abiraterone and enzalutamide, demon-
strated a survival advantage in patients with CRPC. However,
prolonged treatment with abiraterone or enzalutamide induces
intratumoral steroidogenesis due to several mechanisms like
CYP17A1 upregulation,(59,60) the induction of AR and AR
splicing variants,(60) and AKR1C3 activation.(61) Thus, the use
of such new agents against prostate cancer with ACSL3 over-
expression warrants further investigation. We recently reported

that ACSL3 is the major target of the complex between AR
and the AR-interacting partner, Oct1, and that Oct1 inhibition
downregulated ACSL3 expression and impaired CRPC cell
growth.(62) Thus, ACSL3 could be a therapeutic target of
CRPC.
Our data suggest that ACSL3 stimulates intratumoral

steroidogenesis; it preferably utilizes adrenal androgen rather
than cholesterol for androgen synthesis (Fig. 4e). ACSL3

(c)

(a)

0

0.2

0.4

0.6

0.8

P
ar

en
t

R
el

at
iv

e 
A

C
S

L3
 m

R
N

A
 le

ve
l

#1           #2

Vector ACSL3

#1          #2

*
*

(b)

ACSL3

Flag

β-actin

P
ar

en
t

#1        #2 #1         #2

Vector ACSL3

Fatty acid species

A
cy

l-C
oA

s 
le

ve
l (

A
re

a 
(c

ps
))

0.E+00

5.E+05

1.E+06

2.E+06

2.E+06

3.E+06

3.E+06

12:0 14:0 14:1 16:0 16:1 18:0 18:1 18:2 20:0 20:1 20:2 20:3 20:4 22:0 22:1 22:2 22:3 22:4 22:5 22:6

0

2.0

4.0

6.0

8.0

(×106)
A

re
a 

(c
ps

)
Total acyl-CoA

*

Vector ACSL3

Vector

ACSL3

Fig. 2. ACSL3 overexpression promotes acyl-CoA production. (a) ACSL3 mRNA levels were quantified by real-time PCR in parental vector control
(LNCaP-vector #1 and #2) or ACSL3-overexpressing LNCaP (LNCaP-ACSL3 #1 and #2) cells. The data were normalized to that of b-actin. Differences
between LNCaP-vector and LNCaP-ACSL3 cells were analyzed for statistical significance. *P < 0.05. (b) ACSL3 and FLAG protein levels in parental
LNCaP, LNCaP-vector, and LNCaP-ACSL3 cells were measured by immunoblotting using antibodies against FLAG and ACSL3. b-actin was used as a
loading control. (c) Lipids were extracted from LNCaP-vector (grey bar) and LNCaP-ACSL3 (black bar) cells, and acyl-CoA levels in each fatty acid
species were measured by liquid chromatography tandem mass spectrometry (LC-MS/MS). Horizontal axis: C12:0-C22:6. Data of each fatty acid
species were summed up for total levels of acyl-CoA (small bar graph). Differences between LNCaP-vector and LNCaP-ACSL3 cells were analyzed
for statistical significance. *P < 0.05.

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | October 2017 | vol. 108 | no. 10 | 2016

Original Article
ACSL3 promotes intratumoral steroidogenesis www.wileyonlinelibrary.com/journal/cas



(a)

–2.5

–2

–1.5

–1

–0.5

0

0.5

1

1.5

2

2.5
Lo

g 
2 

fo
ld

 c
ha

ng
e

(A
C

S
L3

/v
ec

to
r 

ce
lls

)

*

*

*

*

*

A
K

R
1C

3

S
LC

O
1B

3

U
G

T
2B

17

H
S

D
3B

1

S
LC

O
2B

1

S
T

S

U
G

T
2B

15

S
R

D
5A

1*

(d)

C
el

l p
ro

lif
er

at
io

n

(a
bs

or
ba

nc
e;

 4
50

 n
m

)

0

0.1

0.2

0.3

*
DHEAS +

DHEAS –

ACSL3

Vector

Testosterone

Vec
to

r

ACSL3

A
nd

ro
ge

ns
 c

on
ce

nt
ra

tio
n

0 

200 

400 

600 

800 

1000 

DHEAS

Vec
to

r

ACSL3

*

*

DHT

(pg/g)

(e)

(c)

ACSL3

0

0.1

0.2

AKR1C3

0

0.2

0.4

0.6

Con
t. 

si

ACSL3
 si

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 

(1×10–4)

0

1

2

Con
t. 

si

ACSL3
 si

SRD5A1 UGT2B15

(1×10–3)

0

1

2

3

4

5

Con
t. 

si

ACSL3
 si

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 

Con
t. 

si

ACSL3
 si

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 

*

*

* *

Days after treatment

1 4 8
– + + + +– – –

(b)

AKR1C3

UGT2B

KLK3

ACSL3

β-actin

AR

Vec
to

r
ACSL3

Fig. 3. ACSL3 overexpression modulates steroidogenic gene expression and promotes androgen production and cell proliferation induced by
dehydroepiandrosterone sulfate (DHEAS) stimulation. (a) Relative mRNA levels were quantified by real-time PCR for SLCO2B1, SLCO1B3, STS,
HSD3B1, AKR1C3, SRD5A1, UGT2B15 and UGT2B17 in LNCaP-vector and LNCaP-ACSL3 cells. The fold changes of gene expression in LNCaP-ACSL3
cells relative to that in LNCaP-vector cells were calculated. *P < 0.05. (b) Immunoblotting was performed for ACSL3, AKR1C3, UGT2B, KLK3, AR
and b-actin in LNCaP-vector and LNCaP-ACSL3 cells. (c) LNCaP cells were treated with negative control siRNA or ACSL3 siRNA, and relative mRNA
levels for SLCO1B3, AKR1C3, SRD5A1 and UGT2B15 were quantified as in Figure 3b. (d) LNCaP-vector and LNCaP-ACSL3 cells were stimulated
with 100 lM DHEAS for 24 h, and then testosterone and dihydrotestosterone levels in the mixture of cells and medium were measured by LC-
MS/MS. *P < 0.05. (e) LNCaP-vector and LNCaP-ACSL3 cells were cultured under androgen-depleted conditions in the presence or absence of
100 lM DHEAS for 8 days, and cell proliferation was monitored using Cell Count Reagent SF. *P < 0.05.

Cancer Sci | October 2017 | vol. 108 | no. 10 | 2017 © 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Migita et al.



(c)

DHEAS +
DHEAS –

LTAD
LNCaP

*

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C
el

l p
ro

lif
er

at
io

n
*

*–5

–4

–3

–2

–1

0

1

2

3

4

5

A
K

R
1C

3

S
LC

O
1B

3

U
G

T
2B

17

H
S

D
3B

1

S
LC

O
2B

1

S
T

S

U
G

T
2B

15

S
R

D
5A

1

*

*

*

*

*

Lo
g 

2 
fo

ld
 c

ha
ng

e 

(L
T

A
D

/L
N

C
aP

 c
el

ls
 )

(d)

(O.D. 450 nm)

Chracoal-stripped FBS

A
C

S
L1

A
C

S
L3

A
C

S
L4

A
C

S
L5

A
C

S
L6

R
el

at
iv

e 
m

R
N

A
 le

ve
l

(×10–1)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

LNCaP

LTAD

(b)(a)

lo
g2

 m
ed

ia
n-

ce
nt

er
ed

 in
te

ns
ity

0.0

1.0

2.0

3.0

–1.0

–2.0

Hor
m

on
e 

se
ns

itiv
e 

or
 n

aiv
e

Hor
m

on
e 

re
fra

cto
ry

(p
ro

sta
te

)

ACSL3 expression

Hor
m

on
e 

re
fra

cto
ry

(m
et

as
ta

sis
)

DHEAS DHEA

Testosterone DHT-G

SLCO1B3

AKR1C3
UGT2B15
UGT2B17

HSD3B1

AKR1C3

HSD3B1

A5diol

Prostate cancer cell

AD

SRD5A1
SRD5A2

STS

DHT

Pregnenolone

STAR
CYP11A1

Chol

(e)

CYP17A1

1 3 7

Days after treatment

Fig. 4. ACSL3 is overexpressed in the castration-resistant prostate cancer (CRPC) model LTAD cells, and dehydroepiandrosterone sulfate (DHEAS)
promotes the growth of LTAD cells. (a) ACSL3 expression data in hormone therapy response status were obtained from the dataset of Tamura
prostate statics in Oncomine. The data includes 10 samples of hormone-sensitive or hormone-na€ıve prostate cancer, 13 samples of hormone-
refractory prostate cancer (from prostate) and 12 samples of hormone-refractory prostate cancer (from metastasis). (b) LNCaP (grey bars) and
LTAD (black bars) cells were cultured in the medium with charcoal-stripped FBS for 48 h, and the relative mRNA levels of the ACSL isozymes were
quantified by real-time PCR. The data were normalized to b-actin. (c) LNCaP and LTAD cells were cultured in the medium with charcoal-stripped
FBS for 48 h, and the relative mRNA levels were quantified by real-time PCR for SLCO1B3, HSD3B1, AKR1C3 and UGT2B17. The fold changes of
gene expression in LTAD cells relative to those in LNCaP cells were calculated. *P < 0.05. (d) LNCaP and LTAD cells were cultured as described in
Figure 3d, and cell proliferation was assayed. *P < 0.05. (e) Schematic model of the potential mechanism of ACSL3-mediated intratumoral
steroidogenesis in prostate cancer. Bold arrows indicate an increased pathway. AD, androstenedione; A5diol, androstenediol; Chol, cholesterol;
DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; DHT, dihydrotestosterone; DHT-G, DHT-glucuronide.

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | October 2017 | vol. 108 | no. 10 | 2018

Original Article
ACSL3 promotes intratumoral steroidogenesis www.wileyonlinelibrary.com/journal/cas



expression may be upregulated in CRPC cells, allowing them
to grow under low-androgen conditions.

Possible mechanisms of the regulation of steroidogenic genes

by ACSL3. The most significant change in expression in
ACSL3-overexpressing LNCaP cells and CRPC cells was the
upregulation of AKR1C3 and downregulation of UGT2B. The
mechanism underlying this change remains elusive. However,
two molecules may be involved in this change: protein kinase
C (PKC) and hepatocyte nuclear factor-4a (HNF4A). ACSL3-
mediated acyl-CoA bind to acyl-CoA binding protein (ACBP),
which directly regulates a metabolic transcriptional factor,
HNF4A.(12,13) Saturated acyl-CoAs stimulate the transcriptional
activity of HNF4A, whereas unsaturated acyl-CoAs inhibit
it.(14,15,63,64) Thus, HNF4A negatively and positively regulates
target genes, including AKR1C4,(65) UGT2B family,(66) and
other steroidogenic genes such as the SLCO and HSD fam-
ily.(67) We observed that HNF4A overexpression upregulated
AKR1C3 expression and downregulated UGT2B17 expression
in LNCaP cells (data not shown), suggesting that HNF4A can
be a downstream target of ACSL3-mediated acyl-CoA. PKC is
directly or indirectly activated by acyl-CoA(13) and can phos-
phorylate AR at serine 578, leading to AR reactivation.(68,69)

Activation of AR downregulates UGT2B15 and 17 expres-
sion.(70,71) PKC also phosphorylates nuclear factor erythroid-2
related factor 2 (Nrf2), which drives AKR1C3 expression
through binding to an anti-oxidant responsive element.(72,73) In
addition to the gene regulation mediated by acyl-CoA, intracel-
lular acyl-CoA function as detergents in microsomes, and the
high level of acyl-CoA inhibits UGT2B activity.(13,74,75) Alto-
gether, ACSL3-mediated alteration of these steroidogenic
genes may contribute to intratumoral steroidogenesis.

However, the current study was performed using a limited
number of cell lines and the mode of action of acyl-CoA
remains unclear. Confirmation of this hypothesis awaits further
study.
In conclusion, our studies reveal a novel function of andro-

gen-responsive ACSL3 in prostate cancer. The results provide
new insights into the molecular link between increased
de novo lipogenesis and intratumoral steroidogenesis in pros-
tate cancer. Taking into account this positive feedback loop,
ACSL3 might be a novel target for the development of new
treatment strategies for CRPC.
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Supporting Information

Additional Supporting Information may be found online in the supporting information tab for this article:

Fig. S1. Expression levels of ACSL3 mRNA in prostate cancer and its subcellular localization.

Fig. S2. Effect of DHT supplementation and ACSL3 overexpression on the expression levels of SLCO1B3, AKR1C3, SRD5A1 and UGT2B15.

Fig. S3. Representative pictures of immunohistochemistry of ACSL3, AKR1C3 and UGT2B in prostate cancer.

Fig. S4. Effect of ACSL3 overexpression on steroidogenic genes utilizing cholesterol.

Fig. S5. Effect of ACSL3 overexpression on the sensitivity to tunicamycin in DU145 cells.

Fig. S6. Expression levels of ACSL3 mRNA in hormone sensitive prostate cancer and castration-resistant prostate cancer (CRPC).

Table S1. Oligonucleotide sequences of PCR primers.
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