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Abstract
Acyl-CoA synthetase 4 (ACSL4) is an isoenzyme of the fatty acid ligase-coenzyme-A family taking part in arachidonic acid 
metabolism and steroidogenesis. ACSL4 is involved in the development of tumor aggressiveness in breast and prostate tumors 
through the regulation of various signal transduction pathways. Here, a bioinformatics analysis shows that the ACSL4 gene 
expression and proteomic signatures obtained using a cell model was also observed in tumor samples from breast and cancer 
patients. A well-validated ACSL4 inhibitor, however, has not been reported hindering the full exploration of this promising 
target and its therapeutic application on cancer and steroidogenesis inhibition. In this study, ACSL4 inhibitor PRGL493 
was identified using a homology model for ACSL4 and docking based virtual screening. PRGL493 was then chemically 
characterized through nuclear magnetic resonance and mass spectroscopy. The inhibitory activity was demonstrated through 
the inhibition of arachidonic acid transformation into arachidonoyl-CoA using the recombinant enzyme and cellular models. 
The compound blocked cell proliferation and tumor growth in both breast and prostate cellular and animal models and sen-
sitized tumor cells to chemotherapeutic and hormonal treatment. Moreover, PGRL493 inhibited de novo steroid synthesis in 
testis and adrenal cells, in a mouse model and in prostate tumor cells. This work provides proof of concept for the potential 
application of PGRL493 in clinical practice. Also, these findings may prove key to therapies aiming at the control of tumor 
growth and drug resistance in tumors which express ACSL4 and depend on steroid synthesis.
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HS  Horse serum
RIA  Radioimmunoassay
i.p.  Intraperitoneal
BSA  Bovine serum albumin
DAPI  4′, 6-Diamidino-2-phenylindole
CAM  Chick embryo chorioallantoic membrane 

assay
IHC  Immunohistochemistry
ANOVA  Analysis of variance
RPPA  Reverse-phase protein array
AA-CoA  Arachidonoyl-CoA
AA  Arachidonic acid
LH  Luteinizing hormone
ACTH  Adrenocorticotropic hormone
4-OHTAM  4-Hydroxytamoxifen

Introduction

Breast and prostate cancer are the leading causes of cancer 
incidence and mortality across all ages, races and genders. 
Globally, prostate cancer is the second most common can-
cer, corresponding to 7.1% of all cancers in men [1]. Breast 
cancer is the most commonly occurring cancer in women 
and the second most common cancer overall, with over 2 
million new cases diagnosed in 2018 (American Institute 
for Cancer Research). Although prostate and estrogen recep-
tor (ER)-positive breast cancers are considered hormone-
dependent tumors and may be treated by blocking the andro-
gen or estrogen pathways, respectively, these cancers may 
eventually become resistant to hormone deprivation and be 
considered refractory to hormonal treatment [2, 3].

Although prognosis for patients with localized or regional 
prostate cancer is generally good, patients who develop 
metastatic disease show a 5-year survival rate of only 29%. 
Currently, androgen deprivation therapy, either through 
chemical or surgical castration, is still the first-line treatment 
for metastatic disease. The response to treatment, however, 
is temporary and patients invariably progress to castration 
resistance prostate cancer [4].

Among the different subtypes of breast cancer, the so-
called triple negative which do not express ER or proges-
terone receptors (PR) and in which the epidermal growth 
factor-2 receptor (HER2) is not amplified—have worse prog-
nosis due to their aggressive behavior and metastatic power. 
It is well accepted that no fully effective treatment is avail-
able for breast and prostate cancers which became resistant 
to either hormone or chemotherapy.

Previous studies have reported that enzyme acyl-CoA 
synthetase 4 (ACSL4), an isoenzyme of the fatty acid-
coenzyme A ligase family [5], is expressed in triple nega-
tive breast cancer, castration resistance prostate cancer, 
colon adenocarcinoma and hepatocellular carcinoma 

[6–9], but poorly or not expressed in normal adjacent tis-
sues [8, 9]. Functionally, ACSL4 has been shown to take 
part in the mechanism responsible for increased breast and 
prostate cancer cell proliferation, invasion and migration 
and tumor growth [6, 7, 10–12].

In breast cancer, ACSL4 expression negatively corre-
lates with ER expression in samples from human breast 
tumors. The increase in the expression of this enzyme 
inhibits the expression of ER [10, 12, 13]. ACSL4 also 
regulates the expression of proteins associated with multi-
drug resistance. Inhibition of ACSL4 expression in triple 
negative breast cancer cells increases ER expression and 
sensitizes cells to treatment with tamoxifen and chemo-
therapeutic agents [12, 14]. The sole expression of ACSL4 
leads to a distinctive transcriptome and functional prot-
eomic profile, and reports indicate that the most signifi-
cantly up-regulated gene networks in breast cancer cells 
overexpressing ACSL4 include genes associated with the 
regulation of embryonic and tissue development, cellular 
movement, DNA replication and repair and several signal 
transduction pathways regulating tumor aggressiveness 
[12, 15].

In ACSL4-negative prostate cancer cells, ectopic 
expression of ACSL4 increases proliferation, migration 
and invasion, while ablation of ACSL4 in prostate cancer 
cells expressing endogenous ACSL4 reduces all these cell 
activities [7]. Immunohistochemical analyses of human 
prostate cancer tissue samples have revealed that ACSL4 
expression is increased in malignant cells compared with 
adjacent benign epithelial cells, and particularly increased 
in castration resistance prostate cancer when compared with 
hormone naive prostate cancer. Proliferation in cells that 
co-express ACSL4 and androgen receptor (AR) becomes 
independent of exogenous androgens and ACSL4 expression 
has been implicated in phenotype transformation to castra-
tion resistance prostate cancer. Ectopic expression of ACSL4 
has also induced resistance to Casodex treatment [7].

Another striking feature of ACSL4 is its abundance in 
steroidogenic tissues, especially in zona fasciculata and 
reticularis of the rat adrenal gland, Leydig cells of the testis, 
and luteinized cells of the ovary [16]. In agreement, ACSL4 
is a relevant regulator of steroid synthesis through the regu-
lation of the steroidogenic acute regulatory protein (StAR), 
which controls the rate limiting step in steroid synthesis, i.e. 
the transport of cholesterol from the outer to the inner mito-
chondrial membrane [17, 18]. The transport of cholesterol is 
regulated by hormones acting through different signal trans-
duction pathways and constitutes the initial and universal 
step in the production of steroid hormones [19, 20]. In hor-
mone-dependent breast and prostate tumors, estrogens and 
androgens play a key role in tumor growth, with the ablation 
of steroid production being one of the first-line therapies 
[21]. Therefore, the role of ACSL4 in steroidogenesis and 
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tumor growth makes this enzyme a promising therapeutic 
target for these types of tumor [6, 7, 10–12].

Over the last few years, several inhibitors have elicited 
remarkable responses and improved survival of patients in 
a variety of tumors but their effectiveness has been limited 
by resistance [22–24]. For these reasons, the development of 
selective inhibitors for ACSL4 which may both inhibit tumor 
growth and steroidogenesis, and reduce drug resistance, may 
thus prove a fruitful effort in the prevention and treatment of 
these types of cancers expressing ACSL4.

Materials and methods

Materials

Dulbecco’s Modified Eagle Medium (D-MEM), penicil-
lin–streptomycin solution and trypsin–EDTA were pur-
chased from GIBCO, Invitrogen Corporation (Grand Island, 
NY, SA). Fetal calf serum (FCS) was from PAA labora-
tories GmbH (Pasching, Austria). Doxycycline and 3-(4, 
5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazoliumbro-
mide) (MTT) were purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). Plasmids expressing Myc-DDK-tagged 
(flag) human ACSL4 (pCMV6-ACSL4), ACSL1 (pCMV6-
ACSL1) and ACSL3 (pCMV6-ACSL3), and anti-flag anti-
body (anti-DDK, OTI4C5) were purchased from Origene 
Technologies, Inc. (Rockville, MD, USA). 5-bromo-2′-
deoxyuridine (BrdU) cell proliferation ELISA kit was from 
Roche Diagnostics (Basel, Switzerland). Purified human 
chorionic gonadotropin (hCG) was provided by Dr. Parlow 
(National Hormone and Pituitary Program, National Institute 
of Diabetes and Digestive and Kidney Diseases; NIDDK, 
NIH, Bethesda, MD, USA). Sterile and plastic material for 
tissue culture was from Orange Scientific (Braine-l’Alleud, 
Belgium). Lipofectamine 2000 was from Life Technologies, 
Inc. (Gaithersburg, MD, USA). Arachidonic acid [5, 6, 8, 9, 
11, 12, 14, 15-3H (N)], specific activity 62.0  ([3H]-AA) was 
from Perkin Elmer (Boston, MA, USA). All other reagents 
were of the highest grade available.

Synthesis and characterization of compound 
PRGL493

The glassware used in this moisture-sensitive reaction was 
flame dried, and the reaction was performed under a dry 
argon atmosphere. Chemicals were commercially available 
and were used without further purification. Pyridine was 
distilled from potassium hydroxide pellets. Nuclear magnetic 
resonance (NMR) spectra were performed by using Bruker 
Avance NEO 500 equipment. Chemical shifts are reported 
in parts per million δ relative to tetramethylsilane. 13C NMR 
spectra were fully decoupled. High-resolution mass spectra 

(MS) were carried out using a Bruker micrOTOF-Q II spec-
trometer, which is a hybrid quadrupole time of flight mass 
spectrometer with MS–MS capability.

The melting point was determined using Fisher–Johns 
equipment. Column chromatography was performed with E. 
Merck silica gel plates (Kieselgel 60, 230–400 mesh). Ana-
lytical thin-layer chromatography was performed employing 
0.2 mm coated commercial silica gel plates (E. Merck, DC-
Aluminum sheets, Kieselgel 60 F254).

A solution of (4-(3-(5-methylfuran-2-yl)-1-phenyl-
1H-pyrazol-4-yl)-3,4-dihydrobenzo[4,5]imidazo[1,2-a]
[1,3,5]triazin-2-amine (40  mg, 97.7  µmol) in pyridine 
(1.0 ml) cooled at 0 °C was treated with acetic anhydride 
(1.0 ml) and the mixture was stirred at 0 °C for 1 h. Then, 
the solvent was evaporated and the product was purified 
by column chromatography (silica gel) eluting with meth-
ylene chloride to give 36.0 mg (79.7 µmol, 86% yield) of 
(N-(4-(3-(5-methylfuran-2-yl)-1-phenyl-1H-pyrazol-4-yl)-
3,4-dihydrobenzo[4,5]imidazo[1,2-a][1,3,5]triazin-2-yl)
acetamide) as a yellow pale solid: mp =  > 210 °C (dec); 
Rf = 0.65  (CH2Cl2–MeOH, 9:1); 1H NMR (500.13 MHz, 
CDCl3) d 2.31 (s, 3H, H-1); 2.52 (s, 3H, H-13); 6.21 (dd, 
J = 3.3 Hz J = 0.9 Hz, 1H, H-2); 6.89 (d, J = 3.3 Hz, 1H, H-3); 
6.94 (d, J = 7.9 Hz, 1H, H-9); 7.05 (td, J = 7.6 Hz J = 0.7 Hz, 
1H, H-11); 7.19 (td, J = 7.7  Hz  J = 0.7  Hz, 1H, H-10), 
7.25–7.28 (m, 2H, H-6); 7.30 (sa, 1H, -NH); 7.36–7.39 (m, 
3H, H-4 H-8 H-7); 7.53 (d, J = 7.6 Hz, 2H, H-5); 7.66 (d, 
J = 7.9 Hz, 1H, H-12); 13C NMR (75.48 MHz, CDCl3) d 
21.3; 24.4; 60.4; 108.0; 108.8; 109.0; 118.5; 119.3; 121.6; 
122.5; 126.4; 127.2; 129.4; 131.1; 139.2; 142.1; 142.6; 
145.8; 149.6; 151.9; 153.4; 173.7; 177.4. High resolution 
electrospray ionization mass spectrometry (HRMS-ESI) 
calculated for  C25H22N7O2 [M + H]+ 452.1835; found 
452.1822.

Cell cultures

The MDA-MB-231 human breast cancer cell line was gen-
erously provided by Dr. Vasilios Papadoupoulus (School of 
Pharmacy, University of Southern California, Los Angeles, 
CA, USA), obtained from the Lombardi Comprehensive 
Cancer Center (Georgetown University Medical Center, 
Washington D.C., USA) and validated by ATCC Cell Line 
Authentication Service as 100% matching the ATCC cell 
line HTB-26 (MDA-MB-231). The tetracycline-repressible 
MCF-7 human breast cancer cell line, designated MCF-7 
Tet-Off empty vector, and MCF-7 Tet-Off-induced repres-
sion of ACSL4, designated MCF-7 Tet-Off/ACSL4, were 
obtained previously in the laboratory [6]. These cell lines 
were maintained in D-MEM supplemented with 10% FCS 
plus 100 U/ml penicillin and 10 µg/ml streptomycin (com-
plete D-MEM) as previously described [6].
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The PC-3 human prostate cancer cell line was generously 
provided by Dr. Susana Nowicki (Centro de Investigaciones 
Endocrinológicas “Dr. César Bergadá” (CEDIE), Hospi-
tal de Niños Ricardo Gutiérrez, Buenos Aires, Argentina) 
and validated by ATCC Cell Line Authentication Service 
as 100% matching the ATCC cell line CRL-1435 (PC-3). 
Cells were routinely maintained in Roswell Park Memorial 
Institute (RPMI) media supplemented with 10% FCS and 
antibiotics as previously described [25].

MA-10 mouse Leydig tumor cells were generously pro-
vided by Dr. Mario Ascoli (University of Iowa, Iowa City, 
IA, USA) and cultured in Waymouth MB/752 medium sup-
plemented with 15% horse serum (HS) and antibiotics at 
37 °C and 5%  CO2 as previously described [26]. The culture 
medium was replaced with serum-free Waymouth medium 
before experiments.

Murine Y1 adrenocortical tumor cells were generously 
provided by Dr. Bernard Schimmer (University of Toronto, 
Toronto, Canada). Cells were maintained at 37 °C in growth 
medium (HAM F10) containing FCS (2.5%) and HS (12.5%) 
as described elsewhere [27].

Inhibition of recombinant ACSL4 activity

Plasmids expressing flag-tagged human ACSL4 (pCMV6-
ACSL4), ACSL1 (pCMV6-ACSL1) and ACSL3 (pCMV6-
ACSL3) (all from Origene Technologies, Inc.) were trans-
fected into HEK293A cells using Lipofectamine 2000. 
Forty-eight h after transfection, cells were scraped in 
PBS containing protease inhibitors and DTT (1 mM). For 
ACSL4, cells were sonicated and then flag-ACSL4 was 
immunoprecipitated with anti-flag (anti-DDK) antibody. 
Cell lysates (0.5 ml) were incubated with anti-flag antibody 
for 2 h at 4 °C with slow mixing. Protein A/G Plus Agarose 
beads (Santa Cruz Biotechnology, Dallas, TX, USA) were 
added to the samples for another 2 h under continuous mix-
ing. After incubation, the beads were collected by centrifu-
gation and washed three times with PBS. The flag-ACSL4 
protein obtained was analyzed by Western blot. Proteins 
were released from the agarose beads by boiling in 20 μl of 
1 × Laemmli sample buffer and then subjected to SDS-PAGE 
and Western blotting using an anti-ACSL4 antibody. Flag-
ACSL1 and flag-ACSL3 proteins were immunoprecipitated 
following the same protocol and subjected to Western blot 
analysis using an anti-flag antibody.

ACSL4, ACSL1 and ACSL3 activity was measured via 
a modified protocol by Kim et al. [28], involving the forma-
tion of AA-CoA from arachidonic acid (AA). Recombinant 
protein was incubated in the presence or absence of inhibi-
tors (PRGL493 or rosiglitazone) for 10 min at 37 °C in a 
reaction mixture containing 175 mM Tris (pH 7.4), 8 mM 
 MgCl2, 5 mM DTT, 10 mM ATP, and 250 μM CoA with 
50 μM AA trace-labeled with  [3H]-AA (0.25 μCi) in a final 

volume of 100 μl. The reaction was initiated by the addition 
of the recombinant protein and terminated by the addition of 
1 ml of ethyl acetate. Extraction was performed, the upper 
layer was removed, and then the lower (aqueous) phase was 
further extracted twice. The radioactivity of the aqueous 
phase was evaluated by a liquid scintillation counter. The 
radioactivity measured was used to calculate the total enzy-
matic activity, which was expressed as a percentage of activ-
ity. The results were corrected for blanks (samples without 
enzyme added). All reactions were confirmed to occur in 
the linear range.

Inhibition of ACSL4 activity in cells

MDA-MB-231 breast cancer, PC-3 prostate cancer and 
MA-10 mouse Leydig tumor cell lines were used to meas-
ure ACSL4 activity in intact cells by  [3H]AA transformation 
into  [3H]AA-CoA, following a previously described meth-
odology with minor modifications [29]. Briefly,  [3H]-AA 
0.5 µCi/ml in serum-free culture medium containing 0.5% 
essentially fatty acid-free (BSA) was incorporated during 
3 h at 37 °C. Cells were incubated with the drugs for 3 h 
before the addition of 0.5 mM 8Br-cAMP for 1 h (MA-10 
cells) or serum for 48 h (MDA-MB-231 cells). Cell lysates 
were obtained using a lysis buffer containing 20 mM Tris, 
pH 7.4, 0.5% Triton X-100, 1 mM EGTA, 1 mM EDTA, 
and 130 mM NaCl. Lipid extraction was performed twice 
with ethyl acetate (six volumes of solvent per one volume 
of cellular fraction) and centrifugation at 800 g was carried 
out for 5 min. The organic phase was discarded, and the  [3H]
AA-CoA formation was evaluated by extraction from the 
aqueous phase as previously described [29].

Steroid production in cell lines

MA-10 Leydig and Y1 adrenal cells were pretreated with or 
without PRGL493, rosiglitazone, triacsin C or abiraterone 
for 3 h and then incubated in the presence or absence of 
22(R)-(OH) cholesterol or 8Br-cAMP at the submaximal 
concentration of 0.5 mM for 1 h. At the end of all experi-
ments, steroid production was assessed as progesterone (P4) 
levels in the culture media measured by radioimmunoassay 
(RIA) as described previously [18].

PC-3 cells were treated with inhibitor PRGL493 and, 
after 24 h, P4 was extracted from the culture media using 
Strata C18-T reverse phase columns by applying negative 
pressure. The elution was carried out with 1 ml of ether. P4 
levels were determined by RIA.

Steroid production in mice

All procedures were approved by the Ethics and Ani-
mal Welfare Committee according to the Standardized 
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Operational Procedures of the Center for Comparative 
Medicine at Instituto de Ciencias Veterinarias del Lito-
ral (ICIVET-Litoral) and by the Ethics and Safety Com-
mittee at the School of Veterinary Sciences, Universidad 
Nacional del Litoral.

Thirty-day-old male BALB/c mice were treated with 
an intraperitoneal (i.p.) 50 μl/mice injection of PRGL493 
(250–2500 μg/Kg of body weight) or saline as a control. 
After 3 h, animals received a single subcutaneous injection 
of hCG (300 U/mice), a well-known activator of testicular 
steroidogenesis [30]. After 3 h, animals were sacrificed, 
and steroid levels were assessed in plasma. Testosterone 
and P4 were determined by RIA [18, 31], pregnenolone by 
ELISA (Abnova, Taipei City, Taiwan) and corticosterone 
by a fluorometric assay [32].

Western blot

Total proteins extracts (20 µg) were separated on SDS-
PAGE and electro-transferred to poly(vinylidene dif-
luoride) membranes (Bio-Rad Laboratories) as described 
previously [18]. Membranes were then incubated with 5% 
fat-free powdered milk in 500 mM NaCl, 20 mM Tris–HCl 
(pH 7.5), and 0.5% Tween 20 for 60 min at room tem-
perature, with gentle shaking. The membranes were then 
rinsed twice in 500 mM NaCl, 20 mM Tris–HCl (pH 7.5), 
and 0.5% Tween 20 and incubated overnight with the 
appropriate dilutions of primary antibody at 4 °C: 1:1000 
rabbit polyclonal anti-ACSL4, 1:1000 rabbit polyclonal 
anti-StAR, 1:500 mouse monoclonal anti-estrogen recep-
tor α, 1:5000 mouse monoclonal anti-androgen receptor, 
1:5000 mouse monoclonal anti-GAPDH (glyceraldehyde-
3-phosphate dehydrogenase), 1:5000 mouse monoclonal 
anti-β-tubulin (Santa Cruz Biotechnology), or 1:1000 rab-
bit polyclonal anti-ABCG2 (Origene). Bound antibodies 
were developed by incubation with secondary antibody 
1:5000 goat anti-rabbit and 1:5000 goat anti-mouse horse-
radish peroxidase conjugated and detected by chemilumi-
nescence. The immunoblots were then quantitated using 
Gel Pro Analyzer.

Cell proliferation

Cells (4000 cells/well in 96-well plates) were allowed 
to adhere overnight at 37 °C in a humidified, 5%  CO2 
atmosphere. The medium was then changed to serum-free 
medium. After 24 h, the cells were switched to serum-
supplemented medium containing the different drugs and 
tested for 72 h. Cell proliferation was measured by BrdU 
incorporation or MTT as previously described [6].

Cell migration

Cellular migration was measured by the wound healing assay, 
as previously described [6]. Wound infliction was considered 
as time 0 and wound closure was monitored for up to 24 h. 
Cell monolayers (2000 cells/well) were wounded with a plastic 
tip and wound closures were photographed using phase con-
trast microscopy (40X) at different time points (4, 8, 12 and 
24 h) after scraping. The width of the wound was determined 
through Image Pro-Plus software.

Primary prostate cell cultures

All procedures were approved by the Ethics Committee for 
Research on Human Beings and the Risk Prevention and 
Biosafety Unit at the School of Medicine, Universidad de 
Chile, and the Ethics and Research Committee of the Clinical 
Hospital, Universidad de Chile. In all cases, informed consent 
was obtained from each patient. Prostate cancer tissues were 
derived from radical prostatectomies performed at the Clini-
cal Hospital, Universidad de Chile, on three patients of 52, 72 
and 74 years of age diagnosed with Gleason scores 7, 7 and 
8, respectively.

Primary cell cultures were established as previously 
described [33]. Tissues were minced into small pieces by 
mechanical digestion, washed with culture medium and seeded 
in collagen-I/poly-d-lysin pre-coated 6-well plates. Epithelial 
cells were cultured in D-MEM-F12 supplemented with 7% 
heat-inactivated FCS, 2 mM l-glutamine, 100 U of penicillin/
ml, 100 μg/ml of streptomycin, 0,1 mM non-essential amino 
acids, 600 µg/ml glucose, 1 mg/ml transferrin, 250 µg/ml insu-
lin, 100 µg/ml putrescine, 200 ng/ml sodium selenite, 1 mM 
hydrocortisone, 20 ng/ml EGF, 10 ng/ml βFGF, 200 ng/ml 
vitamin E and 200 ng/ml vitamin A. All cells were grown in a 
humidified incubator at 37 °C with 5%  CO2.

Immunocytochemistry

Cells were seeded in 12-mm coverslips at a confluence of 
50%. After 24 h, cells were fixed in 4% paraformaldehyde 
for 30 min, permeabilized with 0.1% Triton X-100 in PBS 
for 10 min, washed, and blocked with 3% BSA in PBS for 
30 min. Cells were incubated overnight with primary anti-
bodies against ACSL4 [6], washed and incubated for 45 min 
with secondary antibody Alexa Fluor 594 (1:500, A21207, 
Life Technologies). 4′,6-diamidino-2-phenylindole (DAPI; 
1:10,000, sc3598, Santa Cruz) was used for nuclear staining.

Chick embryo chorioallantoic membrane (CAM) 
assay

The in vivo CAM assay platform at IPATIMUP (Instituto de 
Investigação e Inovação em Saúde, Universidade do Porto, 



2898 A. F. Castillo et al.

1 3

Portugal) was used to test the effect of PRGL493 on tumor 
growth in vivo.

PRGL493 (10 µM and 100 µM) was inoculated together 
with 0.5 × 106 MDA-MB-231 cells into a total of 53 eggs 
(distributed in two independent experiments) at embryonic 
development day (EDD) 10. Xenografted cells/tumors were 
treated in ovo on EDD 12 and the experiment ended at EDD 
14. At the endpoint, CAMs were fixed with paraformalde-
hyde, excised from the embryo and photographed ex ovo. 
Images were used to determine the number of neo vessels 
growing radially toward the inoculation site and tumor area, 
using cellSens software (Olympus).

Nude mouse xenograft model

MDA-MB-231 or PC-3 cell suspensions (5 × 106 cells) mixed 
with Matrigel Matrix (BD Biosciences) in a 3/1 dilution 
were injected into the right flank of NLAE:NIH(S)Fox1nu 
mice, aged 7–8 weeks, and allowed to form tumors. Xeno-
graft tumor volume was measured by ultrasound imaging 
(Mindray Z6 vet) and the mice were weighed once a week. 
The average animal body weight was 22.5 g at the beginning 
of treatment. Mice were provided free access to food, water 
and bedding at all times and were housed with a 12 h light/
dark cycle in filter top cages containing a maximum of six 
mice per cage. Animals were maintained in pathogen-free 
conditions and procedures were performed in accordance 
with recommendations for the proper use and care of labora-
tory animals. Five days after cell injection the tumor-bearing 
mice were randomized and received I.P. injections of the 
inhibitor (250 μg/Kg of body weight) or vehicle for 43 and 
34 consecutive days for breast and prostate tumors, respec-
tively. Tumor volumes  (mm3) were calculated as previously 
described [34]. The experiment was terminated as previously 
described [35] in accordance with institutionally approved 
guidelines.

Immunohistochemistry (IHC)

Histological tumor sections from all groups were processed 
for IHC to locate the protein expression. The extravidin 
biotin immunoperoxidase method used has been previ-
ously described by Ortega et al. [36]. Briefly, after depar-
affinization and hydration, endogen peroxidase activity was 
inhibited with 3% (vol/vol)  H2O2 in methanol. Antigen was 
retrieved by incubating the sections in 0.01 M citrate buffer 
(pH 6) in a microwave for 32 min. All sections were incu-
bated with the primary antibodies and detection was per-
formed with the Biotinilated Link (Cell Marque). The anti-
gens were visualized by CytoScan HRP Detection System 
(Cell Marque), and 3.3-diaminobenzidine (Liquid DAB-Plus 
Substrate Kit; Zymed, San Francisco, CA, USA) was used 
as chromogen. Finally, the slides were washed in distilled 

water, counterstained with hematoxylin, dehydrated, and 
mounted. To validate endogenous peroxidase activity block-
ade, some sections were incubated with DAB alone. Primary 
antibodies used were anti-Ki67 Clon 7B11 (Invitrogen) 1:50, 
anti-ERα (1D5) (Dako) 1:50 and anti-Androgen Receptor-
Affinity PA1-110 (Thermo Fisher Scientic) 1:200.

Statistical analysis

Data were analyzed using GraphPad InStat 3.10 (La Jolla, 
CA, USA). Statistical significance was determined through 
analysis of variance (ANOVA) followed by Student–New-
man–Keuls test or Kruskal–Wallis followed by Dunns’ 
multiple comparison test. Bioinformatics analysis was per-
formed using statistical open-source programming language 
R.

Results

PRGL494 is a new inhibitor of ACSL4

ACSL4 was identified as a potential therapeutic target for the 
treatment of breast and prostate cancer through a systematic 
approach that combined in vitro and in vivo studies using 
cell lines of both cell types [6, 7, 10]. These studies allowed 
us to obtain an ACSL4 signature of genetic expression 
(RNAseq) and functional proteomics (Reverse-Phase Protein 
Array, RPPA) using the MCF-7 Tet-Off/ACSL4 stable cell 
line. Here we analyze data from publicly available patient 
samples of RNAseq and RPPA from breast tumors and 
RNAseq data from prostate tumors, to determine whether 
the gene expression signature obtained previously using 
cell model was also observed in patients’ tumors expressing 
ACSL4. For this purpose, we studied in the RNAseq data 
of 817 breast tumors of patients (TCGA, Cell 2015, https ://
www.cbiop ortal .org/study /summa ry?id=brca_tcga_pub20 
15) [37] the correlation between the expression of ACSL4 
and 48 genes of the genetic signature obtained previously 
[12, 15]. Bioinformatics analysis based on statistical open-
source programming language R rendered a positive correla-
tion coefficient with 19 genes of the expression signature of 
ACSL4, with a maximal correlation coefficient of only 0.34 
with a p value < 0.001. However, when the correlation was 
studied according to the diagnosis at the time of taking the 
sample, the correlation was higher. Samples from breast can-
cer diagnosed as invasive lobular luminal A, invasive lobular 
and triple-negative breast cancer showed the highest positive 
correlation reaching a correlation coefficient of 0.67, 0.63 
and 0.40, respectively (Fig. 1a). In these data sets, a good 
positive correlation was also observed in the expression of 
genes that code for drug resistance transporter proteins.

https://www.cbioportal.org/study/summary?id=brca_tcga_pub2015
https://www.cbioportal.org/study/summary?id=brca_tcga_pub2015
https://www.cbioportal.org/study/summary?id=brca_tcga_pub2015
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Next, in a cohort of 673 samples taken from the 817 
breast tumor samples we studied the correlation of ACSL4 
expression and RPPA data. A positive correlation coefficient 
was observed for proteins of the mTOR pathway such as pS6 
(235/236), pS6 (240/244), p70S6K (T380) pAKT (T308) 
and PRAS40 (T246), and a negative correlation coefficient 
of 0.42 for the estrogen receptor α (Fig. 1c).

We also studied in the RNAseq data of 106 prostate 
tumors of patients (GEO GSE54460) [38] the correlation 

between the expression of ACSL4 and 48 genes of the 
genetic signature obtained previously, rendered a positive 
correlation coefficient with 21 genes of the expression sig-
nature of ACSL4, with a maximal correlation coefficient 
of 0.69 with a p value < 0.001 (Fig. 1b). In this same study, 
drug resistance transport proteins also presented a positive 
correlation coefficient.

On the basis of these studies, we initiated a drug dis-
covery program using the homology model generated by 

Fig. 1  Genes coexpressed with ACSL4 in tumor samples from 
patients with breast and prostate cancer. Heatmaps showing cor-
relation coefficients using a RNAseq data from TGCA dataset 
(Cell 2015) of 817 breast cancer tissues, classified by tumor types, 
b RNAseq data of 106 samples of prostate cancer tissues (GEO 

GSE54460), and c RPPA data of 673 samples taken from the 817 
breast tumor samples in TGCA dataset. TN, triple-negative breast 
tumors; LumB, invasive ductal cancer luminal B subtype; LumA, 
invasive ductal cancer luminal A subtype; ILC-LumA: invasive lobu-
lar cancer luminal A; ILC: invasive lobular cancer; All, all samples
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MODELLER to identify potential pharmacological inhibi-
tors of ACSL4 by means of docking based virtual screen-
ing (Fig. 2) and the publicly available database of drug-like 
compounds Enamine Advanced Collection (https ://enami 
ne.net), which includes more than 400,000 3D structures. 
In addition, the residue K572 of the human ACSL4 isoform 

2 model (NCBI Reference Sequence: NP_001305438.1; that 
corresponds to K531 in ACSL4 isoform 1 sequence, NCBI 
Reference Sequence: NP_004449.1), which belongs to the 
substrate entrance of the AA tunnel (Fig. 2b) [39], was used 
as a target. The docking was centered in the alpha carbon of 
K572, with a grid size of 25 Å. AutoDockVina (https ://vina.

Fig. 2  PRGL493 inhibits ACSL4 activity. a Chemical structure 
of PPRGL493 (4-(3-(5-methylfuran-2-yl)-1-phenyl-1H-pyrazol-
4-yl)-3,4-dihydrobenzo[4,5]imidazo[1,2-a][1,3,5]triazin-2-amine) 
in a scheme showing the synthesis of PRGL493 (N-(4-(3-(5-meth-
ylfuran-2-yl)-1-phenyl-1H-pyrazol-4-yl)-3,4-dihydrobenzo[4,5]
imidazo[1,2-a][1,3,5]triazin-2-yl)acetamide). b A modelling of 3D 
structure of human ACSL4 (isoform 2, NCBI Reference Sequence: 
NP_001305438.1) and compound PPRGL493 showing the best dock-
ing of compound PPRGL493 in balls-and-sticks representation and 
the residues in close contact with ACSL4 as spheres; a hydrogen 
bond is indicated by the green dotted line. A hACSL4 model sur-
face with compound PPRGL493 in the AA tunnel entrance is shown 
below. c Inhibition of recombinant ACSL4. Recombinant flag-tagged 
hACSL4 was incubated in the presence or absence of inhibitors, i.e. 
increasing concentrations of PRGL493 (up to 100  μM) or rosiglita-
zone (100  μM) for 10  min at 37  °C. Acyl-CoA synthetase activity 
was measured as AA-CoA formation from AA following the proto-

col described in Materials and Methods. Data are presented as a per-
centage of total enzymatic activity. Data represent the means ± SD. 
###p < 0.001 vs. total enzymatic activity without inhibitors. d Inhibi-
tion of ACSL4 activity in MDA-MB-231, PC-3 and MA-10 Leydig 
cells. Cell lines were incubated with  [3H]-AA (0.5 µCi/ml in serum-
free medium) for 3 h were treated with inhibitor PRGL493 at differ-
ent concentrations (0, 25 and 50 μM) or rosiglitazone (200 μM) for 
3  h and serum was later added for 48  h. MA-10 Leydig cells were 
treated with inhibitor PRGL493 at different concentrations (0, 10, 25 
and 50 μM) or rosiglitazone (100 and 200 μM) for 3 h and then stim-
ulated with 8Br-AMPc (0.5 mM) for 1 h. After treatments,  [3H]AA-
CoA formation was assessed and expressed as CPM/106 cells × 10–3. 
Data represent the means ± SD. **p < 0.01 and ***p < 0.001 vs. 
control cells (in the absence of inhibitors). Western blot analysis of 
ACSL4 expression in MDA-MB-231 and PC-3 cells treated with 
PRGL493 (50 μM) is shown as respective insets

https://enamine.net
https://enamine.net
https://vina.scripps.edu
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scrip ps.edu) was used as docking based virtual screening 
software. Visual inspection of the top hits was used to select 
10 compounds for further in vitro characterization. The 
chemical compounds displaying the highest docking scores 
in the calculations were obtained from Enamine. From 
this small set of chemicals with high docking affinities, we 
selected the compounds showing significant biological activ-
ity on breast and prostate cancer cell lines, among which 
compound 4-(3-(5-methylfuran-2-yl)-1-phenyl-1H-pyrazol-
4-yl)-3,4-dihydrobenzo[4,5]imidazo[1,2-a][1,3,5]triazin-
2-amine (named PPRGL493) (Fig. 2a) rendered the highest 
docking affinity.

From compound PPRGL493, we synthesized a new deriv-
ative to improve solubility properties in organic solvents and 
obtained acetylated derivative PRGL493 through straight-
forward treatment with acetic anhydride using pyridine as a 
solvent (Fig. 2a). PRGL493 was fully characterized through 
nuclear magnetic resonance (NMR) and mass spectroscopy 
(Supplementary Fig. S1). The analysis of the proton NMR 
spectrum revealed a single peak at 2.52 ppm which defi-
nitely confirmed the incorporation of the acetyl group into 
PPRGL493. The corresponding 13C NMR spectrum was also 
useful in obtaining the title compound PRGL493. Certainly, 
the peak observed at 21.3 ppm indicated the presence of 
the methyl group  (CH3C (O)) bonded to the acetyl moiety, 
whereas the peak observed at 173.7 ppm showed the incor-
poration of this functional group, that is, the carbonyl part 
of the acetyl group  (CH3C (O)). Finally, the high-resolution 
mass spectroscopy data clearly indicated that the formula 
of the desired compound PRGL493 was  C25H21N7O2, thus 
confirming its structure (Fig. 2a).

We next proceeded to characterize the inhibitory activity 
of the compound in vitro using recombinant protein (Fig. 2c) 
and different cell lines (Fig. 2d). The in vitro measurements 
were performed using ACSL4 recombinant protein via a 
modified protocol by Kim et al. [28] involving the formation 
of arachidonoyl-CoA (AA-CoA) from AA. In this assay, we 
used rosiglitazone, a PPARγ agonist also used as inhibitor 
of ACSL4 activity, as reference compound [40]. In enzyme 
activity assays, ACSL4 inhibitor PRGL493 succeeded in 
significantly inhibiting the conversion of AA into the prod-
uct AA-CoA, showing the same potency as rosiglitazone 
(Fig. 2c) at a comparable dose [28].

Enzymatic activity was also determined in two of the 
ACSL isoforms, ACSL3 and ACSL1. We have chosen these 
isoforms because ACSL3 has a 68% amino acid sequence 
homology with ACSL4 and ACSL1 has 60% homology 
with ACSL5 and ACSL6 [41]. ACSL3 is the only one that 
is expressed significantly in testis, although to a lesser 
degree than ACSL4 and yet it is not expressed in adrenal. 
The other ACSL isoforms are not expressed in steroid tis-
sues [42–44]. The expression of the recombinant proteins 
obtained was verified by Western blot using an anti-flag 

antibody (anti-DDK from Origene Technologies, Inc.). In 
the same test conditions used for the ACSL4 isoform, neither 
ACSL1 nor ACSL3 produced the transformation of AA into 
AA-CoA (data not shown). These results are in agreement 
with previously published results showing a preference of 
ACSL4 for AA as a substrate compared to the other isoforms 
[45, 46].

The effects of PRGL493 were also evaluated in MDA-
MB-231 breast cancer cells and PC-3 prostate cancer cells, 
two lines in which ACSL4 activity plays a key role in tumor 
cell biology, and in Leydig MA-10 cells, in which ACSL4 
activity is essential for steroid synthesis, as described previ-
ously [17, 18]. ACSL4 activity was stimulated with cAMP 
in MA-10 Leydig cells [47]. Cells incubated with AA in 
the absence of inhibitor produced AA-CoA as a product of 
ACSL4 enzymatic activity, as described previously [47]. In 
addition, treatment with PRGL493 significantly inhibited the 
activity of ACSL4 in all three cell lines, as evidenced by a 
reduction in AA-CoA levels. Worth pointing out, although 
both PRGL493 and rosiglitazone are potent inhibitors of 
recombinant ACSL4 activity, PRGL493 showed signifi-
cantly higher potency in inhibiting cell enzymatic activity 
(Fig. 2d). In addition, analyses were performed on the effects 
of PRGL493 on ACSL4 expression levels. As observed in 
Fig. 2b (insets), PGRL493 did not inhibit the expression of 
ACSL4 protein. Moreover, in a previous publication by our 
group [17] we showed that ACSL4 activity inhibition has no 
effect on enzyme expression in the MA-10 cell line, as we 
also show here in tumor cell lines.

PRGL493 inhibits steroidogenesis in cell lines 
and mice

The effect of ACSL4 inhibition on steroid synthesis was 
evaluated using two well-known cell systems, i.e. Leydig 
MA-10 and adrenal Y1 cell lines [17], and a mouse model 
for in vivo assays (Fig. 3). Steroid synthesis was stimulated 
in MA-10 Leydig and Y1 adrenal cells with cAMP, second 
messenger of the action of luteinizing and adrenocortico-
tropic hormones (LH and ACTH), respectively, and proges-
terone levels were assessed as previously described [17, 18]. 
In these experiments we also used triacsin C, an acyl-CoA 
synthetases inhibitor [28], to inhibit ACSL4 and abiraterone, 
a well-known inhibitor of Leydig and adrenal steroidogen-
esis [48].

Of note, PRGL493 was effective in significantly inhibit-
ing progesterone synthesis in both cell lines at a minimum 
inhibitory concentration of 5 μM (Fig. 3a), once again at a 
much lower dose than that required for rosiglitazone. As 
previously reported [48], abiraterone was unable to inhibit 
the production of progesterone in either cell lines. Moreo-
ver, triacsin C was not only unable to inhibit steroidogenesis 
but actually increased steroid synthesis at a concentration 

https://vina.scripps.edu
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of 10 μM (Fig. 3a). Triacsin C is a polyunsaturated acid 
analog with biphasic behavior which can inhibit or stimulate 
steroid synthesis depending on the concentration used [49, 
50]. In hepatocytes, triacsin C has been shown to produce 
an opening of the mitochondrial transition pores at 10 µM 
concentration [51]. Long-chain fatty acids induce the swell-
ing of mitochondria [52], which may promote an artificial 

stimulation of steroid synthesis by calcium entry into these 
organelles [53, 54].

In addition, and to rule out possible PRGL493 toxic-
ity, steroid synthesis was also evaluated using permeable 
cholesterol analogue 22(R)-(OH) cholesterol, which does 
not require the activation of ACSL4 to reach mitochondria 
[18]. PRGL493 exerted no effects on 22(R)-(OH) cholesterol 

Fig. 3  PRGL493 inhibits steroidogenesis in  vitro and in  vivo. a 
MA-10 Leydig and Y1 adrenal cells were treated with or without 
varying concentrations of inhibitor PRGL493, rosiglitazone (200 μM) 
or abiraterone (100 μM) for 3 h. Y1 cells were also treated with or 
without triacsin C (10 and 50 μM) for 3 h. Cell lines were then stimu-
lated with either 8Br-AMPc (0.5  mM) or 22(R)-(OH) cholesterol 
(5 μM) for 1 h. Steroid production was assessed as progesterone lev-
els (ng/ml). Data represent the means ± SD. **p < 0.01, ***p < 0.001 
vs. 8Br-cAMP-stimulated cells. b PC-3 prostate cancer cells were 
treated with inhibitor PRGL493 for 24 h. Then, StAR protein expres-

sion was evaluated by Western blot from total protein extracts. Pro-
gesterone was extracted from culture media and assessed by RIA. 
Data represent the means ± SD. ###p < 0.001 vs. non treated cells. c 
Male mice were treated with hCG (300 U/mice) and varying concen-
trations of PRGL493 (expressed as μg/Kg of body weight). Testos-
terone, progesterone, pregnenolone and corticosterone plasma lev-
els are expressed as ng/ml plasma. Data represent the means ± SD. 
**p < 0.01 and ***p < 0.001 vs. control cells (in the absence of inhib-
itors)
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action, demonstrating the specificity of the system as well as 
the integrity of the mitochondrial process (Fig. 3a).

Given that, upon castration, tumors may develop steroi-
dogenic properties [55], we also tested PRGL493 effects on 
steroid synthesis in the PC-3 cell line. Results showed sig-
nificant inhibition of steroid synthesis and also StAR protein 
expression (Fig. 3b), which is the crucial protein in choles-
terol transport [56, 57].

Finally, studies conducted on mice treated with PRGL493 
showed significant inhibition of adrenal and testicular steroid 
synthesis at a minimum dose of 250 μg/Kg of body weight 
(Fig. 3c). Therefore, PRGL493 succeeded in inhibiting the 
production of testosterone, the final steroid produced in Ley-
dig cells, and also pregnenolone, the first steroid hormone 
in steroidogenesis.

PRGL493 inhibits cellular migration 
and proliferation in breast and prostate cancer 
cells and in primary tissue culture from patients 
with prostate cancer

We next performed experiments to test the efficacy of the 
compound in inhibiting tumor growth in vitro and in vivo. 
PRGL493 inhibited the proliferation of highly aggressive 
breast and prostate cancer cells at an IC50 of 23 µM and 
27 µM, respectively (Fig. 4a). Once again, PRGL493 exerted 
more potent effects than rosiglitazone, in agreement with 
results obtained for cell enzymatic activity (Fig. 2d).

In order to test the specificity of PRGL493 in inhibiting 
tumor growth, we next compared inhibitor effects with those 
produced by specific doxycycline-induced downregulation 
of ACSL4 expression using tetracycline-repressible MCF-7 
stable cells, which overexpress ACSL4 (MCF-7 Tet-Off/
ACSL4) [6]. First, we verified that doxycycline was effec-
tive in inhibiting ACSL4 expression in this system (Fig. 4b, 
bottom). Results showed that both PRGL493 and ACSL4 
downregulation succeeded in inhibiting the proliferation of 
MCF-7 Tet-Off/ACSL4 cells (Fig. 4b). In turn, PRGL493 
had a minor effect on MCF-7 Tet-Off empty vector cells, in 
keeping with poor endogenous expression of ACSL4, and, as 
expected, doxycycline exerted no effects on MCF-7 Tet-Off 
empty vector cells.

We then tested the role of PRGL493 on breast and pros-
tate cancer cell migration through the wound healing assay, 
as previously described [6]. PRGL493 was effective in 
inhibiting the migration of MDA-MB-231 and PC-3 cells 
(Fig. 4c). Differences in the wound area between cells with 
and without ACSL4 inhibitor were evident as early as 12 h 
after injury in MDA-MB-231 cells and 4 h after injury in 
PC-3 cells (Fig. 4c).

Finally, we studied the functional role of ACSL4 inhi-
bition in primary cell cultures from tumor tissue samples 
obtained from prostate cancer patients. Cells from tumor 

tissue samples showed expression of ACSL4, detected by 
immunocytochemistry, while inhibition of ACSL4 through 
PRGL493 produced significant inhibition of cell culture 
growth (Fig. 4d).

PRGL493 sensitizes prostate and breast cancer cells 
to drug treatment

It has been described that ACSL4 is involved in resistance 
to hormonal and chemotherapeutic treatments in both breast 
and prostate cancer [7, 12, 14, 58]. It has also been described 
that ACSL4 expression in breast and prostate cancer cor-
relates negatively with the expression of ER and AR, and 
positively with transporters associated with anti-cancer 
drug resistance [7, 10, 11, 14, 58]. According to these evi-
dences, the inhibition of ACSL4 with PRGL493 induces 
the expression of ER and AR in breast and prostate cancer 
cells, respectively, and reduces ABCG2 (ATP binding cas-
sette subfamily G member 2) levels (Fig. 4e).

On the basis of these findings, and given the current use 
of combination therapy in highly aggressive cancer [59, 60], 
we next investigated the effect of a combination of inhibi-
tor PRGL493 and therapeutic drugs on the proliferation of 
MDA-MB-231 and PC-3 cells.

Treatment of MDA-MB-231 with a combination of 
PRLG493 and tamoxifen or chemotherapeutic drugs, as well 
as treatment of PC-3 cells with a combination of PRGL493 
and docetaxel, proved significantly more effective in inhibit-
ing cell proliferation than each of the compounds individu-
ally (Fig. 4f). These results demonstrate the ability of this 
new inhibitor to sensitize cells to chemotherapy at low doses 
which do not produce effects per se.

PRGL493 inhibits tumor growth in in vivo models

In further experiments aimed at validating the previous 
results, the in vivo chick embryo chorioallantoic membrane 
(CAM) assay platform of IPATIMUP was used to test the 
effect of PRGL493 on tumor growth in vivo using MDA-
MB-231 cells. Results showed a significant reduction in 
tumor size in tumors treated with PRGL493 as compared to 
vehicle-treated tumors (Fig. 5a).

On the basis of this finding and previous in vitro results, 
the next logical step was to analyze the effect of PRGL493 
on breast (Fig. 5b) and prostate (Fig. 5c) tumor growth in 
a xenograft model, using MDA-MB-231 and PC-3 cells for 
in vivo therapy of solid tumors. These assays revealed no 
significant differences in body weight or food intake across 
treatment groups throughout the experiment. Most impor-
tantly, a significant inhibition of tumor growth was observed 
in animals treated with PRGL493 as compared to those 
receiving vehicle (Fig. 5b and c). Immunohistochemical 
analysis showed that tumors treated with PRGL493 showed 
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a decrease in Ki67 protein expression and increased ER 
and AR expression in breast and prostate xenograft tumors, 

respectively (Fig. 5b and c, right panels). These results con-
firm those previously observed in vitro, and further provide 
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in vivo evidence of the effects of ACSL4 inhibition on tumor 
growth.

Discussion

In the present work we describe a single-molecule com-
pound which has the property of inhibiting steroidogen-
esis and tumor growth, as well as sensitizing tumor cells to 
therapeutic treatments in both breast and prostate cancer. 
This compound inhibits the multiple functionality action of 
ACSL4 to regulate the aggressiveness of breast and prostate 
tumors.

The results reported here demonstrate the efficacy of the 
strategy used for inhibitor identification. PRGL493 inhibi-
tion of ACSL4 enzymatic activity was demonstrated both 
with purified protein and in cellular models, which vali-
dates the in silico scheme used in library screening. Of note, 
when compared to rosiglitazone, a commonly used ACSL4 

inhibitor, PRGL493 was found to be significantly more 
potent in cellular models.

In this work, the demonstration that the action of 
PRGL493 proceeds through ACSL4 inhibition has been 
supported with different approaches. Results show that the 
inhibition of ACSL4 activity by PGRL493 inhibits cell 
proliferation in the same way as the specific inhibition of 
ACSL4 expression does in the Tet-Off model. In addition, 
two of the ACSL isoforms which might have been regarded 
as PRGL493 targets, ACSL1 and ACSL3, were unable to 
transform AA into AA-CoA. Furthermore, with the excep-
tion of ACSL3, none of the other isoforms are expressed in 
steroidogenic tissues [42–44]. ACSL3 is expressed in the 
testis but not in the adrenals, and yet PRGL493 inhibits tes-
ticular and adrenal steroidogenesis. All these results strongly 
support the role of ACSL4 in the action of PGRL493.

Evidence in the literature supports the notion that inhibi-
tor selectivity and substrate preference are complex and 
affected by several factors including membrane quality, 
coactivators, inhibitors, interactions with other enzymes, 
specific ACSL cellular location, specific ACSL tissue 
expression and posttranslational modifications, as reported 
by Sebastiano and Konstantinidou [61].

For example, ACSL4 has shown potential for colorectal 
carcinoma treatment, as specific ACSL4 knockdown shows 
reduced colorectal cancer cell proliferation [62]. In contrast, 
ACSL4 inhibition with a non-toxic dose of triacsin C does 
not have a significant impact on cell viability in colorec-
tal cancer cell lines. In addition, in vivo experiments per-
formed in a xenograft model of colorectal carcinoma have 
shown that triacsin C treatment is not effective in reducing 
the tumor burden, even though triacsin C is known to be a 
potent in vitro inhibitor of ACSL4 activity [28].

In line with these results, our group shows here that 
rosiglitazone has the same potency as PGRL49 to inhibit 
the in vitro activity of ACSL4, although it is less potent that 
PGRL493 in the inhibition of steroidogenesis. PGRL493 
selectivity for ACSL4 is supported by our in vivo experi-
ments, as its effect on breast (Fig. 5b) and prostate (Fig. 5c) 
tumor growth in a xenograft model revealed no toxicity. Fur-
thermore, animals orally or intravenously treated with 2.5 
times the effective inhibitor dose revealed no differences in 
body weight, food intake or clinical signs at 7 or 14 days post 
treatment. There were also no differences in biochemical or 
hematological parameters, and the analysis of vital organs 
such as liver, heart, kidney and lung showed no apparent 
lesions. Altogether, these results may be thought to rule out 
significant inhibitor effects on other ACSL isoforms.

PRGL493 inhibition of ACSL4 enzymatic activity also 
resulted in the inhibition of its biological actions. As ACSL4 
is a physiological regulator of testicular and adrenal steroi-
dogenesis, PRGL493 succeeded in inhibiting steroidogenesis 
in testicular and adrenal cell lines, and in a mouse model. 

Fig. 4  PRGL493 inhibits proliferation and migration in breast and 
prostate cancer cells. a Cell proliferation. MDA-MB-231 breast and 
PC-3 prostate cancer cells were incubated for 72 h with varying con-
centrations of the compounds PRGL493 or rosiglitazone and cell 
proliferation was measured by BrDU incorporation. Data are pre-
sented as percent inhibition of cell proliferation compared to con-
trol cells. Data represent the means ± SD, *p < 0.05, **p < 0.01 and 
***p < 0.001. b MCF-7 Tet-Off/ACSL4 breast cancer cells, which 
overexpress ACSL4 under the tetracycline-repressible element, and 
control (MCF-7 Tet-Off empty vector) cells were incubated with 
PRGL493 (50 μM) or doxycycline (2 μg/ml) for 72 h. Cell prolifera-
tion was measured by BrDU incorporation. Data are presented as the 
means of absorbance at 595 nm ± SD. ns (non significant), **p < 0.01 
and ***p < 0.001. Western blot analysis of ACSL4 expression in 
the MCF-7 Tet-Off system is shown at the bottom. c Cell migration. 
MDA-MB-231 and PC-3 cells were incubated with vehicle (con-
trol) or PRGL493 (50 μM) for 12 h and cell migration was measured 
through the wound healing assay. Bars indicate percentage of wound 
healing over time. Data represent the means ± SD. **p < 0.01 and 
***p < 0.001 vs. corresponding control cells. d Prostate cancer tis-
sues from three patients were obtained from radical prostatectomies. 
Primary culture cell growth was evaluated by MTT assay after 72 h 
of incubation with inhibitor (50  μM). Cells were incubated with 
MTT and the absorbance at 570  nm was measured. Means ± SD: 
**p > 0.01. ACSL4 is expressed in biopsy samples of patients with 
prostate cancer and the inhibition of its activity inhibits the growth of 
primary culture cells of prostate tumors. The expression of ACSL4 
in primary culture of prostate tumors was evaluated by immunocy-
tochemistry. Nuclei were stained with DAPI. e MDA-MB-231 and 
PC-3 cells were incubated with or without PRGL493 (50  μM) for 
48 h and protein expression was evaluated by Western blot from total 
protein extracts. f PRGL493 sensitizes prostate and breast cancer 
cells to drug treatments. MDA-MB-231 cells were incubated with 
PRGL493 (10 µM) and/or 4-hydroxytamoxifen (4-OHTAM, 7.5 µM), 
cisplatin (1 µM), doxorubicin (0.25 µM) and paclitaxel (0.1 µM) for 
72 h. PC-3 cells were incubated with PRGL493 (10 µM) and/or doc-
etaxel (1 nM) for 72 h. Cell proliferation was measured by the BrdU 
incorporation assay. Data are presented as percentage of inhibition 
of cell proliferation compared to control cells. Data represent the 
means ± SD. ***p < 0.001 vs. corresponding single inhibitors

◂
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Given that ACSL4 acts at the level of the limiting step in 
steroidogenesis, i.e. the transport of cholesterol from the 
external mitochondrial membrane to the internal one [63], 
PRGL493 has the ability to inhibit de novo steroid synthesis.

The effects of PRGL493 on progesterone production 
indeed appeared stronger than those on recombinant ACSL4 
enzymatic activity. The difference between these results is 
given by the difference in the sensitivity of the techniques 
used. In the case of determining the activity with the 

recombinant protein and the activity in whole cells, results 
rely on the specific activity of the substrate, in this case 
AA, and the sensitivity in the measurement of the prod-
uct arachidonoyl-CoA. In the case of steroid synthesis, the 
measurement of the accumulated final product is in the order 
of picograms, which allows the indirect measurement of the 
inhibitor action on ACSL4 activity with greater sensitivity.

Although numerous steroid synthesis inhibitors have been 
described in the literature, most of them do not act at the 

Fig. 5  PRGL493 inhibits tumor growth in  vivo models. a CAM 
assay was used to evaluate the effect of ACSL4 inhibitor PRGL493 
on tumor growth. MDA-MB-231 cells were inoculated along with 
PRGL493 (10 or 100  µM) or vehicle (D-MEM). At the endpoint, 
CAMs were fixed (with paraformaldehyde), excised from the embryo 
and photographed ex ovo. n = 36 for inhibitor and n = 17 for vehicle. 
Representative photographs of tumor area. p value (Kruskal–Wal-

lis) < 0.0001. Tumor size  (mm3) is shown in a scatter plot. b Mice 
bearing MDA-MB-231 breast tumor xenografts or c PC-3 pros-
tate tumor xenografts were treated with either vehicle or PRGL493 
(250  μg/Kg of body weight). Representative images showing xeno-
graft mice and corresponding tumor samples and IHC analysis are 
shown on the right panels. Data represent the means of tumor vol-
ume ± SD, n = 4. **p < 0.01, ***p < 0.001 vs. vehicle-treated mice
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level of the limiting step and inhibit steroidogenic enzymes 
dependent on cytochrome P450 [64]. Some inhibitors act on 
the enzyme that converts cholesterol into pregnenolone, but 
also act on cytochrome P450 [64]. For instance, abirater-
one, used in the current work as reference compound due to 
its use in coadjuvant therapy for highly aggressive prostate 
tumors [59], inhibits steroidogenesis through the inhibition 
of CYP17, a cytochrome P450 (CYP) enzyme located in the 
endoplasmic reticulum of the testis, ovaries, adrenals and 
placenta [48]. CYP17 plays a critical role in the production 
of cortisol and androgen synthesis by catalyzing the conver-
sion of pregnenolone to 17-OH pregnenolone and progester-
one to 17-OH progesterone. For these reasons, as we show 
here, abiraterone failed to inhibit progesterone production in 
Leydig and adrenal cells.

It is also remarkable that PRGL493 also inhibited testos-
terone synthesis in vivo, without an accumulation of preg-
nenolone or progesterone. Steroids are critical for diverse 
biological processes such as proliferation, regulation of fat 
metabolism and hormone signaling, and they drive hor-
mone-dependent tumor progression and increase steroids 
within tumors and in the tumor microenvironment. In this 
context, the current results are in agreement with previous 
reports showing the capacity of prostate tumor cells to syn-
thesize steroids de novo [65], and the efficacy of PRGL493 
to inhibit steroid synthesis in prostate cancer cells. Taken 
together, these observations suggest that PRGL493 has two 
important advantages over inhibitors previously described, 
as it does not promote steroid hormone accumulation and it 
does not interfere with the activity of cytochrome P450, thus 
involving lesser hepatic toxicity.

The present results show that PRGL493 also strongly 
inhibits proliferation and migration in both breast and pros-
tate cancer cells being more effective than rosiglitazone. 
These results were confirmed on in  vivo model where 
PRGL493 inhibited breast and prostate tumor growth using 
xenograft models.

Although the inhibition of steroid production repre-
sents a major therapeutic paradigm in clinical oncology 
for breast and prostate tumors [66], fundamental ques-
tions regarding how cancer cells acquire the ability to 
overcome steroid synthesis inhibition remain a challenge 
for the development of new strategies. It has been shown 
that ACSL4 expression in hormone-dependent breast 
and prostate cancer cells transforms them into hormone-
independent cells which are also resistant to chemother-
apy [7, 12–14, 58]. In the present report, we succeeded 
in inhibiting these characteristics of ACSL4 which give 
hormone-dependent tumors the ability to become resistant 
to endocrine therapy. Inhibition of ACSL4 by PRGL493 
induces the expression of ER and AR in breast and pros-
tate cancer cells respectively and regulated the expres-
sion of proteins associated with multi-drug resistance as 

previously described [14]. These findings suggest that 
ACSL4 inhibition allows breast cancer and prostate cancer 
cells to regain sensitivity to hormonal and chemotherapeu-
tic treatment.

Compounds showing a bimodal pharmacological char-
acter in cancer are currently appreciated as therapeutic 
agents [67, 68]. In this line, the identification of a single 
compound that blocks both tumor growth and steroid syn-
thesis while potentiating chemotherapeutic and hormone 
treatments opens doors in the treatment of these types of 
highly aggressive tumors. This may contribute to the evo-
lution of treatment with the introduction of the combina-
tion of specific agents [69]. It is also remarkable that the 
strong inhibitory effect observed on cell proliferation upon 
the combination of PRGL493 and chemotherapeutic drugs 
can be achieved concomitantly with a reduction in doses. 
This may also prevent the adverse and toxic side effects 
of chemotherapeutic agents, also allowing combination 
therapy to cover a wide spectrum of signaling pathways 
supporting tumor cell survival.

To sum up, these findings highlight the efficacy of 
PRGL493 in targeting both steroid synthesis and tumor 
growth, and in reducing drug resistance, strengthening the 
strong potential of ACSL4 and PRGL493 as therapeutic 
target and inhibitor, respectively, for first- and second-line 
cancer treatment. This work provides “proof of concept” for 
the potential application of PGRL493 in clinical practice.
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