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Abstract

Edelfosine is a synthetic alkyl-lysophospholipid (ALP) that possesses significant antitumor 

activity in several human tumor models. Here, we investigated the effects of edelfosine combined 

with androgen deprivation (AD) in LNCaP and VCaP human prostate cancer cells. This treatment 

regimen greatly decreased cell proliferation compared to single agent or AD alone resulting in 

higher levels of apoptosis in LNCaP compared to VCaP cells. Edelfosine caused a dose-dependent 

decrease in AKT activity, but did not affect the expression of total AKT in either cell line. 

Furthermore, edelfosine treatment inhibited the expression of androgen receptor (AR) and was 

associated with an increase in activating transcription factor 3 (ATF3) expression levels, a stress 

response gene and a negative regulator of AR transactivation. ATF3 binds to AR after edelfosine + 

AD and represses the transcriptional activation of AR as demonstrated by prostate specific antigen 

(PSA) promoter studies. Knockdown of ATF3 using siRNA-ATF3 reversed the inhibition of PSA 

promoter activity, suggesting that the growth inhibition effect of edelfosine was ATF3 dependent. 

Moreover, expression of AR variant 7 (ARv7) and TMPRSS2-ERG fusion gene were greatly 

inhibited after combined treatment with AD and edelfosine in VCaP cells. In vivo experiments 

using an orthotopic LNCaP model confirmed the anti-tumor effects of edelfosine + AD over the 

individual treatments. A significant decrease in tumor volume and PSA levels were observed when 

edelfosine and AD were combined, compared to edelfosine alone. Edelfosine shows promise in 

combination with AD for the treatment of prostate cancer patients.
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 Introduction

Androgen deprivation (AD) is the most common treatment for locally advanced and 

metastatic prostate cancer, with more recent findings supporting the significance of new 

drugs affecting androgen metabolism and androgen receptor (AR) signaling in prolonging 

survival. AD improves overall survival when combined with radiation for intermediate and 

high risk localized disease (1). The major reason for prostate cancer mortality is progression 

while receiving AD and development of castrate-resistant prostate cancer (CRPC) (2, 3). 

Our previous studies have shown that the addition of targeted therapy to AD may enhance 

and prolong AD response, and extend survival in pre-clinical models (4, 5). Here, we studied 

the efficacy of combining AD with the ether lipid, edelfosine.

Edelfosine (ET-18-O-CH3) is a prototypal synthetic alkyl-lysophospholipid (ALP) with 

potent anti-tumor effects. Although the mechanism of action of edelfosine is not fully 

elucidated, two main targets have been reported: (i) plasma membrane, where edelfosine 

interacts with lipid rafts, and (ii) endoplasmic reticulum (ER), where edelfosine can induce 

ER stress and inhibit phosphatidylcholine biosynthesis (6). Edelfosine induces apoptosis 

selectively in tumor cells by disrupting numerous signal transduction pathways (i.e., AKT) 

that are associated with cell survival (7). Preclinical studies of edelfosine did not show 

significant systemic side effects or bone marrow toxicity (8). Other in vitro and in vivo 

studies revealed that edelfosine caused cytotoxic effects in leukemic cells and solid tumors, 

but not in normal cells suggesting selectivity for cancer (9, 10). Clinical trials with 

edelfosine showed very good tolerability and safety (11).

Several signaling pathways are deregulated in prostate cancer cells, including the 

phosphatidylinositol-3-kinase (PI3K)AKT pathway, which mediates the effects of a variety 

of extracellular signals and is crucial for the maintenance and proliferation of prostate cells 

(12). PI3K is the major activator of AKT resulting in AKT translocation to the plasma 

membrane where it is phosphorylated at two key residues, Thr308 and Ser473 (13). There is 

also a direct connection between PI3K-AKT activity and AR signaling during the 

development of AD resistance (14); although, precise mechanisms remain to be determined. 

Functional loss of PTEN is associated with increased AKT-1 phosphorylation, higher 

Gleason grade, advanced stage, and poor prognosis (15), predicting disease recurrence after 

primary treatment (16). Reports suggest that PI3K signaling may play a critical role, 

allowing prostatic cancer to maintain continued growth in low-androgen environments (17).

One mechanism associated with CRPC involves alternate splicing of AR truncated variants, 

termed ARvs (3). AR splice variant 7 (ARv7) is the most commonly expressed ARv in 

human tissues (18). Expression levels of ARv7 are correlated with biochemical relapse and 

decreased survival in advanced prostate cancer patients. In addition, AR target genes such as 

TMPRSS2 undergo frequent chromosomal rearrangements in prostate cancer with members 

of the E-twenty six (ETS) transcription factor family (ERG or ETV1), which is associated 
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with the transition from high-grade prostatic intraepithelial neoplasia lesions to invasive 

carcinoma (19).

Aberrant expression of the ATF3 gene is frequently associated with prostate cancer (20). 

ATF3 interacts and regulates AR transactivation via its transcription factor domain (basic 

leucine zipper - bZIP) (21, 22). ATF3 knockout mice display increased proliferative activity 

of the prostate epithelium and prostatic hyperplasia (21). Loss of ATF3 expression increased 

both the transcription of androgen-dependent genes and the ability of prostate cancer cells to 

grow in AD medium. ATF3 has also been shown to activate or repress the expression of 

genes by binding to their promoters (23). However, details of its function as a stress response 

mediator remain largely unknown. In this study, we investigated the potential of edelfosine 

to intensify effects from AD in promoting cell killing and tumor growth inhibition in 

androgen-sensitive human prostate cancer cells via modulation of several key factors such as 

AKT, AR, ARv7, ATF3 and TMPRSS2-ERG and their interaction.

 Materials and Methods

 Cell culture and reagents

LNCaP, VCaP and 22RV1 cells were grown in Dulbecco's modified Eagle's medium 

(DMEM/F12) in the presence of 10% fetal bovine serum (FBS), 1% L-glutamine, and 1% 

penicillin-streptomycin (CM - complete medium). Cells were authenticated by RADIL 

(University of Missouri-Columbia, Columbia, MO), using short tandem repeat markers. AD 

treatment was achieved by culturing the cells in DMEM/F12 medium containing 10% 

charcoal-stripped serum (AD medium) for 3 days (4). Antibodies against total AKT (# 

9272), p-AKT (AKT S473, # 4058) were purchased from Cell Signaling Technologies 

(Beverly, MA); ATF3 (sc-22798), AR polyclonal antibody (N-20; sc-816) and β-actin (# 

7210) from Santa Cruz Biotechnology (Dallas, TX); ARv7 (# AG10008) from Precision 

Antibody (Columbia, MD); ERG (CM 421A) from Biocare Medical (Concord, CA) and 

horseradish peroxidase (HRP)-conjugated secondary antibodies from Amersham Pharmacia 

Biotech (Piscataway, NJ); R1881 (# NLP00500) from Perkin Elmer (Waltham, MA); control 

siRNA (sc-37007) and ATF3 siRNA (sc-44283) from Santa Cruz Biotechnology (Dallas, 

TX) and ATF3 plasmid (# 26115) from Addgene (Cambridge, MA). Edelfosine was a 

generous gift from Dr. Vladimir Khazak (Fox Chase Cancer Center, Philadelphia, PA). 

Edelfosine stocks were prepared in 0.01 M phosphate buffered saline (PBS) and stored at 

−20° C until use.

 Real time cell proliferation assay

Cell proliferation was examined using real-time monitoring in LNCaP and VCaP cells 

grown in CM or AD medium. Briefly, background measurements were taken after adding 50 

μl of the either CM or AD medium to the wells of the E-Plate from xCELLigence System 

(ACEA Biosciences, Inc., San Diego, CA). Then 2 × 104 cells were seeded in 16 well E-

plates. Cell proliferation was continuously monitored every hour for a period of 72 h after 

different doses of edelfosine treatment (0, 1, 2.5, 5, 10 and 20 μM). Control groups received 

PBS vehicle (0.01 M). Cell sensor impedance is expressed as the Cell Index, a measure of 

adhesion across the individual well. Start and end times were selected for each treatment 
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during the log growth phase and used to calculate doubling time with real-time cell analyzer 

(RTCA) Software v1.2 (ACEA Biosciences, San Diego, CA).

 Apoptosis assays

Annexin V staining and caspase 3/7 activity assays were used to analyze apoptotic cell death 

as described previously (4). For annexin V assay, LNCaP cells were cultured in complete or 

AD medium in 6 well tissue culture plates for 3 days, then treated with different 

concentrations of edelfosine (0, 5 and 10 μM) and incubated at 37 °C for 24 h. Cells were 

harvested and stained using the Guava Nexin kit (Guava Technologies Inc, Burlingame, 

CA). Cell populations were analyzed by flow cytometry on a GuavaPC personal flow 

cytometer and the data were processed using CytoSoft software. For caspase activity assay, 

LNCaP and VCaP cells were cultured in complete or AD medium for 3 days, then treated 

with different concentrations of edelfosine (0, 5 and 10 μM) for 24 h. For ATF3 knockdown 

study, cells were pre-transfected for 18 h with 10 nM of siATF3 (siRNA for ATF3) or 

control siRNA in the presence of lipofectin reagent in 6 well tissue culture plates. Cells 

transfected with siATF3 were then exposed to edelfosine (0, 5, 10 μM for LNCaP, LNCaP + 

AD and 0, 5 μM for VCaP, VCaP + AD). Cells (floating and attached) were harvested 

following 24 h of treatment. Caspase 3/7 activity was determined using the Apo-ONE™ 

homogeneous caspase 3/7 assay kit (Promega, Madison, WI). Harvested cells (2 × 104) in 50 

μl culture medium were mixed with 50 μl homogeneous caspase-3/7 reagent in a 96 well 

plate and incubated at room temperature for 24 h. The activity was measured according to 

the manufacturer's instructions using a fluorescent plate reader (Beckman Coulter, Danvers, 

MA).

 Western blot analysis

The whole-cell lysates from AD and edelfosine treated LNCaP and VCaP cells were 

prepared as described previously (24). In brief, cells were cultured in complete or AD 

medium for 3 days in 10 cm tissue culture dishes, then treated with different concentration 

of edelfosine (0, 2.5, 5 and 10 μM). PBS (0.01 M) vehicle was added to the control group. 

For ATF3 knockdown studies, cells were pre-transfected for 18 h with 10 nM ATF3 siRNA 

or control siRNA in the presence of lipofectin reagent. Cells were either harvested at 

different time points or 24 h post-treatment, lysed in lysis buffer (50 mM Tris-HCL, pH 6.8, 

2% sodium dodecyl sulfate [SDS] with protease inhibitor), and sonicated for 30 seconds on 

ice. Total proteins (30 μg/lane) from whole-cell lysates were subjected to SDS-PAGE 

electrophoresis and probed with specific antibodies. The dilutions used for p-AKT was 

1:500. For total AKT, AR, ARv7, ERG, ATF3 and β-actin 1:1000 dilution was used. The 

immunoblots with antibodies were rocked on a shaker overnight at 4°C. The membranes 

were washed and incubated with an anti-rabbit or mouse horseradish-peroxidase conjugated 

secondary antibody (1:5000 dilution) for 1 h at room temperature. Immunoreactive proteins 

were visualized by the chemiluminescence reagents.

 Quantitative real-time PCR (qRT-PCR)

For qRT-PCR, total RNA (500 ng) was transcribed into cDNA using qScript™ cDNA 

Synthesis Kit (Quanta Biosciences, Gaithersburg, MD). Real-time RT-PCR reactions were 

performed using qScript™ One-Step SYBR® Green qRT-PCR kit (Quanta Biosciences, 
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Gaithersburg, MD) and the following TMPRSS2-ERG fusion gene-specific primers: 

TMPRSS2-ERG RT forward, 5’-CAGGAGGCGGAGGCGGA-3’; TMPRSS2-ERG RT 

reverse, 5’-GGCGTTGTAGCTGGGGGTGAG-3’ and human GAPDH forward, 5’-

GAGTCAACGGATTTGGTCGT-3’, and reverse, 5’-TTGATTTTGGAGGGATCTCG-3’ 

were used (25). qRT-PCR reactions were run on an ABI Prism 7000 Sequence Detection 

System (Thermoscientific, Grand Island, NY). Data were analyzed using the ΔΔCt method 

(26), where target gene expression is normalized to the housekeeping gene by taking the 

difference between Ct values for target gene and housekeeping gene (ΔCt). This value was 

then compared to that of the normalized control sample (ΔΔCt). The fold change was then 

determined by the formula: 2−ΔΔCt.

 Reporter gene assays and transfections

All transfections using the lipofectin transfection reagent (Life Technologies, Grand Island, 

NY) were done according to the manufacturer's instructions. LNCaP cells were cultured in 

AD medium for 3 days. For luciferase assay, cells were plated at a density of 2×105 cells in 

6 well plates for 24 h. Before transfection, medium was replaced with serum free 

DMEM/F12 medium. Cells were transfected with 3 μg/well of prostate specific antigen 

(PSA) or androgen response element (ARE) luciferase reporter (27), siATF3 (10 nM) and 

renilla luciferase (30 ng/well) or CMV-ATF3 (3 μg/well). After 3 h incubation with DNA/

lipofectin complexes, cells were refed with 2% AD medium. The cells were treated with 10 

nM of R1881 (dissolved in ethanol) and 5 μM edelfosine. Control wells received equal 

amount of vehicle (ethanol and 0.01 M PBS). Cells were harvested 24 h after transfection, 

lysed, and assessed for luciferase activity using the dual luciferase assay kit (Promega Corp., 

Madison, WI). Luciferase values were normalized using renilla luciferase expression. The 

data represent mean ± SD (Standard Deviation) from three independent experiments.

 Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

For RT-PCR, LNCaP cells with various treatment groups were transfected with PSA reporter 

construct (3 μg), siATF3 (10 nM) and CMV-ATF3 (3 μg). After 3 h incubation with DNA/

lipid complexes, cells were refed with 2% AD medium. The cells were treated with 10 nM 

of R1881, and 5 μM edelfosine. Twenty four hour after transfection RNA was isolated by 

using RNeasy mini kit (Qiagen, Valencia, CA) and quantified by Nano-Drop 2000c 

spectrophotometer (Thermoscientific, Wilmington, DE). For the RT-PCR analysis, first-

strand cDNA was synthesized from total RNA (2 μg) using oligo-(dT)-20 and a 

ThermoScript RT-PCR System (Thermoscientific, Grand Island, NY). PSA primers (forward 

5’-CCCTCCCCTTCCACAGCTCTGGGT-3’ and reverse 5’-

CCGCCCCTGCCCTGCTGGCACCC-3’) were synthesized by IDT (Integrated DNA 

Technologies, Inc., Coralville, Iowa). PCR amplification reaction was carried out using 

Phusion™ High Fidelity DNA polymerase kit. A portion (10 μl from a 20 μl reaction) of the 

PCR reaction product was electrophoresed on a 1.5% agarose gel containing ethidium 

bromide. Electrophoresed and ethidium bromide stained PCR products from RT–PCR 

reactions were recorded under UV-transillumination by the Gel Doc XR system (Bio-Rad, 

Hercules, CA) normalized with respect to the amount of GAPDH product.
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 In vivo treatment groups, tumor volume and PSA measurements

Male athymic nude mice, 4-8 weeks old were obtained from Harlan (Indianapolis, IN). 

Aseptic techniques were used for injections and implantation of prostate tumor cells in the 

prostates of nude mice as described previously (4, 5, 28). In brief, LNCaP cells (5 × 105) 

were implanted into the dorsal prostate. Two weeks after orthotopic implantation, serum 

PSA levels were measured weekly by an enzymatic immunoassay kit according to the 

manufacturer's protocol on an IMX analyzer (Abbott Labs, Abbott Park, IL). When the PSA 

level was approximately 3.0 – 8.0 ng/mL, mice were treated orally by gavage. At this point 

bilateral orchiectomy was performed under anesthesia on the animals in the AD groups (4) 3 

days prior to edelfosine treatment. A total of eight groups of animals (n = 9 - 13) were 

studied: PBS (control) and three concentrations of edelfosine was given at doses 5, 10 and 

20 mg/kg body weight, 3 days per week for 10 weeks, with and without AD. Tumor volumes 

(TV), determined by magnetic resonance imaging (MRI), and serum PSA levels were 

obtained weekly after treatments. The efficacy of the treatment was assessed by MRI volume 

and PSA levels at 6 weeks. For MRI, imaging was performed at a field strength of 7 T in a 

vertical wide-bore (10 cm) magnet using a Bruker DRX spectrometer (Bruker Biospin, 

Karlsruhe, Germany) as previously reported (4, 5, 28).

 Immunoprecipitation

To study the interaction between AR and ATF3, we immunoprecipitated protein extract with 

polyclonal AR or ATF3 antibody followed by ATF3 or AR immunoblot analysis. Briefly, 

edelfosine (5 μM) treated LNCaP cell lysates (200 μg) were incubated each with 1 μg (AR/

N-20 or ATF3/H-90, Santa Cruz, Dallas, TX) of AR or ATF3 antibody overnight followed 

by incubation with protein G-Sepharose beads (Life Technologies, Grand Island, NY) at 4°C 

for 1 h. Immunocomplexes were washed three times with lysis buffer and were denatured by 

treatment with SDS sample-loading buffer at 100 °C for 10 minutes followed by 

immunoblotting with ATF3 or AR specific antibodies. Proteins were visualized using an 

enhanced chemiluminescence system (GE Healthcare Bio-science, Piscataway, NJ).

 Immunohistochemical analysis

Orthotopic LNCaP tumor bearing mice were treated with edelfosine (20 mg/kg/3 times per 

week). Tumors were excised 24 h following treatment, fixed in formalin, embedded in 

paraffin, and processed for immunohistochemistry. Expressions levels of p-AKT, ATF3 and 

caspase 3/7 were analyzed by immunohistochemistry, as described previously (28). The 

slides were scanned with a VS120-SL microscope (Olympus, Pittsburgh, PA) and the images 

were captured using VS-ASW-FL 2.6, virtual software imaging system.

 Data analysis and statistics

For in vitro studies, statistical analyses were carried out by one way ANOVA, Bonferroni 

test. For in vivo studies the time series for each animal was fitted with a single exponential 

model, as described previously (5). Student's t test was applied to the estimates of TV and 

PSA levels at 6 weeks and to their doubling times. Percentage of mice with TV < 100 mm3 

and/or PSA < 25 ng/ml from the experimental pairs, PBS and edelfosine, with and without 
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AD were placed in 2 × 2 contingency tables and tested for significance using the chi-square 

test. For all statistical tests, a p value of ≤ 0.05 was considered significant.

 Results

 Edelfosine inhibits LNCaP cell proliferation

Real-time cell electronic sensing (RT-CES), a noninvasive and real-time monitoring of live 

prostate cancer cell status (29), was used to assess prostate cancer cell growth, death and 

morphology changes. LNCaP cells were seeded and cultured in CM or AD conditions (Fig. 

1A and B) for 24 h followed by treatment with edelfosine (0, 1, 2.5, 5, 10 and 20 μM). The 

cells were monitored every hour for 72 h. We did not see any difference in the cell index 

(CI) in the treatment groups before the treatment started. As expected, LNCaP cells 

exhibited reduced growth under AD conditions compared to CM. For cells grown in CM and 

treated with edelfosine, a dose dependent decrease in cell numbers was observed. Under AD 

conditions, even the lowest dose of edelfosine greatly decreased cell numbers (Fig. 1B). 

Edelfosine was most effective when combined with AD conditions. Similar results were 

observed with VCaP cells. (Supplementary Fig. S1).

 Edelfosine causes apoptosis in LNCaP and VCaP that is accentuated by AD

Annexin V and caspase-3/7 activation are regarded as early apoptotic markers (30). Annexin 

V positive (apoptotic) LNCaP cells significantly increased following 10 μM edelfosine 

treatment in both CM and AD media (Fig. 2A). Apoptotic effects of edelfosine were most 

striking in AD conditions in which there was a dose dependent increase in apoptosis by 

edelfosine at 5 and 10 μM (Fig. 2A). Onset of cell death is predicated by the level of caspase 

3/7 activity in cancer cells. The degree of basal caspase 3/7 activation was higher in LNCaP 

cells (Fig. 2B) than in VCaP cells (Fig. 2C) in both CM and AD medium. Edelfosine 

treatment resulted in increased caspase 3/7 activity in both cell lines in CM and AD media. 

As observed for Annexin V staining, edelfosine increased caspase 3/7 most effectively under 

AD conditions.

 ATF3 has a key role in the cell death response of LNCaP and VCaP to edelfosine plus AD

Cellular stress, including DNA damage and oxidative stress, can rapidly induce ATF3 (31). 

ATF3 has been shown to directly bind AR and repress AR-mediated gene expression (21). 

We had an interest in ATF3 for these reasons and that edelfosine induces a stress response 

and increase apoptosis (32). The expression level of ATF3 increased with AD and was 

further increased when AD was combined with edelfosine. A dose dependent increase in 

ATF3 expression was observed in both cell lines when edelfosine was increased from 2.5 to 

5 μM under both CM and AD conditions (Fig. 2D). When edelfosine was administered at 10 

μM in combination with AD, ATF3 remained significantly elevated over no edelfosine (AD 

alone), but was at lower levels than at 5 μM, possibly related to the increased cell death seen 

under these conditions.

To confirm the role of ATF3 in the cell death response to AD and edelfosine, knockdown 

was achieved with co-transfection of siATF3. Caspase 3/7 activity was significantly (p < 

0.05) reduced in both cell lines (Fig. 2B and C) when siATF3 was combined with AD and 
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edelfosine. The knockdown of ATF3 after siATF3 was confirmed by Western blot analysis 

(Fig. 2E). Cells transfected with control siRNA did not show any inhibitory effect (Fig. 2E, 

F and Supplementary Fig. S2). These findings indicate that the higher levels of cell death 

achieved in LNCaP and VCaP prostate cancer cells when edelfosine was combined with AD 

was mediated at least in part to up-regulation of ATF3.

 Edelfosine and AD decrease AR and ARv7 protein levels

We have shown previously that levels of AR, p53 and p21 proteins are decreased when cells 

are grown in AD medium for 3 days (4). The AKT pathway modulates AR function (33) and 

protects prostate cancer cells from apoptosis induced by AD (34). Here we tested the effect 

of AD + edelfosine on AKT activation because edelfosine has been shown to act on the 

AKT pathway (35). Figure 3 shows that edelfosine down regulated p-AKT and AR in 

LNCaP and VCaP cells. Edelfosine inhibited the phosphorylation of p-AKT in both cell 

lines in a dose (Fig. 3A) dependent manner without affecting total AKT expression. As 

displayed in Supplementary Fig. S3, increasing inhibition of p-AKT after 10 μM edelfosine 

in LNCaP cells was observed over an 18 h period, with or without AD. Moreover, p-AKT 

levels were significantly decreased when AD was combined with edelfosine, relative to that 

seen in the absence of AD. The reduction in cell proliferation from edelfosine + AD and the 

parallel decrease in p-AKT expression suggest that AKT activity might have a role in 

apoptotic response to AD.

We next examined the effects of edelfosine and AD on the constitutively active AR isoform, 

ARv7, which is present in VCaP cells because this prevalent AR variant may contribute to 

the restoration of AR transcriptional activity in CRPC (18, 36). Prior studies have shown that 

depletion of ARv7 or total AR by siRNA, reduces the expression of PSA, cell proliferation 

and TMPRSS2 (18). The TMPRSS2-ERG fusion gene is a well-known target of AR (37). 

Therefore, we explored the expression of ARv7 and TMPRSS2-ERG after edelfosine ± AD 

in VCaP cells grown in vitro. A dose dependent inhibition of ARv7 and ERG was evident 

after edelfosine, treatment, with or without AD. This inhibition was higher when AD was 

combined with 10 μM of edelfosine. Moreover, the knockdown of ATF3 using siATF3 

reversed the inhibition of both ARv7 and its TMPRSS2-ERG fusion gene target (Fig. 3B). 

Similar results were observed with ERG expression at the mRNA level by real-time PCR 

(Fig. 3C). Notably, ARv7 expression was also inhibited in CRPC cell line 22RV1 after 

edelfosine treatment (Supplementary Fig. S3B), and the inhibition was more pronounced 

when edelfosine was combined with AD. As expected, we did not detect ERG expression in 

22RV1 cells. These data show significantly favorable alterations in AR, ARv7 and 

TMPRSS2-ERG fusion gene expression when AD is combined with edelfosine that is 

mediated in large part to ATF3.

 ATF3-AR interaction is increased by edelfosine plus AD

ATF3 interacts with AR and represses AR activity (21). Here, we sought to confirm that this 

interaction occurs to a greater degree after edelfosine + AD. AR-specific antibodies were 

used in an immunoprecipitation assay (IP) to pull down the AR protein complexes from 

whole-cell extracts after edelfosine treatment at 2.5 and 5 μM in LNCaP cells. For the IP, 

anti-AR antibodies but not IgG control antibodies from edelfosine treated LNCaP cells 
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resulted in an ATF3 band migrating at ~21 kDa (Fig. 3D) confirming the interaction between 

AR and ATF3 that was dose dependent on edelfosine. The AR/ATF3 interaction was 

increased 2 fold (by densitometry analysis) by edelfosine at 5 μM, as compared to the 

untreated cells. The interaction was confirmed when ATF3 antibodies were used for IP (Fig. 

3E).

 Edelfosine mediates AR transcriptional activity in part through ATF3

The PSA gene is another direct target of AR (38). To determine whether the edelfosine-

mediated increase in ATF3 represses AR transcriptional activity, we co-transfected PSA 

luciferase reporter constructs (39) in LNCaP cells grown in AD medium with or without 

androgen (R1881), followed by edelfosine treatment (Fig. 4A). Under these conditions, PSA 

luciferase activity was dramatically reduced 24 h after edelfosine treatment. PSA promoter 

activity was considerably restored when ATF3 was depleted via siATF3 (Fig. 4A) indicating 

a role for ATF3 in inhibiting AR-mediated transcription. We also observed that when ATF3 

was overexpressed using a CMV-ATF3 construct in the presence of androgen 

supplementation (R1881), PSA transactivation was significantly lower. Further, LNCaP cells 

were transfected with PSA-luciferase reporter, control siRNA, siATF3 or CMV-ATF3 as 

described above and the PSA expression was measured by ELISA in the culture supernatant 

after 24 h. A significant decrease in PSA protein expression was observed with edelfosine + 

AD ± androgen supplementation (Supplementary Fig. S4) compared to AD alone. Semi-

quantitative RT-PCR (Fig. 4B) confirmed the expression levels of PSA mRNA in a parallel 

study with the same treatment groups as in PSA luciferase reporter experiments (Fig. 4A). 

Also, knockdown of endogenous ATF3 using siRNA showed no significant difference in 

PSA levels compared to control siRNA and R1881-treated controls. Similar results were 

observed using an ARE-luciferase construct (27) in reporter assays (Supplementary Fig. S5). 

Taken together, these results show that edelfosine efficiently increases ATF3 and the 

ATF3/AR interaction, which is associated with decreased levels of AR and its transcriptional 

activity.

 Edelfosine treatment suppresses the growth of orthotopic LNCaP tumors

LNCaP tumors grown orthotopically in nude mice (5, 28) were used to examine the in vivo 
effects edelfosine + AD. Orthotopically grown tumors mimic the stromal environment which 

is an advantage to assessing prostate tumor response to therapy. Tumor growth inhibition 

was determined by MRI-based TV and serum PSA measurements for 20 weeks. Edelfosine 

treatment was started 3 days post orchiectomy by gavage at 5 mg/kg, 10 mg/kg or 20 mg/kg 

given 3-days/week for 10 weeks. Edelfosine alone and edelfosine + AD resulted in tumor 

growth inhibition in a dose-dependent manner (Fig. 5A and B; Table 1). The graphs 

represent changes in average TV (± SEM; standard error of the mean) over the course of 20 

weeks. Similar trends were observed for PSA values (Table 1). The greatest effect was seen 

with edelfosine 20 mg/kg + AD.

The effect of edelfosine (20 mg) and AD on absolute PSA levels and TVs are shown in 

Table 1, along with the fraction of mice with LNCaP tumors with PSA levels of < 25 ng/ml 

and TVs of < 100 mm3 at 6 weeks, and a combination endpoint, defined as the percentage of 

mice meeting both requirements for PSA and TV thresholds. The combination resulted in 
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smaller TVs and lower PSAs relative to all other groups, including edelfosine or AD alone. 

Our prior results have shown that there was a significant association between MRI-based TV 

and serum PSA in orthotopic prostate cancer models (5).

We investigated the levels of p-AKT, ATF3 and caspase activity in tumor tissues from mice 

treated with AD + edelfosine by immunohistochemistry (Fig. 5C). Expression of activated p-

AKT was notably decreased in orthotopic prostate tumor sections when AD + edelfosine 

were combined. Likewise, caspase 3/7 and ATF3 expression were the highest under these 

conditions.

 Discussion

For high risk and metastatic prostatic adenocarcinoma, AD is a mainstay of treatment due to 

the sensitivity of tumors to androgen for proliferation and tumor cell survival (3). However, 

with time, castration-resistant disease emerges in the vast majority and is a precursor of 

mortality (40). New therapeutic agents that enhance AD response, delay the emergence of 

castrate resistance and/or delay progression after castrate resistance are needed. In the 

present study, we carried out experiments to determine if edelfosine sensitizes prostatic 

carcinoma cells to AD. Edelfosine belongs to the family of synthetic ALPs that includes 

miltefosine, perifosine and erucyl phosphocholine (10). These drugs act on cell membranes 

by inhibiting phosphatidylcholine biosynthesis (32), and have been shown to sensitize tumor 

cells to chemotherapy and/or radiotherapy (41).

The AKT/protein kinase B signaling pathway is implicated in ALP-mediated apoptosis (7). 

In our studies, edelfosine decreased cell proliferation in androgen-deprived medium and 

increased cell death, as measured by Annexin V and caspase-3/7 activation. Prior studies 

have shown that lymphoma cells undergo apoptosis in response to edelfosine (42). Others 

have shown in breast cancer that edelfosine induced apoptosis by inhibiting ERK1/2, p38 

MAPK, and AKT activation (7). Other reports suggest that edelfosine targets membrane 

lipid rafts via the recruitment of proapoptotic Fas/CD95 death receptor into the rafts and 

AKT inactivation (43). Here, we report a substantial reduction in p-AKT when edelfosine 

was combined with AD, indicating that this regimen inhibited AKT activity. Inhibition of 

AKT by edelfosine was probably due to the disruption of the structure and signaling within 

lipid rafts, preventing AKT recruitment to the membrane (10). Since the AKT pathway 

modulates AR function (33) and protects prostate cancer cells from apoptosis induced by 

AD, we investigated the contribution of this mechanism to the additive effects of edelfosine 

and AD.

Our data demonstrates that edelfosine reduced the expression of AR when combined with 

AD in a dose dependent manner. Many reports have shown that AR activity may be altered 

by aberrant expression of AR-binding proteins (44). Following activation by androgen 

binding, AR translocates to the nucleus and various regulators of AR such as chromatin 

remodeling complexes, transcription factors, and co-activator/co-repressors interact with AR 

to regulate its transcriptional activity (44). We hypothesized that edelfosine and AD induce a 

stress response and that factors induced by that response have a role suppressing AR activity. 

ATF3 has been shown by others to play a critical role in genotoxic stress-induced apoptosis 
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in embryonic fibroblast cells (45) supporting the pro-apoptotic role of ATF3. Since ATF3 

binds to AR and represses AR transcriptional activity (21) the reduction of AR activity could 

be due to induced expression and binding to AR.

Activated transcription factor 3 (ATF3) is a stress response gene that is de-regulated in 

different types of cancers including prostate cancer (46). ATF3 is frequently induced under 

cellular stress (DNA damage) and plays a crucial role in cell homeostasis (23, 47). We 

observed an increase in ATF3 expression after edelfosine treatment; the increase was more 

robust when edelfosine was combined with AD. Using siATF3 to knockdown ATF3 we 

confirmed that edelfosine + AD mediated cell death in prostate cancer cells is indeed related 

to ATF3 modulation (Fig. 2). Moreover, elevated ATF3 in response to edelfosine + AD 

interacted with AR more substantively (Fig. 3D/E), which could then prevent AR from 

binding to AREs. Indeed, edelfosine decreased transcriptional activity of AR through ATF3 

as evidenced using PSA and ARE reporter constructs, as well as assessing PSA and ERG 

mRNA regulation. This inhibition in the reporter activities was reversed by siATF3 

knockdown, suggesting that the augmented inhibitory effects seen with the combination of 

edelfosine + AD over that of individual treatments was associated with ATF3 levels and 

activity.

In our orthotopic LNCaP in vivo studies, the combination of edelfosine + AD caused a 

synergistic reduction in LNCaP orthotopic TV (Fig. 5, Table 1). Edelfosine, when combined 

with AD, resulted in a more than 7 fold decrease in TV and PSA levels as compared to 

either of the treatment given alone. Immunohistochemical analysis under these conditions 

also confirmed increased expression of caspase 3/7, a decrease in activated p-AKT and an 

increase in ATF3, corroborating with the in vitro data.

AR splice variant ARv7 is associated with drug resistance in CRPC patients treated with the 

antiandrogens enzalutamide and the androgen synthesis inhibitor abiraterone (48, 49). We 

observed that full length-AR, ARv7 and the AR target TMPRSS2-ERG fusion gene were 

significantly inhibited after combined treatment with edelfosine + AD in VCaP cells. 

Reports suggest that restoration of AR transcription is mediated by elevated levels of ARv7, 

which may promote prostate tumor growth and drug resistance by the expression of specific 

set of AR target genes (18). The fusion TMPRSS2-ERG gene has been implicated in 

migration, invasion and metastasis (37). The expression of ARv7 or the fusion gene 

TMPRSS2-ERG product ERG increase tumor response to AD and tumor aggressiveness, 

and drugs like edelfosine that have potential to improve patient outcome by downregulating 

these genes when combined with AD therapy.

In summary, we report for the first time that edelfosine significantly augments the response 

of androgen-sensitive prostate cancer cells to AD in vitro and in vivo, resulting in reduced 

tumor cell proliferation and increased apoptosis. Mechanistically, edelfosine + AD 

modulates AR function by decreasing p-AKT and inducing ATF3 (Fig. 5D). In particular, 

ATF3 binds to AR and represses AR signaling that results in downstream effects on AR 

transcription targets. The potentiation of AD activity by edelfosine has significant 

implications in the management of patients with high risk or metastatic prostate cancer.
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Figure 1. Edelfosine and AD inhibits cell proliferation in LNCaP cells
LNCaP cells (2 × 104) were grown in E-Plates for 24 h in complete or AD medium. Cells 

were treated with edelfosine (1, 2.5, 5, 10 and 20 μM) with appropriate control groups (A) 

LNCaP and (B) LNCaP + AD. Cells were monitored and cell proliferation was measured in 

real time by RTCA cell proliferation assay and the average cell index is shown for 72 h. 

Each data point is represented by mean ± SD (n =3).
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Figure 2. ATF3 knockdown via siATF3 inhibits apoptosis in prostate cancer cells after AD and 
edelfosine treatment
LNCaP cells were grown for 3 days in complete or AD medium and treated with edelfosine 

(5 μM and 10 μM) alone or in combination with AD for Annexin V staining. (A) Treated 

cells were harvested after 24 h and stained using the Guava Nexin kit. Percentage of 

Annexin V positive cells was measured by flow cytometric analysis and the data processed 

using CytoSoft software. (B) LNCaP and (C) VCaP cells were harvested 24 hours following 

treatment and caspase 3/7 activity was determined using the Apo-ONE™ Homogeneous 

caspase 3/7 assay kit. For ATF3 knockdown, both LNCaP and VCaP cells grown in 
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complete or AD medium were transfected with siATF3 (10 nM), followed by treatment with 

edelfosine (5 or 10 μM). (D) LNCaP and VCaP cells were grown as described above and 

were treated with AD and/or edelfosine (0, 2.5, 5 and 10 μM). Treated cells were harvested 

after 24 h; total proteins were examined by Western immunoblotting for ATF3 expression 

levels. The same blot was stripped and re-probed for β-actin. (E) ATF3 knockdown via 

siATF3 (10 nM), after edelfosine (10 μM) treatment was confirmed by Western blot analysis 

using AFT3 specific antibodies. (F) LNCaP cells were transfected with control siRNA or 

siATF3 (10 nM), followed by edelfosine (10 μM) treatment, caspase 3/7 activity was 

measured. Data shown represent the mean ± SD from three independent experiments. *p < 

0.05, compared to respective control, **p < 0.05, compared to edelfosine 5 μM (one way 

ANOVA, Bonferroni test).

Udayakumar et al. Page 17

Mol Cancer Ther. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Changes in AKT, AR, ARv7 and ERG protein levels after AD and edelfosine 
treatments
(A) LNCaP and VCaP cells were cultured in complete or AD medium for 3 days in 10 cm 

tissue culture dishes and then treated with edelfosine (0, 2.5, 5 and 10 μM). Treated cells 

were harvested after 24 h, whole-cell lysates were extracted, and the expression of p-AKT, 

total AKT and AR were determined by Western blotting. The same blot was probed again 

for β-actin. (B) VCaP cells grown in complete or AD medium were pre-transfected with 

siATF3 (10 nM) for 18 h in the presence of lipofectin reagent followed by edelfosine (0, 5 

and 10 μM) treatment. Whole-cell lysates were extracted from treated cells after 24 h. ARv7 
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and ERG expression was determined by Western blotting and the same blot was stripped and 

re-probed for β-actin. (C) Relative mRNA levels of TMPRSS2-ERG gene product ERG in 

VCaP cells. Real-time PCR was performed using total RNA extracted from VCaP cells. The 

cells grown in CM or AD media were treated with edelfosine (10 μM), siATF3 or control 

siRNA (10 nM) either alone or in combination with edelfosine. The results were normalized 

to the expression of GAPDH and presented as relative mRNA expression levels (mean ± SD, 

n = 3). *p < 0.001, compared to respective controls, ‡p < 0.05, compared to edelfosine 

alone, †p < 0.05, compared to AD + edelfosine (one-way ANOVA). (D) ATF3 interaction 

with AR. AD and edelfosine (0, 2.5 and 5 μM) treated whole-cell lysates were co-

immunoprecipitated with antibodies against AR, followed by Western blot analysis with 

antibodies specific for ATF3. (E) Reverse immunoprecipitation was carried out in the AD 

and edelfosine (0, 2.5 and 5 μM) treated whole-cell lysates to confirm the interaction 

between ATF3 and AR.
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Figure 4. ATF3 represses AR transcriptional target PSA in LNCaP cells after AD and edelfosine 
treatment
Androgen deprived LNCaP cells were co-transfected with PSA-luciferase reporter constructs 

(3 μg/well), CMV-ATF3 (3 μg), siATF3 or control siRNA (10 nM). To normalize the 

transfection efficiency, cells were co-transfected with renilla luciferase (30 ng/well). 

Following 3 h transfection the cells were treated with edelfosine (5 μM) and R1881 (10 nM). 

Cells were harvested 24 h post treatment, lysed and assayed for luciferase activity using the 

dual- luciferase reporter gene assay system. The data represents the ratio between firefly/

renilla luciferase activities (mean ± SD, n = 3). *p < 0.001, compared to group without 

R1881, ‡p < 0.05, compared to R1881 alone, †p < 0.05, compared to group with siATF3, **p 

< 0.05, compared to group without siATF3 (one way ANOVA). (B) RT-PCR analysis for 

PSA mRNA expression. Parallel experiments were done with the treatment groups as in 

Figure 4A. Total RNA (2 μg) was reverse transcribed and the cDNA product was PCR 

amplified using PSA and GAPDH primers. A portion (10 μl from a 20 μl volume) of the 

PCR reaction product was electrophoresed on a 1.5% agarose gel. Electrophoresed and 

ethidium bromide stained PCR products from RT–PCR reactions were recorded under UV-

transillumination using the Gel Doc XR system (Bio-Rad, Hercules, CA). RNA content was 

normalized with respect to the amount of GAPDH product.
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Figure 5. Growth curves showing in vivo tumor growth inhibition after AD and edelfosine 
treatment
LNCaP cells (5 × 105) were implanted into the dorsal prostate of athymic nude mice (n = 9 - 

13). Two weeks after tumor implantation, serum PSA levels were measured weekly. Mice in 

the group without AD were treated orally by gavage when the PSA levels are between 3.0 – 

8.0 ng/ml. For the groups with AD bilateral orchiectomy was performed 3 days prior to 

edelfosine treatment. A total of eight groups of animals were studied: PBS (control) and 

three concentrations of edelfosine were given at doses 5, 10 and 20 mg/kg, 3 days per week 

for 10 weeks, with and without AD. Post-treatment tumor volume and weekly serum PSA 
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levels were determined by MRI and ELISA respectively. The curves and bars represent 

mean ± SEM of numerical fits of tumor growth curves for individual animals. (A) 

Edelfosine alone; and (B) Edelfosine combined with AD. (C) Expression of p-AKT, caspase 

3/7 and ATF3 after AD and edelfosine (20 mg/kg) treatments in vivo. Orthotopically grown 

LNCaP tumors was excised 24 h after the treatment and were processed for 

immunohistochemistry. The sections were stained for p-AKT, caspase 3/7 and ATF3. (Panel 

A -PBS; Panel B - Edelfosine; Panel C - Androgen deprivation (AD); Panel D - AD + 

Edelfosine). Images were scanned and captured with a VS120-SL microscope. 

Magnification x20. (D) Schematic representation of AD and edelfosine mediated increase in 

ATF3 that interacts with AR, leading to the repression of AR-transcriptional activity and its 

downstream targets such as PSA, ARv7 and TMPRSS2-ERG fusion gene in prostate cancer 

cells.
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