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A B S T R A C T   

Metastasis is the leading cause of cancer mortality. Metastatic cancer is notoriously difficult to treat, and it 
accounts for the majority of cancer-related deaths. The ether lipid edelfosine is the prototype of a family of 
synthetic antitumor compounds collectively known as alkylphospholipid analogs, and its antitumor activity 
involves lipid raft reorganization. In this study, we examined the effect of edelfosine on metastatic colonization 
and angiogenesis. Using non-invasive bioluminescence imaging and histological examination, we found that oral 
administration of edelfosine in nude mice significantly inhibited the lung and brain colonization of luciferase- 
expressing 435-Lung-eGFP-CMV/Luc metastatic cells, resulting in prolonged survival. In metastatic 435-Lung 
and MDA-MB-231 breast cancer cells, we found that edelfosine also inhibited cell adhesion to collagen-I and 
laminin-I substrates, cell migration in chemotaxis and wound-healing assays, as well as cancer cell invasion. In 
435-Lung and other MDA-MB-435-derived sublines with different organotropism, edelfosine induced G2/M cell 
cycle accumulation and apoptosis in a concentration- and time-dependent manner. Edelfosine also inhibited in 
vitro angiogenesis in human and mouse endothelial cell tube formation assays. The antimetastatic properties 
were specific to cancer cells, as edelfosine had no effects on viability in non-cancerous cells. Edelfosine accu-
mulated in membrane rafts and endoplasmic reticulum of cancer cells, and membrane raft-located CD44 was 
downregulated upon drug treatment. Taken together, this study highlights the potential of edelfosine as an 
attractive drug to prevent metastatic growth and organ colonization in cancer therapy. The raft-targeted drug 
edelfosine displays a potent activity against metastatic organ colonization and angiogenesis, two major hallmarks 
of tumor malignancy.  
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1. Introduction 

Metastasis is the leading cause of death among cancer patients, ac-
counting for about 90% of cancer deaths [1,2]. Despite significant 
progress in detection and treatment of primary tumors, metastatic dis-
ease remains a major clinical hurdle in cancer treatment, and the 
development of novel therapeutics to prevent metastasis is urgently 
needed to improve patient prognosis and survival [3]. Distant organ 
infiltration and colonization are the final and most crucial steps of the 
metastatic cascade [4]. To colonize organs, circulating tumor cells must 
extravasate from the bloodstream and survive in the new parenchyma, 
overcoming several obstacles along the way [4]. The mechanism of 
metastasis is complex and unclear, and most likely involves different cell 
types [2,5,6]. To metastasize cancer cells must leave their primary site, 
circulate in the bloodstream, escape cell death, and harness survival 
signals to proliferate and form secondary tumors [2,4,5]. Invasion of 
nearby tissue and seeding of tumor cells at distant sites to form metas-
tases, a hallmark of cancer [7], is a central feature of cancer malignancy, 
and a major target in cancer therapy [8,9]. Cancer cells interact with 
endothelial and stromal cells, and also with extracellular matrix com-
ponents in the new microenvironment, attaching and moving along 
them to seek nutrient supplies and supportive niches to achieve meta-
static colonization [10]. In this regard, major signal transduction path-
ways governing cell adhesion, migration, survival and death have been 
shown to be dependent on plasma membrane microdomains named lipid 
rafts [11,12]. In fact, these cholesterol- and sphingolipid-enriched lipid 
rafts have been involved in cancer metastasis [13–15], and shown to 
constitute a novel and promising target in cancer therapy [16–21]. 

The antitumor ether lipid edelfosine (ET-18-OCH3; 1-O-octadecyl-2- 
O-methoxy-rac-glycero-3-phosphocholine), which induces apoptosis in 
a wide variety of cancer cells, while sparing normal cells [22,23], ac-
cumulates in lipid rafts in a number of cancer cells, leading to an 
effective in vitro and in vivo antitumor activity by the reorganization of 
raft protein composition [18,24,25]. Edelfosine, the prototype of a 
family of structurally related antitumor molecules collectively known as 
alkylphospholipid analogs (APLs), shows the ability to kill a wide array 
of human cancer cells by affecting the molecular machinery closely 
involved in cell death [26,27]. In vivo approaches show that edelfosine 
exerts a rather potent antitumor effect without significant side-effects 
[18,28–30]. Edelfosine accumulates in lipid rafts [18,23,29,31] and 
the endoplasmic reticulum [30,32–35], putatively through a 
raft-mediated process [36,37], of cancer cells. Based on our previous 
studies, and because edelfosine behaved as a potent lipid raft-targeted 
drug [18,23,38], we reasoned that the ether lipid edelfosine could 
affect metastatic colonization of cancer cells as well as 
metastasis-related processes. To test this hypothesis, we examined the 
effect of edelfosine on an in vivo experimental metastasis assay in mice as 
well as on a series of in vitro functional assays of cell adhesion, migra-
tion, and angiogenesis. Here, we report that edelfosine displays a potent 
antimetastatic and antiangiogenic activity, thus expanding and high-
lighting the metastatic prevention properties of this promising 
ether-bonded APL. 

2. Materials and methods 

2.1. Drug 

Edelfosine was obtained from R. Berchtold (Biochemisches Labor, 
Bern, Switzerland). Edelfosine was prepared as 2 or 4 mM stock solu-
tions in cell culture medium or distilled water as previously described 
[22,39,40]. [3H]Edelfosine (specific activity, 42 Ci/mmol) was synthe-
sized by tritiation of the 9-octadecenyl derivative (Amersham Buchler) 
[22] and used for lipid raft localization as previously reported [18,31]. 

2.2. Cell culture 

Human MDA-MB-435 cell line was obtained from Dr. A. Sierra 
(IDIBELL, L′Hospitalet de Llobregat, Barcelona, Spain) [41]. 435-Lung, 
435-Brain, 435-Bone and 435-Liver cells, which are metastatic vari-
ants of the melanoma cell line MDA-MB-435 cell line to lung, brain, 
bone, and liver, respectively, were extracted from primary cultures of 
lung, brain, bone, and liver metastases of the parental highly metastatic 
MDA-MB-435 cells, originally injected in athymic Balb/c female nude 
mice, and established after successive in vivo/in vitro passages as previ-
ously described [41,42] in order to select highly metastatic cells 
[43–45]. 435-Lung cells, prone to metastasize to lungs, were transduced 
with retroviral particles that uniformly expressed high levels of 
enhanced GFP (435-Lung-eGFP-CMV/Luc cells) to be used for 
non-invasive bioluminescence imaging (BLI) analyses, as previously 
described [45,46]. Cells were cultured in DMEM F12 medium (Thermo 
Fisher, Waltham, MA, USA) supplemented with 10% fetal bovine serum 
(FBS), 5 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml strepto-
mycin, in a humidified air atmosphere containing 5% CO2 at 37 ◦C. The 
human breast cancer cell line MDA-MB-231 was purchased from the 
American Type Culture Collection (ATCC) (Manassas, VA, USA) and 
cultured in DMEM medium (Thermo Fisher), supplemented with 10% 
FBS, 5 mM L- glutamine, 100 U/ml penicillin, and 100 µg/ml strepto-
mycin, in a humidified air atmosphere containing 5% CO2 at 37 ◦C. 
Human umbilical vein endothelial cells (HUVECs) were maintained in 
medium 199 supplemented with 20% FBS, 100 U/ml penicillin, 100 
µg/ml streptomycin, 2 mM amphotericin B, 2 mM L-glutamine, 10 mM 
Hepes, 30 mg/ml ECGS, and 100 mg/ml heparin. Human brain micro-
vascular endothelial cells (HBMECs) were maintained in endothelial cell 
medium (ScienCell, P60104) supplemented with 5% FBS, 1% ECGS and 
1% penicillin/streptomycin. 3B-11 mouse endothelial cells were main-
tained in DMEM medium (Thermo Fisher) supplemented with 10% FBS, 
1% penicillin/streptomycin, and 1% GlutaMAX. All cell lines were used 
before the fourth passage number. All cell lines were tested for myco-
plasma contamination using MycoProbe Mycoplasma Detection Kit 
(R&D Systems, Abingdon, UK). 

2.3. Animal model 

Athymic nude-BALB/c female mice (24–26 g weight) (Charles-River 
Laboratories, Wilmington, MA, USA) were housed at the IDIBELL facility 
in specific-pathogen-free (SPF) conditions, with 20–24 ◦C cage tem-
perature, 60% relative humidity, and 12–12 h light-dark periods. Ani-
mals were allowed free access to UV irradiated water and an adequate 
sterile diet. 

All animal-related procedures were performed in accordance with 
the National Institute of Health guidelines for the Care and Use of 
Laboratory Animals, with the approval of the animal care committee 
(reference 9703). The IDIBELL Animal Care Facility Committee 
approved all animal studies. No additional ethical approvals or consents 
were required. Experimental metastasis was generated by tail vein in-
jection of 1 × 106 435-Lung-eGFP-CMV/Luc metastatic cancer cells in 
100 μl of HBSS. Mice were randomly assigned to cohorts of 6 mice each 
after injection. Mice were orally administered with edelfosine (30 mg/ 
kg), or an equal volume of vehicle (water), for 6 consecutive days a 
week. Treatment was administered by using a flexible and sterile 
intragastric catheter (Instech Solomon). Animal body weight and any 
sign of morbidity were monitored. Drug treatment lasted 12 weeks. 
Animals were euthanized (isoflurane overdose) 24 h after the last drug 
administration according to institutional guidelines. A necropsy analysis 
involving distinct organs was carried out. 

2.4. Bioluminescence analysis 

Inhalatory anesthesia with O2 and isoflurane mixture was delivered 
to athymic mice before image acquisition: induction was performed 
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outside the bioluminescence chamber (4% isoflurane, 2 l/min) and 
maintenance inside the chamber (2% isofluorane, 2 l/min) during 
acquisition. Animals were placed in prone position. The photons 
recorded in the images were quantified and analyzed using Living Image 
4.1 image analysis software (Caliper LifeSciences, Hopkinton, MA, 
USA). The number of photons was expressed as photon counts per sec-
ond (p/s). The parameter chosen for treatment evaluation was the 
average radiance (p/s/cm2/sr). Luciferin solution (D-Luciferin Firefly 
potassium salt, L-8220–Biosynth AG) was prepared according to the 
manufacturer’s instructions. Intraperitoneal injection of luciferin solu-
tion (200 μl/20 g) was applied 10 min before imaging. Background 
signals were subtracted from all the bioluminescence measurements as 
part of image analysis. To this end, a healthy mouse (not inoculated with 
tumor cells) received luciferin solution (200 μl/20 g) intraperitoneally 
10 min before imaging. 

2.5. Histological analysis 

Tissues were fixed in 4% paraformaldehyde in PBS, embedded in 
paraffin, cut in 2- to 3-μm sections, and stained with hematoxylin and 
eosin (H&E) (Sigma-Aldrich, St. Louis, MO, USA). All of these proced-
ures were done by independent personnel of the pathology unit of our 
center. Tumor sections were analyzed by pathologists to look for 
micrometastasis and metastatic cells. Images were captured using an 
Olympus BX51 microscope coupled to an Olympus DP70 digital camera. 

2.6. Viability and MTT assays 

Cell viability was determined by scoring trypan blue (0.04%, Sigma- 
Aldrich) uptake at the drug concentrations and time indicated in the 
figures. In the angiogenesis assay, MTT [3-(4,5-dimethylthiazol-2-yl)−
2,5-diphenyltetrazolium bromide] metabolization was used to deter-
mine cell viability, based on the ability of metabolically active viable 
cells to transform the water-soluble MTT into an insoluble purple for-
mazan. Briefly, MTT reagent (5 mg/ml, Sigma-Aldrich) was added and 
incubated for 3 h at 37 ◦C. The formazan crystals were solubilized by the 
addition of 100 μl DMSO and the absorbance at 550 nm was measured 
using a Multifunction Microplate Reader (TECAN GENios Pro). All de-
terminations were carried out in triplicate. 

2.7. Adhesion assay 

24-well plates (Falcon; Corning Inc., Tewksbury, MA, USA) coated 
with 1 μg/ml laminin-I (Sigma-Aldrich) and 10 μg/ml collagen-I (Sigma- 
Aldrich) were washed with PBS and blocked with DMEM/F12 medium 
containing 2% BSA. Where indicated, cells were pretreated with edel-
fosine for 6 h. 2 × 105 cells/well in DMEM/F12 were plated in triplicate 
and incubated for 40 min at 37 ◦C. Cells were washed with PBS, fixed, 
and stained with 0.01% crystal violet in PBS. Cells were washed with 
PBS, solubilized with 1% SDS, and absorbance read at 630 nm. 

2.8. Cell migration and invasion assays 

Cell migration was assayed using a transwell chamber assay, using 
Falcon 24-well flat bottom plates and Falcon permeable supports for 24- 
well plate with 8.0 µm transparent PET membrane (Corning). Cells were 
seeded in chambers at the density of 2 × 105 cells per well and cultured 
in 400 μl of DMEM/F12 medium with 10% FBS, while 600 μl of DMEM/ 
F12 medium with 30% FBS and 8 μg/ml insulin (Thermo Fisher) were 
added to the lower chamber. Cells were allowed to migrate for 36 h 
(435-Lung) or 16 h (MDA-MB-231), and then migrated cells were fixed 
with 100% methanol for 30 min. Non-migrated cells were removed by 
cotton swabs. Then cells on the bottom surface of the membrane were 
stained with crystal violet for 20 min. To perform cell invasion assay, 
transwells were coated with Matrigel (Thermo Fisher) and MDA-MB-231 
cells were allowed to invade for 16 h. Cell images were obtained under a 

phase-contrast microscope (Olympus) and ImageJ software (NIH, 
Bethesda, MD, USA) was used to quantify migrated and invading cells. 

2.9. Wound-healing assay 

Cells were cultured in 12-well plates until they reached 100% 
confluence. A scratch was made in the monolayer with a pipette tip to 
create a “wound”, and cells were treated with 10 μg/ml mitomycin for 
30 min to stop cell proliferation. Three wounds were made for each 
sample, and micrographs of the wound areas to determine wound 
closure were taken at zero time and at 16 h (MDA-MB-231) and 36 h 
(435-Lung) after scratching using a phase-contrast microscope 
(Olympus). The percentage of wound closure was quantified and 
analyzed using ImageJ software. 

2.10. Cell cycle analysis 

For cell cycle analyses, untreated and drug-treated cells (2–4 ×105) 
were centrifuged and fixed overnight in 70% ethanol at 4 ◦C. Samples 
were washed twice with PBS, incubated with 0.2 mg/ml RNase A, 10 μg/ 
ml propidium iodide, and 0.5% NP-40 in 350 μl PBS for 30–60 min at 
room temperature, and analyzed with a CytomicsTM FC500 flow cy-
tometer (Beckman Coulter, Brea, CA, USA) as previously described [47]. 
Cell cycle analysis was performed using Cyflogic software (Perttu Terho, 
Mika Korkeamaki, CyFlo Ltd., Turku, Finland), and quantification of 
apoptotic cells was calculated as the percentage of cells in the sub-G0/G1 
region (hypodiploidy) in cell cycle analysis [47]. 

2.11. Edelfosine subcellular localization by confocal microscopy 

The subcellular localization of edelfosine was examined with the 
edelfosine fluorescent analog 1-O-[11’-(6’’-ethyl-1’’,3’’,5’’,7’’-tetra-
methyl-4’’,4’’-difluoro-4’’-bora-3a’’,4a’’-diaza-s-indacen-2’’-yl) 
undecyl]− 2-O-methyl-rac-glycero-3-phosphocholine (Et-BDP-ET) [48], 
which contains a boron-dipyrromethene (BODIPY) molecule, a kind gift 
from F. Amat-Guerri and A.U. Acuña (Consejo Superior de Inves-
tigaciones Científicas, Madrid, Spain). The endoplasmic reticulum was 
visualized using the CellLight™ ER-red fluorescent protein (RFP), Bac-
Mam 2.0 reagent, following the manufacturer’s specifications. This 
CellLight™ ER-RFP, BacMam 2.0 reagent includes a fusion construct of 
endoplasmic reticulum signal sequence of calreticulin and KDEL 
(endoplasmic reticulum retention signal) and TagRFP, providing accu-
rate and specific targeting to cellular ER-RFP, with minimal cellular 
disruption. 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 confocal laser scanning 
microscope Leica TCS SP8 STED 3X, fitted with UV laser 405 nm and 
white light laser freely tunable excitation from 470–670 nm (Wetzlar, 
Germany). 

2.12. Lipid raft isolation 

Lipid rafts were isolated from 6–8 × 107 cells by using nonionic 
detergent lysis conditions and centrifugation on discontinuous sucrose 
gradients as previously reported [49]. Eleven fractions (1-ml) were 
collected from the top of the gradient and 20 μl of each fraction were 
subjected to SDS-PAGE, immunoblotting and enhanced chem-
iluminescence, as previously described [49,50]. The lipid raft-enriched 
fractions were confirmed by Western blot analysis based on the pres-
ence and distribution of the lipid raft marker flotillin [51]. Proteins were 
identified using specific antibodies: anti-flotillin-1 (BD Transduction; 
catalog number: 610821), HP2/9 anti-CD44 (provided by F. 
Sánchez-Madrid, Hospital de La Princesa, Madrid, Spain). 
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2.13. Angiogenesis assay 

HUVECs and HBMECs (2 × 104) were seeded over a uniform layer of 
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) in a 96-well plate. 
After 12 h cells were washed with PBS and stained with 5 μg/ml calcein- 
AM (Thermo Fisher). Tube formation was analyzed using a 4 × objective 
and a BD Pathway 855 Bioimager. Attovision v 1.7 BD software was used 
to quantify the total length and branch points of tubes. Tube total length 
is the total number of pixels comprising the network in the image field. 

3B-11 cells (18 ×104) were seeded in conditioned media over a 
uniform layer of growth factor reduced BME (Corning) in a 24-well 
plate. Before conducting the assay, 3B-11 cells were starved overnight 
in DMEM supplemented with 0.2% FBS, 1% penicillin/streptomycin, 
and 1% GlutaMAX, and stained with 2 µg/ml calcein-AM for 30 min. 
Tube formation was analyzed after 6 h under an Olympus SZX16 
dissection scope. ImageJ software (Angiogenesis Analyzer Plugin, 
HUVEC Fluo Analysis) was used to quantify the number of nodes, 
meshes, and segments as previously described [52]. 

2.14. Statistical analysis 

The in vitro results are shown as the mean ± SD of 5–10 independent 
experiments. Statistical evaluation was performed by non-parametric 
mixed-effects analysis model with Dunnett’s multiple comparisons 
test, or by Student’s t-test. A p-value lower than 0.05 was considered 
statistically significant. In vivo data were expressed as mean ± SD. 
Survival curves were estimated via the Kaplan-Meier method, and the 
Log-Rank test was used to assess if they were significantly different. 
Tumor burden and brain and lung metastasis curves were estimated by 
non-parametric Multiple Mann-Whitney tests followed by Holm-Sidak’s 
adjustment. P-values lower than 0.05 were considered significant. 

3. Results 

3.1. Edelfosine inhibits metastatic organ colonization of cancer cells 

To investigate the effect of edelfosine on metastatic organs, we first 
performed an in vivo experimental metastasis assay, using the luciferase- 
expressing 435-Lung-eGFP-CMV/Luc lung metastatic cells [45]. This 
metastatic variant 435-Lung cell line was established from cultures of 
lung metastases generated in athymic Balb/c female nude mice, origi-
nally injected with MDA-MB-435 melanoma cells, and following suc-
cessive in vivo/in vitro passes as previously described [41,42] in order to 
select highly metastatic cells [43,45]. Athymic nude mice were tail 
vein-injected with these 435-Lung-eGFP-CMV/Luc cells and treated with 
orally administered edelfosine for 12 weeks (starting treatment 5 days 
after injection of cancer cells) (Fig. 1a). We monitored 435-Lun-
g-eGFP-CMV/Luc cells by non-invasive BLI, determining a cranial re-
gion as brain metastasis, thoracic region as lung metastasis and entire 
body as total tumor burden (Fig. 1b). In untreated control mice, high 
loads of 435-Lung cancer cells were found close to the site of injection as 
well as in lung and brain after 33 (mouse 5), 46 (mouse 1), 53 (mouse 2), 
75 (mice 4 and 6), and 89 (mouse 3) days (Fig. 1c). Thus, 435-Lung cells 
metastasized efficiently to the brain in addition to lung (Fig. 1c). In 
sharp contrast, proliferation of metastatic 435-Lung cells injected into 
the circulation of mice, as well as brain and lung metastasis, were 
dramatically inhibited in edelfosine-treated mice compared with control 
counterparts (Fig. 1, c and d). Edelfosine oral treatment led to a dramatic 
decrease in the total tumor burden (Fig. 1e). Further, there was 100% 
survival of tumor-bearing mice (Fig. 1f), as compared to non-treated 
mice. Brain metastases were completely suppressed in all mice of the 
drug-treated group, and lung metastases were inhibited in five out of the 
six mice used in these experiments (Fig. 1, c and d). These results were 
validated by histological staining, with no brain metastases in 
edelfosine-treated mice after processing multiple consecutive brain 
sections (Fig. 2a). Similar histological results were obtained with lung 

metastases (Fig. 2b), and only lung micrometastasis could be detected in 
one of the six edelfosine-treated mice (Fig. 2b). Edelfosine treatment did 
not induce any adverse effects on mice, as assessed by no weight loss 
(Supplementary Fig. S1), as well as by normal histological features of the 
brain, lung and liver tissue sections (Fig. 2, and Supplementary Fig. S1). 
Taken together, our BLI and histological data indicate that oral admin-
istration of edelfosine dramatically inhibits the growth of 435-Lun-
g-eGFP-CMV/Luc metastatic cells in the lungs and brain, the most 
frequent organs of melanoma distant metastases [53]. 

3.2. Concentration-response and time-course effects of edelfosine on cell 
cycle and apoptosis in 435 metastatic cancer cells 

Previous data have shown that edelfosine is able to induce apoptosis 
in the range of 10–20 μM in many different human tumor cells, 
including distinct hematological cancer cells [16,23,25,54], various 
solid-derived tumor cells [30,55], as well as pancreatic cancer stem cells 
[34]. Here, using flow cytometry assays, we found that metastatic 
435-Lung melanoma cells were rather resistant to edelfosine, as they do 
not undergo significant apoptosis with 20 μM edelfosine after even 
protracted incubation times (Fig. 3a), and only a cell cycle accumulation 
at G2/M was detected after 24 h incubation at 20 μM (Fig. 3a). 
Time-course and concentration-response analyses showed that 50 μM 
edelfosine induced a significant G2/M cell cycle accumulation after 24 h 
incubation, followed by the subsequent onset of apoptosis after 48–72 h 
incubation in 435-Lung cells (Fig. 3b). These changes were more evident 
at 75 μM edelfosine (Fig. 3b). These results showed that the G2/M cell 
cycle accumulation and subsequent apoptosis response were highly 
dependent on drug concentration and incubation time, and drug con-
centrations over 20 μM and protracted times were required to highlight 
the above changes. 

Similarly to 435-Lung cells, different 435 sublines were selected for 
their tropism to bone (435-Bone), brain (435-Brain), and liver (435- 
Liver) [41,43,45,56]. These latter cell lines underwent a cell cycle 
accumulation at G2/M and subsequent apoptosis at concentrations 
≥ 20 μM and after protracted incubations (Fig. 3c). These metastatic 
cells were found to be more sensitive than the 435-Lung cells to edel-
fosine. The sensitivity of the above different metastatic cells to undergo 
G2/M cell cycle accumulation and apoptosis ranked 435-Brain >
435-Liver > 435-Lung > 435-Bone cells (Fig. 3c). 

It might be questioned that the rather high concentration of edelfo-
sine required to elicit apoptosis in these 435 metastatic cancer cells 
(Fig. 3) could lead to a nonspecific or detergent effect on membranes. 
However, we found that the inactive edelfosine analogs 1-O-octadecyl- 
rac-glycero-3-phosphocholine (ET-18-OH) or 1-O-octadecyl-propane-
diol-3-phosphocholine (ET-18-H) [22,54,57], which were closely 
structurally related analogs by replacing the methoxy group in the sn-2 
position by an OH (ET-18-OH) or H (ET-18-H), had no effect on either 
cell cycle or cell death, even at 75 μM in the different 435 cell sublines 
(< 4% apoptosis). This indicates that the apoptotic response induced by 
edelfosine, even at the above high concentrations, was specific of its 
molecular structure and was not due to a non-specific drug effect. On the 
other hand, we have previously found that edelfosine shows a weak 
detergent activity, which could be related to its low critical micellar 
concentration [58]. 

We also found that the parental MDA-MB-435 cell line underwent 
G2/M accumulation and apoptosis upon edelfosine treatment, similarly 
to the distinct 435 metastatic sublines, but it showed a slightly higher 
sensitivity to the ether lipid (18.7 ± 1.8% apoptosis and 58.3 ± 4.7% 
cells accumulated at G2/M after 24 h incubation with 20 μM edelfosine). 
This is in agreement with previous studies carried out with the cell line 
MDA-MB-435s, showing a reduction in cancer cell proliferation and the 
accumulation of cells in the G2/M phase of the cell cycle following 
edelfosine treatment at even low micromolar concentrations of edelfo-
sine [59]. This apparently higher resistance of the metastatic sublines is 
in consonance with the notion that dormant disseminated cancer cells 
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Fig. 1. Edelfosine inhibits metastatic organ colonization. (a) Experimental design. Luciferase-expressing 435-Lung-eGFP-CMV/Luc cancer cells were injected into the 
tail vein of immunodeficient female mice on day 0. Mice were randomized into 2 cohorts (n = 6), untreated control and edelfosine-treated group. Edelfosine 
treatment started on day 5 and was orally administered for 6 consecutive days per week during 12 weeks. Control group was treated with the same volume of vehicle 
(water). Treatment finished on day 89. Mice were weighed and monitored weekly using bioluminescent imaging (BLI) and gross observation for clinical signs of 
metastatic disease. BLI images were taken at the times indicated at the top of the scheme, and mice with signs of illness were euthanized on the days indicated at the 
bottom of the scheme. All mice from the edelfosine-treated group and mouse 3 from the untreated control group were euthanized on day 89. (b) Different regions of 
interest (ROIs) were defined in the IVIS Imaging software to measure total bioluminescent signal or flux in the cranial, thoracic and total body areas. (c) BLI images 
corresponding to the endpoint for each mouse in the untreated control group (top) and edelfosine-treated group (bottom). (d) Quantification (total flux, photons per 
second, p/s) of the bioluminescent signal from brain (left) and lung (right) metastasis as measured by BLI in the untreated control group (red) and edelfosine-treated 
group (blue). (e) Time-course of tumor burden as measured by BLI in the untreated control group (red) and edelfosine-treated group (blue). (f) Kaplan-Meier curves 
of survival for untreated control group (red) and edelfosine-treated group (blue), p = 0.0435 (log-rank test). Graphs in d and e include values until day 46 of the 
experiment (untreated control group, n = 5; edelfosine-treated treated group, n = 6). Data are presented as mean (SD), *p < 0.05, **p < 0.01. 
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and micrometastases show a generalized resistance to chemotherapy 
and immunotherapy, which underpins the current difficulties in eradi-
cating cancer and remains a challenge in oncology [60,61]. 

3.3. Edelfosine inhibits cancer cell adhesion and migration properties 

Metastasis and invasive tumor growth involve a series of critical 
steps, including cell adhesion and migration along the substrate, which 
constitute important points in the control of cancer progression [2]. 
Thus, we next analyzed the action of edelfosine on these functions in 
order to elucidate the underlying basis of the potent in vivo anti-
metastatic effect of edelfosine shown above. 

First, we analyzed cell adhesion to two pivotal substrates in the 
tumor microenvironment required for the generation of secondary tu-
mors, namely collagen-I and laminin-I, which are the main components 
of the extracellular matrix and basement membrane in tissues and blood 
vessels, respectively [62]. We found that edelfosine induced a potent 
concentration-dependent inhibition of cell adhesion in 435-Lung cells 
(Fig. 4), without impairing cell viability, as assessed by the MTT cell 
proliferation assay (Supplementary Fig. S2). Edelfosine significantly 
inhibited cell adhesion, starting at low drug concentrations, such as 5 
and 10 μM, which had no effect on cell cycle or apoptosis induction 
(Fig. 3). Next, we evaluated the effect of edelfosine on cell migration. As 
shown in Fig. 5, edelfosine effectively inhibited cell migration of 
435-Lung cancer cells, as assessed by wound-healing assays (Fig. 5, a 
and b), and chemotaxis using a Boyden chamber migration assay with a 
chemoattractant (insulin + FBS) gradient (Fig. 5, c and d). While 
435-Lung cells closed the wound in 36 h, edelfosine treatment impaired 
wound closure in a concentration-dependent manner (Fig. 5, a and b) 
without affecting cell viability (Supplementary Fig. S3). 

In order to generalize the above results to additional cancer cells, we 
also used MDA-MB-231 cell line, which is a highly aggressive, invasive, 
and poorly differentiated triple-negative breast cancer cell line [63]. 
This cell line was derived from the pleural effusion of a breast cancer 
patient suffering from widespread metastasis years after removal of her 
primary tumor [64]. Similarly to what happened with 435-Lung cells, 
we found that edelfosine induced a potent concentration-dependent 
inhibition of cell adhesion in MDA-MB-231 cells (Fig. 4, a and b), 
without impairing cell viability (Supplementary Fig. S2). Furthermore, 
we also found that edelfosine effectively inhibited migration of 
MDA-MB-231 cells, as determined by wound-healing assays (Fig. 5, a 
and b), and a Boyden chamber assay using a chemoattractant (insulin +
FBS) gradient (Fig. 5, c and d). MDA-MB-231 cells closed the wound in 
16 h, and edelfosine treatment impaired wound closure in a 
concentration-dependent manner (Fig. 5, a and b). In the wound-healing 
assays with both cell types, cell proliferation was inhibited by mito-
mycin before edelfosine treatment, so the drug affected cell migration 
without affecting viability (Supplementary Fig. S3). In addition, edel-
fosine also inhibited MDA-MB-231 cell invasion (Fig. 5e), under exper-
imental conditions that did not induce apoptosis (less than 3% apoptosis 
in the same experimental conditions). Thus, these results parallel the 
435-Lung and MDA-MB-231 cancer cell migration data. 

Taken together, these results indicate that edelfosine suppresses 

cancer cell adhesion and migration, thus impairing two major metastatic 
properties of cancer cells. 

3.4. Edelfosine accumulates in lipid rafts and endoplasmic reticulum in 
metastatic cancer cells 

Because edelfosine has been shown to accumulate in lipid rafts and 
endoplasmic reticulum in distinct human tumor cells [18,23,30,31,34], 
we examined the subcellular localization of edelfosine in 435-Lung cells 
following a 3 h incubation period. The fluorescent edelfosine analog 
1-O-[11′’-(6’’-ethyl-1’’,3’’,5’’,7’’-tetramethyl-4’’,4’’-difluor-
o-4’’-bora-3a’’,4a’’-diaza-s-indacen-2’’-yl)undecyl]− 2-O-methyl--
rac-glycero-3-phosphocholine (Et-BDP-ET), previously used to identify 
the subcellular location of edelfosine [34,36,48], accumulated in the 
endoplasmic reticulum of the 435-Lung cells (Fig. 6a). Furthermore, 
[3H]edelfosine accumulated in lipid raft fractions from 435-Lung cells 
(fractions 3–5 in Fig. 6b), defined by their enrichment in flotillin, which 
is used as a lipid raft marker [51]. Interestingly, CD44, which is sug-
gested to play a major role in cell migration and metastasis [12,65], was 
mainly found in the lipid raft fractions (Fig. 6c), and its cell surface 
expression was downregulated upon edelfosine treatment (Fig. 6d). 
Altogether, these results suggest that edelfosine may target membrane 
lipid rafts, resulting in CD44 downregulation and impairment of 
metastasis-related processes. 

3.5. Edelfosine inhibits angiogenesis in human and mouse models 

Because angiogenesis is crucial for metastatic progression from 
micrometastases to macroscopic metastases [66], we next examined the 
anti-angiogenic effect of edelfosine using tube formation assays with 
human brain microvascular endothelial cells (HBMECs) and human 
umbilical vein endothelial cells (HUVECs). We found that edelfosine 
diminished the mesh number and the total tube length in both cell types 
(Fig. 7, a and b). Furthermore, edelfosine did not affect cell viability 
under the experimental conditions (12-h incubation) used for the tube 
formation assay, as assessed by the MTT cell proliferation assay (Fig. 7c). 

In addition, edelfosine also inhibited tube formation of 3B-11 mouse 
endothelial cells after 6-h incubation (Fig. 7, d and e), although at higher 
drug concentrations than in human endothelial cells (Fig. 7, a and d), 
preventing the tube formation at 50 μM drug concentration, as assessed 
by measuring the number of nodes, meshes and segments. No detri-
mental effect on cell viability was observed under the above experi-
mental conditions, as assessed by the MTT cell proliferation assay 
(>95% cell viability after incubation with 10, 20 or 50 μM edelfosine for 
the incubation time of the angiogenesis experiment, i.e., 6 h). 

These results suggest that edelfosine does not induce cell death in 
normal endothelial cells, further supporting previous studies reporting 
that this ether lipid promotes apoptosis in cancer cells while sparing 
normal cells [22,23,25]. 

4. Discussion 

The results reported here suggest a potent antimetastatic action of 

Fig. 2. Histological analysis validates BLI results. Representative HE (hematoxylin and eosin) images of brain (a) and lungs (b) in untreated control group (i, ii) and 
edelfosine-treated group (iii, iv). (a-i) Brain of control mouse. Brain parenchyma (asterisk) replaced by a mass of atypical tumor cells (arrows) with presence of 
mitotic figures (white arrows) and vessels (arrow head). HE, 10x. Scale bar, 100 µm. (a-ii) (Detail) Brain of control mouse. Tumor cells (arrows) with atypical signs, 
nuclei with different sizes, evident nucleoli and scarce eosinophilic cytoplasms, surrounded by neuronal cells (asterisk). Vessel (arrow head). HE, 20x. Scale bar, 
150 µm. (a-iii) Brain of edelfosine-treated mouse. Hippocampus of an edelfosine-treated mouse. Histological structure is preserved (asterisk) with no infiltration of 
tumor cells. HE, 10x. Scale bar, 100 µm. (a-iv) Brain of edelfosine-treated mouse. Cerebellum of an edelfosine-treated mouse. Histological structure is preserved 
(asterisk) with no infiltration of tumor cells. HE, 10x. Scale bar, 100 µm. (b-i) Lungs of a control mouse. Tumor perivascular nodules (arrows) with chronic lym-
phocitic inflammation (white arrow head) and isolated tumor cells (arrows). Preserved lung tissue with terminal bronchiole (B) and air sacs (A). HE, 10x. Scale bar, 
100 µm. (b-ii) Lungs of a control mouse. Tumor mass (arrow) with a central blood vessel (arrow head) surrounded by chronic lymphocitic inflammatory reaction 
(white arrow head) and lung tissue (L). HE 2x. Scale bar, 500 µm. (b-iii) Lungs of edelfosine-treated mouse. Preserved lung tissue (asterisk) with no infiltration of 
tumor cells. Terminal bronchiole (B). Air sacs (A). HE, 2x. Scale bar, 100 µm. (b-iv) Lungs of the only edelfosine-treated mouse (one out of six) showing micro-
metastasis. Preserved lung tissue (asterisk) with infiltration of tumor cells (arrows) confirming micrometastases. Air sacs (A). HE, 4x. Scale bar, 150 µm. 
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Fig. 3. Time-course and concentration-dependent effects of edelfosine on cell cycle and apoptosis in 435-Lung cancer cells and different organotropic MDA-MB-435 
cancer cell variants. (a) 435-Lung cancer cells were untreated or treated with 10 or 20 μM edelfosine for the indicated times, and then DNA content was analyzed by 
cell cycle analysis. The percentage of cells at the hypodiploid region (Sub-G0/G1), corresponding to apoptotic cells, and at G2/M phase (right) are indicated in each 
histogram. Data shown are representative of at least three independent experiments. (b) Metastatic 435-Lung cells were incubated for different incubation times in 
the absence (Control) or presence of different concentrations of edelfosine (Edelfosine) as indicated, and then cell cycle in propidium iodide-stained cells was analyzed 
by flow cytometry. The percentages of cells at sub-G0/G1 and at the G2/M regions are indicated in each histogram. Cell cycle profiles shown are representative of five 
experiments performed. (c) 435-Brain, 435-Lung, 435-Liver, and 435-Bone cells were incubated in the absence (Control) or presence of different concentrations of 
edelfosine (Edelfosine) for the indicated times, and the percentage of cells accumulated at G2/M and undergoing apoptosis (sub-G0/G1, hypodiploidy) were deter-
mined by flow cytometry. Data shown are means (SD) of five independent experiments. 
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edelfosine in cancer cells, which includes its inhibitory effect on cancer 
cell adhesion and migration, as well as on angiogenesis, and the accu-
mulation of metastatic cancer cells in G2/M cell cycle followed by 
apoptosis after prolonged drug incubation. Using an established in vivo 
tail vein injection model in athymic nude mice [67,68], together with a 
non-invasive BLI method to quantify tumor and metastasis burden, we 
assessed the metastatic capacity of luciferase-expressing 435-Lung can-
cer cells. Here we found that edelfosine oral treatment, used at phar-
macologically active doses [18,69], was highly effective in preventing 
metastatic spread, as no edelfosine-treated mice developed brain 

metastases and only one animal developed a lung micrometastasis. 
Furthermore, while 83% of control mice died within 90 days, 100% of 
edelfosine-treated mice survived for the duration of the study. Histo-
logical staining of paraffin-embedded tissue sections further demon-
strated the absence of brain and lung metastasis in drug-treated mice. 

According to our experimental design (Fig. 1a), we initiated edel-
fosine oral treatment (6 days/week, Monday to Saturday, once daily) 5 
days after injection of 435-Lung-eGFP-CMV/Luc cancer cells into the 
vein of immunodeficient mice, and then BLI measurements started 5 
days after drug treatment (Fig. 1a). It has been previously determined 

Fig. 4. Edelfosine inhibits cell adhesion of 435-Lung and MDA-MB-231 cancer cells. (a) Representative images of cell adhesion assays with 435-Lung (Upper panels) 
and MDA-MB-231 (Lower panels) cancer cells, following treatment with increasing concentrations of edelfosine for 6 h and then allowed to attach to collagen-I and 
laminin-I coated plates. After 40 min of incubation at 37 ◦C, cells were stained with violet crystal, and (b) Quantitative results of cell adhesion assays for 435-Lung 
(Left panel) and MDA-MB-231 (Right panel) cells were determined by absorbance at 630 nm after solubilization with SDS. Cell images were obtained under phase- 
contrast microscopy, and cells were counted with ImageJ software. Images in a panels were taken at 20x magnification; scale bar: 100 µm. At least three independent 
experiments were performed in each group. Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Fig. 5. Edelfosine inhibits cell migration in 435-Lung melanoma cells and triple-negative MDA-MB-321 breast cancer cells. (a) Representative images of a wound- 
healing assays. 435-Lung (Upper panels) and MDA-MB-231 (Lower panels) cells were grown to confluence and proliferation was inhibited by treatment with 10 μg/ml 
mitomycin before edelfosine treatments. Monolayers were scrapped with a 10 μl pipette tip and washed with culture medium to remove non-adherent cells. Then 
culture medium was added with increasing concentrations of edelfosine as indicated for 36 h (435-Lung) and 16 h (MDA-MB-231). Images were obtained under a 
phase-contrast microscopy at 0 (upper) and 36 h (lower) for 435-Lung cells and at 0 (upper) and 16 h (lower) for MDA-MB-231 cells. (b) Wound closure areas were 
measured by ImageJ software and normalized to untreated controls. (c) Representative images of Boyden chamber migration assays. 435-Lung (Upper panel) and 
MDA-MB-231 (Lower panel) cells, untreated and treated with the indicated concentrations of edelfosine, were seeded on culture inserts and allowed to migrate in a 
gradient of FBS plus insulin for 36 h (435-Lung) or 16 h (MDA-MB-231). Migrated cells were fixed with 100% methanol for 30 min. Non-migrated cells were removed 
by cotton swabs. Then, cells on the bottom surface of the membrane were stained with crystal violet for 20 min (d) Quantitative results of cell migration assays for 
435-Lung and MDA-MB-231 cells were obtained by cell counting. (e) Representative images of a Matrigel-invasion assay. MDA-MB-231 cells, untreated and treated 
with the indicated concentrations of edelfosine, were seeded on matrigel-coated culture inserts and allowed to invade and migrate in a gradient of FBS plus insulin for 
16 h. Migrated cells were quantified as above (f). Magnification, 20x; scale bar, 100 µm. Quantitative results of wound-healing, Boyden chamber and invasion assays 
are shown. At least three independent experiments were performed in each group. Data are shown as mean ± SD, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. 

Fig. 6. Subcellular localization of edelfosine in the endoplasmic reticulum and lipid rafts of 435-Lung cells, and down-regulation of raft-located CD44. (a) 435-Lung 
cells were labeled overnight at 37 ◦C for the endoplasmic reticulum (ER) in red using the Cell Light ER-RFP BacMam 2.0 reagent, and then the samples were 
incubated with 50 μM Et-BDP-ET (green fluorescence) for 3 h at 37 ◦C. Areas of colocalization between the ER and Et-BDP-ET in the merge panels are yellow. Scale 
bar, 25 µm. The data are representative of five independent experiments. (b) 435-Lung cells treated with 50 μM [3H]edelfosine for 15 h were lysed in 1% Triton and 
fractionated by centrifugation on a discontinuous sucrose density gradient for lipid raft isolation as described in the Methods section. An equal volume of each 
collected fraction was subjected to SDS-PAGE and counted for radioactivity. The distribution patterns of [3H]edelfosine (upper panel) and flotillin-enriched rafts 
(fractions 3–6) (lower panel) over the gradient fractions are shown. Data are representative of five separate experiments. (c) Untreated control 435-Lung cells were 
lysed in 1% Triton and fractionated by centrifugation on a discontinuous sucrose density gradient for lipid raft isolation as described in the Methods section. An equal 
volume of each collected fraction was subjected to SDS-PAGE, and the distribution of flotillin-containing rafts (fractions 3–5) and CD44 (fractions 3 and 4) over the 
gradient fractions is shown. Data are representative of five separate experiments. (d) Cell surface expression of CD44 in 435-Lung cells after edelfosine treatment. 
435-Lung cells were incubated for 2 days in the absence (Control) or in the presence of 50 µM edelfosine (Edelfosine). Then, CD44 cell surface expression was analyzed 
by flow cytometry, and relative mean fluorescence intensity (rMFI) values were estimated using P3×63 myeloma supernatant and an isotype-matched fluorescein 
isothiocyanate-conjugate nonrelevant IgG monoclonal antibody as negative controls. Cell surface expression (rMFI) of CD44 in untreated control cells was considered 
as 100. Data shown are means ± SD (n = 5). Asterisks denote significant differences with the control group (**, p < 0.01). Original uncropped gels of the Western 
blot results displayed here are shown in Supplementary Fig. S4. 
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that the effective edelfosine concentration in plasma was reached after 
approximately 5–6 days of daily oral treatment [69]. Because multiple 
oral administrations of edelfosine were required to reach a clinically 
relevant drug plasma concentration, metastatic cells had a period of 
approximately 10 days to infiltrate and start the process of organ colo-
nization. It is not known precisely how long cancer cells linger in the 
circulation, but it has been estimated that their dwell time in the 

bloodstream is rather brief, ranging from minutes to hours, before 
extravasating into the new tissue [70]. On these grounds, it might be 
assumed that, in our study, metastatic cells could have reached the 
target organs as micrometastases or dormant cells before edelfosine 
action. Thus, edelfosine was likely affecting cancer cells in the early 
colonization phase. Disseminated cancer cells must overcome many 
obstacles and survive at the new distant tissue as latent tumor-initiating 

Fig. 7. Edelfosine inhibits angiogenesis in human and mouse models. (a) Tube formation assay was performed in HBMEC and HUVEC cells to measure angiogenesis 
in vitro. 2 × 104 cells were seeded in Matrigel-coated 96-well plates, and were untreated or treated with increasing concentrations of edelfosine for 12 h. Tube 
formation was analyzed using BD Pathway 855 Bioimager (4x). (b) Quantification of meshes number and tube total length in HBMEC and HUVEC cells were analyzed 
using Attovision V 1.7 BD software. Three independent experiments were performed in each group. Data are presented as mean ± SD. * p < 0.05, ***p < 0.001, **** 
p < 0.0001. (c) Metabolically cell viability of HBMEC and HUVEC cells was measured by MTT assay. (d) 3B-11 mouse endothelial cells were serum-starved overnight 
in DMEM with 0.2% FBS, 1% PenStrep, and 1% GlutaMAX, then stained with 2 µg/ml calcein AM for 30 min. 1.8 × 105 cells/well were plated onto basement 
membrane extract (BME) and exposed to 0 µM, 10 µM, 20 µM, and 50 µM edelfosine in conditioned media. The plates were incubated for 6 h under regular culture 
conditions and imaged using an Olympus SZX16 dissection scope. (e) The tube network was quantified (nodes, meshes, and segments) using ImageJ software as 
described in the Methods section. Data shown are means ± SD (n = 5). Asterisks denote significant differences with the control group (*, p < 0.05; ****p < 0.0001). 
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seeds, which eventually break out to replace the host tissue [4]. Lipid 
rafts play an important role in many survival pathways in cancer cells 
[12], and the impairment of these signaling routes could have an impact 
on their capacity to survive and proliferate in the new microenviron-
ment. Edelfosine has been shown to target lipid rafts on cancer cells, 
leading to their own cell demise, and this lipid raft-targeted ether lipid is 
effective in causing tumor cell death in both in vitro and in vivo models 
[17,18,29]. Here, we found that edelfosine accumulated in lipid rafts in 
metastatic cells, raising the possibility that the lipid raft-mediated action 
of edelfosine against cancer cells might affect metastatic cell dissemi-
nation and survival after organ colonization. 

The 435-Lung cell line is a variant of the MDA-MB-435 cell line that 
has been previously used for metastatic studies [44]. MDA-MB-435 cell 
line, originally derived from pleural effusion of a female breast cancer 
patient in 1976 at MD Anderson, Houston, TX, USA, has mistakenly been 
used as a model for human breast cancer for a long time [71]. However, 
despite controversy [72], a number of molecular studies, including gene 
expression, SNP arrays, miRNA expression, and CpG island promoter 
hypermethylation, have determined that the MDA-MB-435 cells are of 
melanoma origin [71,73]. Malignant melanoma is one of the most 
aggressive cancers and can disseminate and metastasize to multiple 
sites, including the lung (18–36%), brain (12–20%), liver (14–20%), and 
bone (11–17%) [74]. Brain metastases from different cancer types, such 
as melanoma, breast cancer, and lung cancer, are approximately ten 
times more prevalent than primary central nervous system tumors in 
adults, and often herald advanced cancer stages due to limited effective 
treatments [75]. Chemotherapeutic delivery to brain neoplasms is 
hampered by the presence of the blood-brain barrier (BBB), formed by 
specialized brain microvascular endothelial cells and surrounded by 
other cells of the neurovascular unit, including astrocytes, pericytes, and 
neurons. The inability for some drugs to cross the BBB is one of the main 
barriers to the effective treatment of brain metastasis [76]. Interestingly, 
the results herein reported, showing that edelfosine completely inhibits 
brain colonization by cancer cells, are especially relevant because there 
is a lack of effective treatments for brain metastases and prognosis is 
very poor. Previous biodistribution studies using orally administered 
free edelfosine revealed that the drug was widely scattered in many 
organs, but only a small amount was found in the brain [69]. However, 
the integrity of the BBB is altered in both primary and metastatic brain 
tumors, becoming more permeable [77]. In our experimental model, 
cancer cells were expected to be localized to a novel metastatic coloni-
zation site, such as brain, by the time mice started to be orally treated 
with edelfosine. Thus, our results suggest that edelfosine could cross the 
BBB and block tumor proliferation. In addition, because edelfosine has 
been shown, both in vitro and in vivo, to accumulate in the tumor tissue 
and induce apoptosis selectively in tumor cells [17,18,22,23,29,31], it is 
tempting to envisage that the ether lipid edelfosine could accrue in the 
novel and distant metastatic colonization site, and once there, after 
reaching a threshold concentration, it would induce cancer cell 
apoptosis. On the other hand, it is worth noting that oral administration 
of edelfosine in lipid nanoparticles [78] increases its accumulation in 
brain [79]. Taken together, these data suggest that edelfosine could be a 
promising drug for the prevention and treatment of brain metastasis. 

In addition, we have found here that edelfosine inhibited cancer cell 
adhesion to collagen-I and laminin-I coated plates, as well as cell 
migration of cancer cells. Importantly, edelfosine accumulates in lipid 
rafts and endoplasmic reticulum of metastatic 435-Lung cells, in 
agreement with previous reports using distinct tumor cells [18,23,25,30, 
31,34,37] and yeast [36], leading to lipid raft reorganization [20,23,25, 
31,36,80]. Because the endoplasmic reticulum interacts with the mito-
chondria through cholesterol-rich platforms named as 
mitochondria-associated membranes (MAMs), we have recently envis-
aged that edelfosine could target these raft-mediated mem-
brane–endoplasmic reticulum–mitochondria networks that could 
modulate cell fate [37]. In this regard, it is interesting to note that 
edelfosine has also been located in mitochondria in cancer cells [48] and 

Leishmania parasites [81], and lipid rafts have also been involved in this 
subcellular location [81]. Although the data reported here and in pre-
vious studies [18,31] show a certain percentage of edelfosine in other 
non-raft fractions, most of the ether lipid accumulates in the lipid raft 
membrane domains. In this context, it is worth keeping in mind that 
biophysical approaches have shown that edelfosine has a high affinity 
for cholesterol and alters liquid-ordered membrane structures [82]. 
Interestingly, studies in S. cerevisiae yeast cells have shown that edel-
fosine was mainly located in non-raft fractions at very early incubation 
times, but it accumulated in rafts at longer incubation times [36], 
leading to a selective modification of lipid raft composition [36,83,84]. 

The ether lipid edelfosine has been reported to abrogate neutrophil 
adhesion to the endothelium through L-selectin shedding [28], and to 
downregulate cell surface expression of CD43 and CD44 adhesion mol-
ecules in human peripheral blood neutrophils [28]. Interestingly, 
L-selectin [85] as well as CD44 [86] have been found to be located in 
lipid rafts. Here, we found that CD44, which has been involved in 
metastasis [12,65], is present in the lipid raft fraction of resting 
435-Lung cells and is downregulated upon edelfosine treatment. Since 
edelfosine accumulates in lipid rafts, it is possible that lipid raft reor-
ganization induced by edelfosine could underlie most of its effects on 
cell adhesion and migration. Therefore, the inhibitory effect of edelfo-
sine on cancer cell adhesion and migration could account for its efficient 
antimetastatic action, which, in turn, might be related to its targeting to 
lipid rafts. In addition, edelfosine and its lactose-based ether lipid analog 
named ohmline have also been found to block the potassium channel 
SK3, leading to a decrease in tumor cell migration [59,87]. The activity 
of the SK3 channel, abnormally expressed in melanoma and breast 
tumor cells [88,89], is dependent on its lipid raft location [90], and the 
SK3 channel has shown to be a target for edelfosine [59]. Thus, it has 
been postulated that lipid raft reorganization by edelfosine or ohmline 
might move the SK3 channel away from lipid rafts inhibiting its activity 
as well as cell migration and metastasis [91]. 

Edelfosine also inhibited tube formation of human umbilical vein 
endothelial cells (HUVECs), human brain microvascular endothelial 
cells (HBMECs), and 3B-11 mouse endothelial cells, without affecting 
their cell viability, thus strongly suggesting that this ether lipid inhibits 
angiogenesis. This agrees with previous reports showing an anti-
angiogenic effect of edelfosine by using a human microvascular endo-
thelial cell line (HMEC-1) [92], and the inability to mount a corneal 
neovascular response to a pellet releasing the angiogenic basic fibro-
blastic growth factor in edelfosine-treated rats [93]. Edelfosine required 
rather high concentrations to inhibit angiogenesis. We have previously 
found in pharmacokinetic and biodistribution studies that the plasma 
concentration of edelfosine in drug-treated mice ranges between 10 and 
23 μM [18,29,69], but edelfosine was remarkably concentrated in the 
tumor after a daily oral administration dose of 30 mg/kg edelfosine in 
tumor-bearing mice for several weeks, reaching over 16-fold higher drug 
concentration in the tumor as compared to the plasma level [18,29]. 
This indicates a preferential tumor location for this ether lipid, in 
agreement with the selective edelfosine uptake in tumor cells [22,54,94, 
95]. Thus, due to the edelfosine accumulation in the tumor, a high 
concentration of edelfosine can be reached at the tumor site and possibly 
adjacent areas, inhibiting angiogenesis and eventually inducing cancer 
cell death. This in vivo and in vitro selectivity of edelfosine for malignant 
cells, sparing normal cells, could explain the herein reported lack of 
weight loss and the absence of any histologically adverse effect in mice 
after drug treatment, in agreement with the apparent lack of toxicity of 
this ether lipid in different in vivo settings following organ examination 
at necropsy [18,29,30,33,35]. Furthermore, the amphiphilic molecule 
edelfosine inserts readily into lipid monolayers and bilayers but displays 
a low detergent activity [58], and its pro-apoptotic activity is highly 
dependent on its molecular structure [22,57]. In this regard, closely 
structurally related inactive analogs did not induce cell death even at 
concentrations of 50 and 75 μM. 

Fig. 8 summarizes the results herein reported and depicts the 
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manifold effects of oral administration of edelfosine on various pro-
cesses involved in metastatic organ colonization. Taken into account the 
timing and drug concentrations required to show those diverse effects, it 
is plausible to propose that edelfosine affects different metastasis-related 
processes in a dose- and time-dependent manner, eventually leading to 
the demise of cancer cells (Fig. 8). 

An outstanding feature of at least some APLs, including edelfosine, 
lie in their selectivity for tumor cells [18,22,25,29,96,97]. The ether 
lipid edelfosine is selectively taken up by different tumor cells, which 
subsequently undergo apoptosis, while normal untransformed cells do 
not incorporate significant drug amounts and are spared [22,23,25,31, 
54]. The underlying mechanism for this selective uptake remains to be 
elucidated, but several items seem to be involved in APL uptake, such as: 
an intact cholesterol-rich lipid raft organization [18,29]; the expression 
of LEM3, AGP2, and DOC1 in yeast [36]; the transmembrane protein 
30A (TMEM30A; a.k.a. CDC50A) [98], which enables phospholipid 
flippase activity. On the other hand, it is worth noting that naturally 
occurring phospholipid ethers selectively accumulate in human cancers 
compared to normal cells [99]. This selectivity for different tumor cells, 
without affecting normal cells, suggests that APLs could act as promising 
antitumor drugs with wide-range tumor theranostic (diagnostic and 
therapeutic) abilities. They can be used for direct tumor imaging and 
therapy as well as a cancer drug delivery vehicle with broad-spectrum 
applicability, as compared to more narrowly targeted delivery mecha-
nisms. In addition, APLs do not interact with DNA while inducing 
apoptosis, further minimizing damage to normal cells [91,94–96]. 

Edelfosine has been shown to be effective against primary tumor 
cells derived from hematological cancer patients and solid tumor pa-
tients [18,22,25,29,34]. Moreover, the rather unique mechanism of 
action of edelfosine makes it well suited for combination therapy regi-
mens [33–35,100]. Edelfosine as well as other APLs have also been re-
ported to enhance the cytotoxic effect of radiation in preclinical models, 
making these compounds attractive candidates as clinical radio-
sensitizers in cancer radiotherapy [101,102]. Furthermore, the use of 
edelfosine-loaded solid lipid nanoparticles also potentiates the in vivo 
antitumor action of the ether lipid [79,103]. 

Edelfosine is not toxic to normal cells at concentrations that kill a 
broad range of tumor cells, and it can be orally given over a long period 

safely in animal tests. It has no significant toxicity or systemic side ef-
fects, no bone marrow toxicity, no mutagenic or cytogenetic effects, and 
the main side effect being gastrointestinal irritation is manageable [28, 
94]. The results reported here indicate that the ether lipid edelfosine 
displays potent activity against metastatic colonization and angiogen-
esis, two major and clinically relevant features of tumor malignancy. 
These results warrant further research to explore the underlying mech-
anisms involved in the effect of this APL to block and prevent metastasis. 
Thus, edelfosine could be a strong candidate for improving the land-
scape of cancer therapy, both for the selective killing of tumor cells and 
for the prevention of cancer metastasis to various organs. Because of its 
broad-spectrum applicability in different tumors, it represents an 
improvement over other more narrowly targeted therapies. In addition, 
our results further suggest that lipid rafts could represent a vulnerability 
in tumor cells that can be exploited for targeted cancer therapy. 
Importantly, because edelfosine was the first lipid raft-targeted anti-
tumor drug, this ether lipid could be used as a probe to further analyze 
the involvement and role of lipid raft-mediated processes in metastasis 
and tumor development. 

5. Conclusions 

This study shows that edelfosine oral administration prevents brain 
and lung colonization of cancer cells. Edelfosine also inhibits different 
steps involved in metastasis, including cancer cell adhesion and migra-
tion as well as cancer cell invasion. Edelfosine accumulates in lipid rafts, 
and prevents metastatic organ colonization and angiogenesis, two major 
and relevant hallmarks of tumor malignancy. Thus, these data provide a 
preclinical rationale to further evaluate this orally administered raft- 
targeted drug edelfosine as a promising antitumor agent, and might 
support the involvement of lipid rafts in cancer metastasis. 
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Fig. 8. Schematic model for the suppression of metastatic organ colonization 
by edelfosine in cancer. This is a schematic diagram designed to portray one 
plausible mechanism for how edelfosine inhibits cancer metastasis. Edelfosine 
is incorporated into the tumor cell and accumulates in membrane rafts and the 
endoplasmic reticulum, inhibiting cancer cell adhesion and migration, meta-
static organ colonization and angiogenesis in a concentration- and time- 
dependent manner. At high drug concentrations, which can be achieved at 
the tumor site, G2/M accumulation of cancer cells and subsequent cell death 
may occur. See text for details. 
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