Biomedicine & Pharmacotherapy 167 (2023) 115436

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

biomedicine ..
PHARMACOTHERAPY

ELSEVIER journal homepage: www.elsevier.com/locate/biopha

Antitumor activity of alkylphospholipid edelfosine in prostate cancer
models and endoplasmic reticulum targeting

EL-Habib Dakir > "', Consuelo Gajate >“?, Faustino Mollinedo % ">

2 Instituto de Biologia Molecular y Celular del Cancer, Centro de Investigacion del Cancer, CSIC-Universidad de Salamanca, Campus Miguel de Unamuno, E-37007
Salamanca, Spain

b Faculty of Biology, University of Latvia, Riga, Latvia

¢ Laboratory of Cell Death and Cancer Therapy, Department of Molecular Biomedicine, Centro de Investigaciones Bioldgicas — Margarita Salas, Consejo Superior de
Investigaciones Cientificas (CSIC), Ramiro de Maeztu 9, E-28040 Madrid, Spain

ARTICLE INFO ABSTRACT
Keywords: Prostate cancer is the second most frequent cancer and the fifth leading cause of cancer death among men
Edelfosine worldwide. While the five-year survival in local and regional prostate cancer is higher than 99%, it falls to about

Alkylphospholipid analog
MPAKT transgenic animal model
Xenograft animal model
Endoplasmic reticulum

Prostate cancer

28% in advanced metastatic prostate cancer. The ether lipid edelfosine is considered the prototype of a family of
promising antitumor drugs collectively named as alkylphospholipid analogs. Here, we found that edelfosine was
the most potent alkylphospholipid analog in inducing apoptosis in three different human prostate cancer cell
lines (LNCaP, PC3, and DU145) with distinct androgen dependency, and differing in tumor suppressor phos-
phatase and tensin homolog (PTEN) and p53 status. Edelfosine accumulated in the endoplasmic reticulum of
prostate cancer cells, leading to endoplasmic reticulum stress and cell death in the three prostate cancer cells.
Inhibition of autophagy potentiated the pro-apoptotic activity of edelfosine in LNCaP and PC3 cells, where
autophagy was induced as a survival response. Edelfosine induced a slight and transient inhibition of AKT in
PTEN-negative LNCaP and PC3 cells, but not in PTEN-positive DU145 cells. Daily oral administration of edel-
fosine in murine prostate restricted AKT kinase transgenic mice, expressing active AKT in a prostate-specific
manner, and in a DU145 xenograft mouse model resulted in significant tumor regression and apoptosis in
tumor cells. Taken together, these results show a significant in vitro and in vivo antitumor activity of edelfosine
against prostate cancer, and highlight the endoplasmic reticulum as a novel and promising therapeutic target in
prostate cancer.

1. Introduction among men worldwide in 2020 [1]. Prognosis of prostate cancer pa-
tients is highly dependent on clinical stage (localized, locally advanced

Prostate cancer is the second most frequently occurring cancer in or advanced), Gleason score and prostate-specific antigen (PSA) level [2,
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approaching 100%, it falls to about 28% in advanced metastatic prostate
cancer [4]. About 90% of men with advanced prostate cancer develop
bone metastases [5]. The 5-year survival drops to a dismal 3% for pa-
tients with bone metastases at initial diagnosis [6]. Advanced metastatic
prostate cancer remains incurable, thus highlighting the need for more
effective treatments at this stage of the disease. Treatment options
include surgery, hormonal therapy, chemotherapy, immunotherapy,
radiation, as well as a combination of the above [7-9]. However, despite
most metastatic prostate cancer respond initially to androgen depriva-
tion, almost all patients will eventually progress to metastatic
castration-resistant prostate cancer (mCRPC), a term that refers to a
cancer that has metastasized beyond the prostate gland, and for which
hormone therapy is no longer effective. Some drugs used to treat met-
astatic prostate cancer, improving overall survival, include: docetaxel,
usually combined with prednisone, cabazitaxel, mitoxantrone, estra-
mustine, abiraterone, enzalutamide, apalutamide, and Lutetium-177
7"Lu)-PSMA-617 [10-12]. Nevertheless, despite a good initial
response and survival benefit, nearly all patients eventually develop
drug resistance, which is a key stumbling block to long-term survival. In
addition, most current treatments have adverse effects that can nega-
tively affect quality of life [7,13]. Thus, new therapeutic approaches and
chemotherapeutic agents with no or few side effects are needed.

The so-called alkylphospholipid analogs (APLs) constitute a hetero-
geneous family of unnatural lipids that target cell membranes and pro-
mote apoptosis in a wide variety of tumor cells [14-17]. Among these
APLs, edelfosine [ET-18-OCHs3, (1-O-octadecyl-2-O-methoxy-r-
ac-glycero-3-phosphocholine)], considered the APL prototype com-
pound, stands out as for its ability to induce apoptosis in a wide variety
of malignant cells in a rather selective way [18,19], through lipid raft
reorganization in hematological cancer cells [20-29] and through its
accumulation in the endoplasmic reticulum (ER) in solid tumor cells
[26,30-33], with no significant side effects or low toxicity profile [34].
In addition, oral administration of edelfosine induces a potent antitumor
activity in different xenograft animal models for a number of tumors,
including pancreatic cancer [31], Ewing’s sarcoma [32], multiple
myeloma [24], mantle cell lymphoma [25], and chronic lymphocytic
leukemia [25].

Prostate cancer cells are highly secretory, and the ER is the organelle
involved in the synthesis and maturation of proteins that are heading for
the secretory pathways [35]. Furthermore, ultrastructural analysis of
prostate tumor tissue shows prominent and numerous vesicles of gran-
ular ER [36]. Here, we present evidence, by using different in vitro and in
vivo prostate cancer models, that edelfosine exerts a significant anti-
tumor activity against prostate cancer, promoting apoptosis by targeting
the ER.

2. Materials and methods
2.1. Drugs and reagents

Edelfosine was obtained from R. Berchtold (Biochemisches Labor,
Bern, Switzerland). Edelfosine stock solutions were prepared as previ-
ously described [18]. Briefly, edelfosine was dissolved at 2 mM, as a
stock solution, by heating at 50 °C for 45 min in RPMI-1640 culture
medium (Invitrogen, Carlsbad, CA, USA), containing 10% (v/v)
heat-inactivated fetal bovine serum (Gibco Life Technologies, Waltham,
MA, USA). The clear solution was sterilized by filtration through a 0.22
um pore size Millipore sterile filter (Millipore Corporation, Burlington,
MA, USA) and stored at 4 °C until use. Miltefosine (hex-
adecylphosphocholine) and perifosine (octadecyl-(1,1-dimethyl-piper-
idinio-4-yl)-phosphate) were from Shelleckchem (Houston, TX, USA).
Erucylphosphocholine [(13Z)-docos-13-en-1-yl 2-(trimethylammonio)
ethyl phosphate] was kindly provided by Zentaris (Frankfurt, Germany).
Erufosine (erucylphosphohomocholine) was kindly provided by Dr. Lars
Lindner (Ludwig-Maximilians-University, Munich, Germany). Stock
sterile solutions of the distinct APLs (2 mM) were prepared in
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RPMI-1640 culture medium, supplemented with 10% (v/v)
heat-inactivated fetal bovine serum, as above. The pan-caspase inhibitor
carbobenzoxy-valyl-alanyl-aspartyl-[ O-methyl]-fluoromethylketone
(z-VAD-fmk) was from Alexis Biochemicals (San Diego, CA, USA).
Bafilomycin Al was from Sigma-Aldrich (St. Louis, MO, USA). Acryl-
amide/Bisacrylamide, ammonium persulfate, and N,N,N/,
N'-tetramethylethylenediamine were from Bio-Rad (Hercules, CA, USA).
Immobilon-P polyvinylidene difluoride (PVDF) membranes, Hybond
ECL nitrocellulose membranes and ECL Western Blotting Detection Re-
agents were from GE Healthcare (Chicago, IL, USA). DAPI was from
Molecular Probes (Carlsbad, CA, USA).

2.2. Cell culture

Human prostate cancer cell lines LNCaP (p53 wild-type, phosphatase
and tensin homolog [PTEN]-negative, androgen-sensitive, highly
differentiated), PC3 (p537", PTEN-negative, androgen-independent,
poorly differentiated), and DU145 (p53 mutant, PTEN-positive,
androgen-independent, moderately differentiated) were obtained from
American Type Culture Collection (ATCC) (Manassas, VA, USA), and
grown in RPMI-1640 medium (Invitrogen), supplemented with 10% (v/
v) heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 pg/ml
streptomycin and 2 mM L-glutamine (Gibco Life Technologies) at 37 °C
in a humidified atmosphere containing 5% COs. All cell lines were tested
for mycoplasma contamination using MycoProbe Mycoplasma Detection
Kit (R&D systems, Abingdon, UK). Exponentially growing cells were
treated with the corresponding APLs at the indicated concentrations and
incubation times. Samples were analyzed by flow cytometry to deter-
mine apoptosis through cell cycle analyses.

2.3. Apoptosis assay

Quantification of apoptotic cells was determined by flow cytometry
as the percentage of cells at the sub-G(/G; region (hypodiploidy) in cell
cycle analysis, as previously described [37]. Briefly, after each treat-
ment, cells were centrifuged and fixed overnight in ethanol 70% (v/v) at
4 °C. Then, cells were pelleted by centrifugation (288 x g, 7 min) and
incubated for 1 h at room temperature, in the dark, with 0.2 mg/ml
RNase A and 10 pg/ml propidium iodide. The percentages of cells in
each cycle phase were determined using a FC500-MPL (Beck-
man-Coulter, Brea, CA, USA) flow cytometer. Cell cycle profiles were
generated using manually drawn gates with Cyflogic software (Perttu
Terho, Mika Korkeamaki, CyFlo Ltd, Turku, Finland), and the percent-
age of cells in the sub-Go/G; region (apoptotic cells with hypodiploid
DNA content) was quantified as previously described [37].

2.4. Confocal microscopy

The subcellular localization of edelfosine in prostate cancer cells was
analyzed using the edelfosine analog 1-O-[11-(6"-ethyl-1",3",5",7"-
tetramethyl-4",4"-difluoro-4"-bora-3a’’,4a”’-diaza-s-indacen-2"-yl)
undecyl]—2-0O-methyl-rac-glycero-3-phosphocholine (Et-BDP-ET) [38,
39], containing a boron-dipyrromethene (BODIPY) molecule, a kind gift
from Dr. F. Amat-Guerri and Dr. A.U. Acuna (Consejo Superior de
Investigaciones Cientificas, Madrid, Spain). ER was visualized by using
the CellLight™ ER-red fluorescent protein (RFP) BacMam 2.0 reagent
(ThermoFisher, Waltham, MA, USA), following the manufacturer’s
specifications as previously described [39]. This CellLight™ ER-RFP
BacMam 2.0 reagent includes a fusion construct of TagRFP with the
ER signal sequence of calreticulin and KDEL (ER retention signal),
providing accurate and specific targeting to cellular ER with minimal
cellular disruption. Cells were then incubated for 3 h with 20 pM
Et-BDP-ET as previously described [39]. Colocalization of both signals
(RFP; Excitation: 555 nm, Emission: 574-627 nm; BODIPY: Excitation:
498 nm, Emission: 510-549 nm) was analyzed by excitation of both
fluorochromes in the same section. Fluorescence was visualized with a
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confocal laser scanning microscope Leica TCS SP8 STED 3X (Wetzlar,
Germany), fitted with a 405 nm UV laser and a white-light laser with
freely tunable excitation (470-670 nm).

To detect nuclear translocation of activated caspase-3 to the nucleus,
cells were attached to sterile poly-L-lysine-coated round glass micro
coverslips, and then fixed with 2% or 4% formaldehyde in phosphate-
buffered saline (PBS) as previously described [40]. Following cell per-
meabilization with 0.1% Tween-20 for 5 min, and washing twice with
PBS, cells were incubated with anti-cleaved caspase-3 rabbit monoclonal
antibody (Abcam, Cambridge, UK) (1:100 dilution in PBS) overnight in a
humid atmosphere at 4 °C. Then, slides were washed twice with PBS,
and incubated with a Cy3-conjugated anti-rabbit IgG antibody (Abcam)
(diluted 1:100 in PBS). DAPI was used at dilution of 1:1000 in PBS for
nuclear staining. Images were taken with a Zeiss confocal laser scanning
microscope (Oberkochen, Germany) at 67x magnification.

2.5. Western blot analysis

Cells were harvested in a lysis buffer (25 mM HEPES, pH 7.7, 0.3 M
NaCl, 1.5 mM MgCly, 0.2 mM EDTA, 0.1% Triton X-100, 20 mM
B-glycerophosphate, 0.1 mM NagVOy), supplemented with protease in-
hibitors (1 mM phenylmethylsulfonyl fluoride, 20 pg/ml aprotinin, 20
pg/ml leupeptin) or a protease inhibitor cocktail (Roche, Basel,
Switzerland), and protein concentration was determined using a Brad-
ford assay (ThermoFisher, Waltham, MA, USA). Proteins (30-40 pg/
lane) were run in SDS polyacrylamide gels, transferred to Immobilon-P
PVDF or nitrocellulose membranes, blocked with 5% (w/v) non-fat dry
milk in 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.1% Tween 20 (TBST)
with gentle shaking for 60-90 min at room temperature, and incubated
for 1 h at room temperature or overnight at 4 °C with the following
specific antibodies: anti-poly(ADP-ribose) polymerase mouse mono-
clonal antibody (1:1000, BD Pharmingen); anti-CHOP/GADD153 rabbit
monoclonal antibody (1:250, Santa Cruz Biotechnology); anti-p-ERK1/2
rabbit polyclonal antibody (1:1000, Cell Signaling Technology); anti-
ERK2 mouse monoclonal antibody (1:1000, Santa Cruz Biotech-
nology); anti-LC3 (microtubule-associated protein 1 light chain 3) rabbit
polyclonal antibody (1:1000, Cell Signaling Technology); anti-Ser473 p-
AKT rabbit polyclonal antibody (1:3000, Cell Signaling); anti-AKT1/2/3
rabbit polyclonal antibody (1:1000, Santa Cruz Biotechnology); and
anti-p-actin mouse monoclonal antibody (1:5000, Sigma). After three 5-
min TBST washes, the membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary anti-rabbit or anti-mouse anti-
bodies (1:1000 dilution, Abcam) for 1 h at room temperature. Then, the
protein bands were visualized with a ChemiDoc™ Imaging System (Bio-
Rad), using an enhanced chemiluminescence detection kit (GE
Healthcare).

2.6. MPAKT transgenic animal model and genotyping

Murine prostate restricted AKT kinase activity was generated in
transgenic mice (MPAKT mice) [41], using probasin prostate-specific
tissue promoter and Myr-HA tag epitope. A cDNA directing the expres-
sion of myr and HA epitope-tagged human Akt-1 was inserted 3’ of the
rat probasin promoter -426 to +28 bp (rPb-myr-HA-AKT1 transgene), as
described [41,42]. The MPAKT transgenic model expresses active AKT
in the prostate and has been previously used to study the role of AKT in
prostate epithelial cell transformation and in the discovery of molecular
markers relevant to human disease and drug targets [43,44]. Genotyp-
ing of the resultant pups was done by extracting tail DNA using
Red-Extract (Sigma-Aldrich) as described [45], and two specific sets of
primers for PCR as previously reported [46]. DNA was visualized after
electrophoresis by ethidium bromide staining. Transgenic MPAKT mice
carrying Akt gene and wild-type mice were randomly assigned to cohorts
of 10 mice each, receiving a daily oral administration of edelfosine (30
mg/kg of body weight), a drug dose and schedule previously used in in
vivo studies with no significant toxicity [24,25,31,32], or an equal

Biomedicine & Pharmacotherapy 167 (2023) 115436

volume of vehicle (water). The animals were euthanized 24 h after the
last drug administration according to institutional guidelines, and
following procedures approved by the Ethics Committee of the Univer-
sity of Salamanca, complying with the European Union (European
Directive 2010/63/EU) guidelines for animal experiments. A necropsy
analysis involving prostate organ and distinct organs was carried out.

2.7. Xenograft animal model

All animal experiments were approved by the Ethics Committee of
the University of Salamanca (Salamanca, Spain). All mouse experi-
mental procedures were performed according to the protocols approved
by and conducted at the accredited Animal Experimentation Facility of
the University of Salamanca (register No. PAE/SA/001), and complied
with the Spanish (RD1201/05) and the European Union (European
Directive 2010/63/EU) guidelines on animal experimentation for the
protection and humane use of laboratory animals. Male CB17-severe
combined immunodeficiency (SCID) mice (8 weeks old) (Charles River
Laboratories, Wilmington, MA, USA), kept and handled according to
institutional guidelines, complying with Spanish legislation under 12/
12 h light/dark cycle at a temperature of 22 °C, received a standard diet
and acidified water ad libitum. DU145 cells (5 x 10%) were injected
subcutaneously in 100 pl PBS together with 100 pl Matrigel basement
membrane matrix (Becton Dickinson) into the right flank of each mouse.
When tumors were palpable, approximately two weeks after tumor cell
implantation, mice were randomly assigned to cohorts of 10 mice each,
receiving a daily oral administration of edelfosine (30 mg/kg of body
weight), a drug dose and schedule previously used with no significant
toxicity in different CB17-SCID mice [24,25,31,32], or an equal volume
of vehicle (water), for 8 weeks. Volume determination of subcutaneous
xenograft tumors in vivo was by the use of external calipers to measure
the shortest and longest diameters of the tumors at the indicated time
intervals. Tumor volume (mm®) was calculated using the following
standard ellipsoid formula: (the shortest diameter)® x (the longest
diameter) x 0.5 [24,25,31,32,47,48]. Animal body weight and any sign
of morbidity were monitored. Drug treatment lasted 8 weeks. Animals
were euthanized 24 h after the last drug administration according to
institutional guidelines, and then tumors were carefully removed,
measured, weighed and analyzed. A necropsy analysis involving tumors
and distinct organs was carried out.

2.8. Histochemical analysis

Tumor tissue samples were fixed in 4% (w/v) phosphate-buffered
paraformaldehyde and embedded in paraffin. Wax tissue sections (4-5
pm) were deparaffinized and hydrated in graded ethanol and distilled
water. Endogenous peroxidase activity was blocked using methanol and
3% H30; for 30 min as previously described [45]. Histological sections
were counterstained with hematoxylin and eosin (H&E). Sections were
subsequently counterstained with Mayer’s hematoxylin or Light Green.
Staining was analyzed with a Nikon Eclipse 400® microscope and
Metamorph® software (Molecular Devices Corporation, San Jose, CA).
Apoptotic cells were identified by well-established morphological
criteria on H&E-stained slides, including [49,50]: nuclear pyknosis (due
to chromatin condensation), nuclear karyorrhexis (nuclear fragmenta-
tion), hypereosinophilic cytoplasm (due to cytoplasmic condensation),
cell shrinkage. The number of apoptotic cells was determined blindly by
two observers, and is reported as the percentage of cells undergoing
apoptosis per high-powered field.

2.9. Statistical analysis

Results are shown as means + SD of the number of experiments
indicated. Statistical evaluation was performed by Student’s t-test to
estimate the true difference between two group means, and by ANOVA
to compare more than two groups. A P-value of < 0.05 was considered
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statistically significant.
3. Results

3.1. Edelfosine inhibits tumor development in the transgenic MPAKT
mouse prostate model

The MPAKT model, which expresses constitutively activated AKT in
mouse prostate epithelial cells, promotes prostate intraepithelial
neoplasia (PIN) by prostate restricted AKT activation [41], and re-
capitulates a number of elements and phenotypes common to prostate
cancer observed in humans, being a useful model to generate prostate
epithelial cell transformation [41]. Thus, we reproduced the MPAKT
model, and Supplementary Figure S1 shows the major features of this
MPAKT murine model as compared to wild-type mice. Unlike wild-type
mice, transgenic MPKAT mice carried the Akt transgene and showed
bladder obstruction and an increased prostatic epithelial hyperplasia
(Supplementary Figure S1). We used the MPAKT transgenic model as a
murine model to analyze the antitumor effect of orally administered
edelfosine against prostate cancer. Three cohorts (n = 10 mice in each
group) of untreated wild-type mice (water vehicle), untreated transgenic
MPAKT mice (water vehicle), and edelfosine-treated MPAKT mice were
analyzed to determine the in vivo antitumor activity of edelfosine against
prostate cancer (Fig. 1A). Interestingly, daily oral administration of
MPAKT transgenic mice with edelfosine (30 mg edelfosine/kg of body
weight) or placebo (water) (Fig. 1A) for 8 weeks led to a drastic inhi-
bition of the bladder obstruction and tumor regression (Fig. 1B). His-
tological studies of the ventral prostate (VP) from the MPAKT mice
revealed a striking phenotype characterized by a hyperplastic and
dysplastic epithelium with disorganized multicell layers, intraepithelial
lumen formation, loss of cell polarity and nuclear atypia (Fig. 1C), which

Edelfosine
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were consistent with PIN. However, H&E staining in paraffin embedded
sections of VP tissue from edelfosine-treated MPAKT transgenic showed
a dramatic PIN inhibition and tissue patterns that resembled those of
untreated wild-type mice (Fig. 1C). Furthermore, tissue sections, stained
with H&E, showed irregular cells with hypereosinophilic cytoplasm and
nuclear karyorrhexis and/or pyknosis, characteristic of cell death by
apoptosis (Fig. 1C) in edelfosine-treated mice. These results suggest that
oral treatment of edelfosine induced a decrease in prostatic epithelial
hyperplasia that could be in part due to the induction of apoptosis.

3.2. Edelfosine induces apoptosis in different human prostate cancer cells
through its accumulation in the ER and subsequent ER stress

Next, we analyzed the pro-apoptotic activity of edelfosine and
several additional clinically relevant APLs (miltefosine, perifosine and
erucylphosphocholine) [16,19,51-55], at 10 and 20 pM, on three
different established human prostate cancer cell lines, namely: LNCaP,
PC3 and DU145, used as standard prostate cancer cell lines in thera-
peutic research [56,57]. LNCaP (Lymph Node Carcinoma of the Pros-
tate) is an androgen-sensitive, PTEN-negative, human prostate
adenocarcinoma cell line derived from a lymph node metastasis [58,591;
DU145 is an androgen-independent, PTEN-positive, human prostate
adenocarcinoma cell line derived from a central nervous system
metastasis [60]; and PC3 is an androgen-independent, PTEN-positive,
human prostate adenocarcinoma cell line derived from bone metastasis
[61,62]. Time course and dose-response experiments showed that
edelfosine induced first a Go/M arrest, before the onset of apoptosis
(Fig. 2A). Edelfosine was the most effective APL in inducing apoptosis in
the three prostate cancer cell lines, with LNCaP cells being the most
sensitive ones (Fig. 2B). The apoptosis response is both dose- and
time-dependent (Fig. 2B). APLs ranked edelfosine

Fig. 1. In vivo antitumor activity of edelfosine in MPAKT transgenic mice. A. Oral administration of either water (untreated, UT) or edelfosine (30 mg/kg)
(treated, T) to mice distributed in three groups (n = 10 in each cohort) as untreated wild-type (WT), untreated MPAKT transgenic mice (UT/TG) and edelfosine-
treated MPAKT transgenic mice (T/TG). B. Mice necropsy showing prostate organ and ureter in representative mice. Orally administered edelfosine reduced
bladder and ureteral obstruction in MPAKT transgenic mice (red arrow). Data shown in this figure are representative of 10 mice analyzed in each cohort. C. Ventral
prostate (VP) tissue was harvested during necropsy and organ collection, paraffin embedded, and 5 um sections were stained for H&E. Regions of the prostate
anatomy were assessed by light microscopic examination with H&E staining in WT and MPAKT transgenic (TG) mice, untreated (UT) and treated (T) with edelfosine.
WT mice show normal prostate organs (Cab) (x200 magnification; scale bar, 50 um). AKT activation induces PIN and dysplasia in untreated MPAKT transgenic mice
(UT/TG). Features of PIN include loss of cell polarity and dysplasia (black head arrow in Cc, and black arrows in Cd) (x400 magnification; scale bar, 50 um).
Edelfosine-treated MPAKT mice (T/TG) show tumor regression and cell death induction (Cef) (x200 magnification; scale bar, 50 um). PIN regression was observed in
transgenic mice treated with edelfosine (red arrow, Ce), as well as cell death and loss of DNA (white arrow, Ce), nuclear atypia (black head arrow, Cf), and nuclear
karyorrhexis and/or pyknosis (black arrow, Cf).
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ig. 2. Induction of apoptosis by edelfosine
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> erucylphosphocholine > miltefosine ~ perifosine in their capacity to
induce apoptosis in the three human prostate cancer cell lines (Fig. 2B).
Interestingly, erucylphosphocholine, the first intravenously applicable
APL [63], was also able to promote apoptosis, and this response was
particularly high in LNCaP and PC3 cells (Fig. 2B). The erucylphos-
phocholine analog erufosine behaved similarly, inducing 5.1 + 0.9%
and 25.2 + 3.5% apoptosis, at 10 and 20 uM respectively, after 24 h
treatment and 28.6 + 3.7% and 44.1 + 5.2% apoptosis, at 10 and 20 pM
respectively, after 48 h treatment in LNCaP cells (n = 5). Treatment of
LNCaP cells with higher amounts of edelfosine (30 uM) induced 41.7
+ 5.7%, 57.5 + 6.8% and 77.5 + 8.3% cell death following 24, 48 and
72 h incubation.

The fluorescent edelfosine analog Et-BDP-ET, previously used to
identify the subcellular location of the edelfosine [38,39] accumulated
in the ER of the prostate cancer cells (Fig. 3A). CHOP (also known as
growth arrest- and DNA damage-inducible gene 153 or GADD153)
expression was increased upon edelfosine treatment in all the cell lines,
particularly in the LNCaP and DU145 cells (Fig. 3B). Edelfosine induced
the cleavage of the caspase-3 and caspase-7 substrate poly(ADP-ribose)
polymerase (PARP) into the 85 kDa PARP fragment in all the human
prostate cell lines, as a biochemical marker of apoptosis (Fig. 3B).
Activated caspase-3 was found in the nuclei of edelfosine-treated pros-
tate cancer cells by confocal microscopy (Fig. 4), further supporting the
induction of caspase-dependent apoptosis. In this regard, preincubation
with 50 uM cell-permeant pan-caspase inhibitor z-VAD-fmk for 1h
blocked the apoptotic response induced by a 24 h-treatment with 20 pM
edelfosine in the three prostate cancer cell lines (38.5 + 2.3%, 18.2
+ 1.9%, 13.1 £+ 1.8% apoptosis in LNCaP, PC3 and DU145 cells treated
with 20 pM edelfosine for 24 h in the absence of z-VAD-fmk versus 3.9
+ 1.3%, 3.5 £+ 0.9%, 3.8 & 1.2% apoptosis in LNCaP, PC3 and DU145

PC3 DU145

cells treated with 20 pM edelfosine for 24 h in the presence of
z-VAD-fmk, n = 5). After a slight and transient inhibition, no persistent
AKT inhibition was observed following edelfosine treatment, as assessed
by phospho-AKT staining (Fig. 3B). ERK was not inhibited, and, by
contrast, a late increase in phosphorylated ERK was observed at pro-
tacted incubation times, when apoptosis was already underway
(Fig. 3B). A potent autophagic response was triggered in LNCaP and PC3
cells, as assessed by an increase in the level of microtubule-associated
protein 1 light chain 3 (LC3)-II form (Fig. 3B and C). The cytosolic
form of LC3 (LC3-I), an autophagosomal ortholog of yeast Atg8, is
modified to generate a LC3-phosphatidylethanolamine conjugate
(LC3-1I), which is recruited to autophagosomal membranes and used as a
marker for autophagy in mammals [64,65]. Autophagy is genetically
impaired in DU145 cells because they lack full-length canonical ATGS5, a
critical autophagy-related protein, due to an alternative splicing of Atg5
mRNA leading to nonfunctional truncated products [66]. In this context,
no LC3-II was detected in edelfosine-treated DU145 cells (Fig. 3B and C).

3.3. Inhibition of autophagy increases edelfosine-induced apoptosis in
LNCaP and PC3 cells

Pretreatment of the three prostate cancer cell lines cells with the
autophagy inhibitor bafilomycin A1, which inhibits both V-ATPase and
autophagosome-lysosome fusion [67], increased the pro-apoptotic ac-
tivity of edelfosine in LNCaP and PC3, but had no potentiating effect on
the autophagy deficient DU145 cells (Fig. 3C).
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Fig. 3. Drug accumulation in the endoplasmic reticulum, changes in marker proteins following edelfosine treatment, and apoptosis potentiation by
preatreatment with bafilomycin A1l in human prostate cancer cells. A. LNCaP cells were labeled overnight at 37 °C for the endoplasmic reticulum (ER) in red
using the CellLight ER-RFP BacMam 2.0 reagent, and then the samples were incubated with 20 pM Et-BDP-ET (green fluorescence) for 3 h at 37 °C. Areas of
colocalization between the ER and fluorescent analog Et-BDP-ET in the merge panel are yellow. The cells were also stained for nuclei with DAPI (blue fluorescence).
The corresponding differential interference contrast (DIC) microscopy images are also shown. Scale bar, 25 um. The data are representative of three independent
experiments. B. LNCaP cells were untreated (Control, C) or treated with 20 pM edelfosine for the indicated times and analyzed by Western blotting using specific
antibodies for the denoted proteins. f-Actin was used as a loading control. Molecular weights (kDa) of every protein are indicated at the right side of each panel. The
gels were cropped to show the relevant sections. Data shown are representative of three experiments performed. C. LNCaP, PC3 and DU145 cells were preincubated
for 1 h in the absence or presence of 15 uM bafilomycin A1 (BFL), and then the cells were incubated in the absence or presence of 20 pM edelfosine (EDLF) for 36 h.
Untreated cells (Control) were run in parallel. Apoptosis was determined by flow cytometry as the percentage of cells in the sub-G,/G; region. Data shown are means
=+ SD of five independent experiments. LNCaP, PC3 and DU145 cells were untreated (Control, C) or treated with 20 pM edelfosine for the indicated times and
analyzed by Western blotting using a specific antibody against LC3 (inset). The gels were cropped to show the relevant sections. Asterisks indicate statistically
significant differences between the indicated treatments. * P < 0.05. Original and uncropped gels related to the Western blot results displayed here are shown in
Supplementary Fig. S2.

3.4. Invivo antitumor activity of edelfosine in a prostate cancer xenograft
mouse model

We next determined the in vivo antitumor activity of orally admin-
istered edelfosine using a prostate cancer xenograft mouse model in
CB17-severe combined immunodeficient (SCID) mice. Because, tumor-
igenicity of LNCaP cells has been proved to be rather low in nude mice
[56,68], and LNCaP cells have been reported to be less invasive and
tumorigenic than DU145 cells [56,69,70], we evaluated the in vivo
antitumor activity of orally administered edelfosine in a DU145 prostate
cancer xenograft animal model, following inoculation of prostate cancer
DU145 cells into CB17-SCID mice. In agreement with previous studies in
SCID mice [31,32], we found that a daily oral administration of
30 mg/kg edelfosine was well tolerated, with less than 2-3% of body
weight loss in non-bearing tumor SCID mice. When tumors were
palpable, mice were randomly assigned to two cohorts of 10 mice each,
receiving a daily oral administration of 30 mg/kg edelfosine or vehicle
(water). Serial caliper measurements were performed weekly to deter-
mine the approximate tumor volume until mice were euthanized after an
8-week treatment period (Fig. 5A). Pharmacokinetic studies showed that

a daily oral administration of edelfosine for at least 6 days was required
to reach a therapeutically relevant drug plasma concentration [71]. The
weekly measurements of the subcutaneous tumors with external calipers
in drug-treated tumor-bearing mice and untreated control tumor
bearing-mice showed that tumors were smaller just after the second
week of treatment (Fig. 5A). A kind of plateau in tumor size was reached
after the fifth week of drug administration. This could be due in part to
the growth arrest of prostate tumor cells induced by edelfosine treat-
ment, followed by the rather slow, but persistent, induction of apoptosis
in the prostate tumor cells (Fig. 2). This could lead first to the stoppage
of tumor growth and then to tumor regression as it is subtly suggested in
Fig. 5A. In fact, a subtle decrease is observed in tumor size after the
seventh week of treatment (Fig. 5A). It should also be taken into account
that caliper measurements are often affected by errors due to e.g. vari-
ability in tumor shape, skin thickness and subcutaneous fat layer
thickness as well as differences in the compressibility of the tumor [72],
and these items could be modified throughout the treatment. A com-
parison of tumors isolated from untreated control untreated
DU145-bearing mice and drug-treated DU145-bearing mice after 8
weeks of treatment showed a potent in vivo antitumor activity of
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Fig. 5. In vivo antitumor activity of edelfosine in human DU145 xenografts. A. CB17-SCID mice were inoculated subcutaneously with DU145 cells. Oral
administration of edelfosine (30 mg/kg, once-daily dosing regimen) and water vehicle (Control) started in parallel after the development of a palpable tumor in
tumor-bearing mice (n = 10). Caliper measurements of each tumor were carried out weekly (W) at the indicated times. Data shown are means + SD (n = 10). B. After
completion of the in vivo assays, control drug-free mice and animals treated with 30 mg/kg edelfosine were euthanized and isolated tumor weight and volume were
measured. Data shown are means + SD (n = 10). * *, P < 0.01, Student’s t-test. C. Significant tumor growth inhibition was observed after edelfosine treatment in
DU145-bearing SCID mice. Two representative DU145-bearing SCID mice control and edelfosine-treated mice, out of ten tested, and the corresponding isolated
tumors from drug-free DU145-bearing mice (Control; al, b1) and edelfosine-treated groups (Edelfosine; a2, b2), are shown. Spleens isolated from representative drug-
free DU145-bearing mice (Control), edelfosine-treated mice (Edelfosine) and untreated non-tumor-bearing wild-type mice (WT) are shown (c). D. Edelfosine induces
apoptosis in prostate cancer tumor xenografts. Light microscopic examination with H&E staining (x200 magnification) of xenograft tumors were performed in tumor-
bearing drug-free SCID mice (Control, a) and animals treated with 30 mg/kg edelfosine (Edelfosine, b, c). Tissue sections of tumors stained with H&E showed the
presence of irregular cells with hypereosinophilic cytoplasm and nuclear karyorrhexis and/or pyknosis (arrow), indicative of cell death by apoptosis, following
edelfosine treatment (b, c).
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edelfosine, with a reduction of 75% and 77% in tumor weight and vol-
ume, respectively (Fig. 5B and C). No apparent toxicity was observed in
mice treated with edelfosine after necropsy analysis. Likewise, no sig-
nificant differences changes in body weight between drug-treated and
untreated control animals were detected (less than 3% of body weight
loss in drug-treated vs. untreated control cohorts). Interestingly, spleen
was enlarged in the untreated tumor-bearing immunodeficient mice
when compared with that of untreated wild-type mice, while edelfosine
treatment reduced this enlargement (Fig. 5C). Splenomegaly is
commonly seen in tumor cell transplantable models [73,74]. Examina-
tion of H&E sections of tumors indicated that samples from
edelfosine-treated mice showed the presence of irregular cells with
hypereosinophilic cytoplasm and nuclear karyorrhexis and/or pyknosis,
characteristic of apoptotic cell death (Fig. 5D). Quantitation of the
percentage of prostate cancer cells showing apoptotic cell death in ten
high-powered fields in the prostate cancer xenografts, similar to those
illustrated in Fig. 5D, indicated that edelfosine treatment induced 19.7
+ 6.5% apoptosis versus 1.8 + 0.5% in untreated tumor-bearing mice
(n=10).

4. Discussion

Here we demonstrate the antitumor activity of the ether lipid edel-
fosine against prostate cancer through both in vitro and in vivo ap-
proaches. Oral administration of edelfosine was able to inhibit tumor
progression in both transgenic and xenograft animal models, thus
demonstrating a sound antitumor activity of this ether lipid against
prostate cancer. Edelfosine pro-apoptotic activity was higher than that
displayed by other clinically relevant APLs, such as perifosine, used in
clinical trials against a variety of tumors [52,75], and miltefosine,
currently used as a topical treatment of cutaneous metastases in breast
cancer [76], and as the first oral antileishmanial agent, constituting a
breakthrough in leishmaniasis treatment [77,78]. In this regard, edel-
fosine has also been shown to be an effective drug in killing different
species of Leishmania parasites in both in vitro and in vivo assays, being
more potent than miltefosine [79,80]. Importantly, we found that
edelfosine was able to inhibit tumor progression in two different animal
models for prostate cancer, involving transgenic and xenograft ap-
proaches. It is interesting to note that oral administration was able to
inhibit tumor progression in a DU145-xenograft mice model, despite
DU145 cells were less sensitive to undergo apoptosis following edelfo-
sine treatment in vitro than other prostate cancer cell lines, such as
LNCaP cells. Furthermore, we found that edelfosine induced about 20%
apoptosis in histological analyses of DU145 xenograft tumors, using
standard H&E stains and apoptotic morphological criteria. In this re-
gard, it is tempting to suggest that the percentage of apoptotic cells
could be even higher, because measurements of apoptosis in histological
sections following morphological criteria may underestimate the rate of
apoptosis by 2-fold to 3-fold [81,82]. We also found that edelfosine
ameliorated the increase in spleen size as compared to untreated pros-
tate tumor-bearing mice in the prostate cancer xenograft experiments.
The spleen is the most important immune organ in the body, containing
innate and adaptative immune cells and playing a major role in the
antitumor immune response [83]. Thus, it contains both
tumor-suppressive cells, including natural killer (NK) cells and activated
T cells, and tumor-promoting cells, such as regulatory T cells (Tregs),
myeloid-derived suppressor cells (MDSCs), tumor-associated macro-
phages (TAMs) and tumor-associated neutrophils (TANs), which could
lead to a paradoxical effect in tumor immunology, from a putative
elimination of nascent tumors at the early stages to tumor immune
tolerance at later stages of tumor progression [74,83-86]. Development
of splenomegaly has been largely reported in xenograft-harboring
immunodeficient mice, which was reduced following drug treatment
[87-90]. Although the dynamics of the spleen during tumor progression
remains incompletely understood, it has been shown a correlation be-
tween reduction of splenomegaly and reduction of tumor size [87-92].
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Because mature lymphoid differentiation is specifically impaired in
immunodeficient SCID mice whereas myeloid differentiation is not
affected [93,94], a major role of certain myeloid cells in the spleen
during tumor progression could be tentatively suggested [83,91,95].
The transgenic MPAKT model involves PIN through prostate restricted
AKT activation [41]. Edelfosine inhibits AKT by displacing AKT and
regulatory proteins from lipid rafts in mantle cell lymphoma [96].
Edelfosine has been previously found to exert a dose-response decrease
in AKT activity, without affecting AKT total expression, and inhibited
the expression of androgen receptor, which was associated with an in-
crease in the expression of activating transcription factor 3 (ATF3) in
LNCaP cells, an ER stress response gene [97,98] and a negative regulator
of androgen receptor [99], leading to the induction of apoptosis in
LNCaP cells, as assessed by Annexin V staining [100]. Previous reports
have shown that the APL perifosine, acting as an AKT inhibitor
[101-103], has a modest single-agent clinical activity in phase II clinical
trials in patients with biochemically recurrent, hormone-sensitive
prostate cancer [104]. Here, we found that edelfosine was more active
than perifosine in promoting apoptosis, and was unable to promote a
persistent AKT inhibition in the different three prostate cell lines used in
the present study. Although edelfosine was more effective in killing the
PTEN-null LNCaP cell line than the PTEN-positive DU145 cell line, oral
administration of the ether lipid in the DU145 xenograft model for
prostate cancer led to a dramatic tumor regression. DU145 cells are
androgen-independent, and androgen-refractory prostate cancer cells,
as compared with androgen-sensitive ones, are more resistant to che-
motherapies [66].

Taken together, the above results suggest the major contribution of
additional factors, apart from AKT inhibition, in edelfosine-mediated
apoptosis in prostate cancer cells. In this regard, edelfosine has been
reported to accumulate in the ER and promote apoptosis following a
persistent ER stress response in different solid tumors [30], including
pancreatic cancer and Ewing’s sarcoma [31,32]. Edelfosine has been
recently found to promote apoptosis in human pancreatic cancer stem
cells through its accumulation in ER and subsequent induction of ER
stress [39]. Here, we have found that edelfosine accumulated in the ER
of prostate cancer cells and increased the expression of CHOP, a marker
for ER stress response associated to ER-stress-mediated apoptosis
[30-32]. Because the cell lines used in this study show different
androgen dependency as well as p53 and PTEN status, the results re-
ported here suggest that targeting ER can be a novel approach for the
treatment of prostate cancer, independently of PTEN expression,
androgen dependency or p53 status. In addition to their regulation by
hormones, prostate cancer cells are highly secretory [35]. The ER is the
organelle responsible for the synthesis and maturation of proteins that
are destined for the secretory pathways, and has become a promising
target in tumor chemotherapy [33,105]. In this context, recent reports
have also shown that different agents display antitumor effects against
prostate cancer cells through an ER stress response [106-110].
Furthermore, ER stress inhibits androgen receptor expression in luminal
androgen receptor triple-negative breast cancer and prostate cancer
[111]. Thus, the accumulation of edelfosine in the ER of prostate cancer
cells and the ability of this antitumor ether lipid to promote apoptosis in
different prostate cancer cell lines, as well as to inhibit prostate cancer
progression in transgenic and xenograft animal models for prostate
cancer, suggest that edelfosine could be a promising drug in the treat-
ment of prostate cancer. Furthermore, oral administration of effective
edelfosine doses did not show apparent toxicity in the herein reported in
vivo assays, in agreement with previous reports using free [24,25,31,32,
34] and encapsulated edelfosine in nanoparticles [71,112,113]. Taken
together, the results reported here provide the proof of concept for the
anti-prostate cancer efficacy of edelfosine, and warrant continued
research and clinical evaluation of the effectiveness of edelfosine in
future clinical trials.
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5. Conclusions

In summary, the herein reported in vitro and in vivo evidence dem-
onstrates an effective antitumor activity of the ether lipid edelfosine
against prostate cancer, regardless of androgen dependency or p53 and
PTEN status. Our results indicate that edelfosine is the most potent
alkylphospholipid analog in inducing apoptosis, and that endoplasmic
reticulum can be effectively targeted by edelfosine to promote cell death
in prostate tumor cells. Oral administration of edelfosine induced sig-
nificant tumor regression in transgenic and xenograft animal prostate
cancer models without any apparent toxicity, highlighting its efficacy
and safety. Edelfosine could be a valuable novel drug in the treatment of
prostate cancer and its action can be potentiated by autophagy inhibi-
tion. This study also highlights the role of the endoplasmic reticulum as
a novel therapeutic target for the treatment of prostate cancer.
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