
Abstract. Background/Αim: Phosphaplatin platinum (IV)
(RRD4) complex has exceptional antitumor properties. The
aim of this study was to investigate the effects and the
mechanism of action of free and liposome-encapsulated RRD4
in breast cancer. Materials and Methods: Liposome-
encapsulated RRD4 prepared by thin-film dehydration:
hydration and free RRD4 were tested in vivo and in vitro
against 4T1 breast cancer cells. Cell proliferation, migration
and viability were determined. Tissue and cell production and
expression of pigment epithelium-derived factor (PEDF) were
assessed by ELISA and western blot. 4T1 cells treated with
PEDF siRNA were evaluated for viability and apoptosis.
Results: RRD4 inhibited tumor growth and prevented distant
metastasis. Liposome formulation enhanced this therapeutic
benefit without increasing toxicity and prolonged RRD4
retention in tumor tissues. In vitro, RRD4 induced 4T1
apoptosis through up-regulation of FAS, BAX, and PUMA, and
down-regulation of BCL2. RRD4 facilitates a FAS-intrinsic
signaling mechanism. PEDF up-regulation represents another
antitumor mechanism associated with this phosphaplatin
compound. Discussion: Free RRD4 or formulated into
liposomes, are excellent candidates for adjuvant therapy
against breast tumor growth and metastasis.

Breast cancer is one of the most common malignancies among
women worldwide (1). Breast cancer metastasis occurs when

cancer cells separate from the primary tumor mass and enter
blood vessels or the lymphatic system. These traveling cells
subsist within the circulation by attaching to the endothelium of
distant organs, crossing the endothelial barrier, and establishing
new tumor colonies, which are the main cause of death (2).
Indeed, according to the National Cancer Institute, while 5-year
survival rate for patients diagnosed with localized breast cancer
is 98.5%, it drops to a 25% for patients with distant overt
metastases. Since it is not always possible to accurately forecast
the risk of metastasis development in individual patients with
breast cancer, the majority of patients (more than 80%) will
receive adjuvant chemotherapy (1). Unfortunately, many of
these patients will endure the toxic side-effects of chemotherapy
unnecessarily, because local treatment alone such as surgery and
radiotherapy would have been insufficient. Therefore, it is
imperative to find treatment modalities with lower toxicities to
treat metastatic breast cancer. 

Our laboratory has developed a class of monomeric non-
DNA binding platinum complexes, namely phosphaplatins that
include platinum complexes ligated by diaminocyclohexane
(dach) and pyrophosphate ligands. The (1R,2R
diaminocyclohexane) (dihydropyrophosphato) platinum(II)
(RRD2) and (1R,2R-diaminocyclohexane) (dihydropyro-
phosphato)(trans-dihydroxo)platinum(IV) (RRD4) (Figure 1)
stereoisomers. These isomers have shown exceptional anti-
tumor activities against a variety of cancers (3, 4). The
remarkable physicochemical properties of phosphaplatins
include high aqueous solubility, robust stability at or near
neutral pH, and lack of aquation during a period of a week.
Also, phosphaplatins are bound to a pyrophosphate ligand,
which is abundant in the human body, and is a substrate or
product of many enzymatic reactions. Among those reactions,
our laboratory has found that RRD2 isomer reacts with
cysteine in a consecutive 2-step process to deligate the
pyrophosphate moiety from the platinum with a second order
rate constant, 4.3×10–33M–1S–1 for the first step of the reaction,
which is slower than that of the analogous platinum-based
cisplatin response with cysteine (4, 5). Thus, the lack of
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aquation and phosphate hydrolysis of phosphaplatins, together
with the second-order reaction of this complex with cysteine,
might have significant implications in exhibiting reduced
toxicities versus other platinum compounds (4). Furthermore,
previous work from our laboratory showed that there were no
platinum-DNA adducts, no nucleotide excision repair,
homologous recombination repair, or post-replication repair in
cancer cells treated with phosphaplatins (6). Instead,
phosphaplatins promoted overexpression of the death receptor
FAS and sphingomyelinase proteins, implying protein targeting
and stimulation of an extrinsic apoptotic signaling mechanism.
Collectively, these properties make phosphaplatins potentially
better candidates as chemotherapeutic agents than other
platinum compounds as adjuvant- and mono-therapy for breast
cancer and metastatic diseases.

Interestingly, our laboratory has recently shown that RRD2
isomer significantly stimulates the expression of pigment
epithelium-derived factor (PEDF) in various tumor cells (7).
PEDF is a secreted glycoprotein (8) and a member of the
serpin (serine protease inhibitors) superfamily of proteins,
which is commonly expressed in normal tissues (9), and
occasionally in tumorous tissues (10-11). PEDF has also been
considered to possess an anti-metastatic activity (12). In vivo
studies demonstrate that PEDF has the highest impact on
metastases in mice bearing osteosarcoma, with a 70%

reduction in the development of pulmonary metastases and a
40% decrease in primary tumor size when compared to
untreated controls (13). In humans, the expression of PEDF
was found to be inversely related to the metastatic potential
and tumor grade of prostate adenocarcinoma (14), pancreatic
adenocarcinoma (15), and glioblastoma (16). These findings
led us to hypothesize that phosphaplatin-mediated PEDF up-
regulation may contribute to the inhibition of breast cancer
and subsequent metastasis to other organs. We tested our
hypothesis using tumors established from the 4T1 murine
mammary epithelial carcinoma cell line, which is a well-
established and reliable metastatic breast cancer model.
Orthotopically established 4T1 tumors in the syngeneic Balb/c
mice are readily metastasized to different organs, such as the
lungs and liver (17). More importantly, the metastatic pattern
of the 4T1 tumor model closely mimics that of human breast
cancer (13). We evaluated the ability of phosphaplatins to
reduce regional tumor growth and metastasis. We specifically
selected the RRD4 compound, since it exhibits extremely low
in vitro cytotoxic activity, with IC50 values as low 0.2 μM
when tested on a panel of human cancer cells (6). The
compound was given either as the free form or encapsulated
in liposomes (LD). The molecular mechanism underlying the
effects of RRD4 on breast cancer and metastasis were also
investigated by knocking down PEDF expression in 4T1 cells.

Materials and Methods

Drug preparation, and production of empty and encapsulated
liposomes. The (1R,2R-diaminocyclohexane)(dihydropyrophosphato)
(trans-dihydroxo)platinum(IV) (RRD4) (name abbreviations describe
the R,R enantiomer of the diaminocyclohexane ligand D and the
subsequent number specifies the oxidation state of the platinum
center) was prepared by methods described previously (18). The
purity of this compounds was 99% by HPLC and NMR spectroscopy.
All platinum-based reagents were purchased from Sigma-Aldrich,
Missouri, USA.

RRD4 encapsulated in liposomes (LD) or liposomes without
RRD4 (liposomes; EL) were prepared by thin-film dehydration:
hydration method. This method consisted of dissolving and mixing
(1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC):phosphati-
dylcoline (PC): Cholesterol:1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine-N-(4-(p-aleimidophenyl) butyramide (MPB PE)) (Avanti
Lipids Inc., Alabama, USA) at 10:2:2:1 w/w ratio to yield a total
weight of 20 mg/ml. Once the lipids were thoroughly mixed, the
organic solvents were removed to produce a dehydrated lipid film.
The lipid film was placed in an appropriate round bottom flask and
dissolved into (1:1) chloroform: methanol solution. The round bottom
flask containing the lipid solution was attached to a BUCHI R200
rotary evaporator and set to a speed of 40 rpm immersed into a 60˚C
water bath for 2 h. After the 2 h, the flask was removed from the
water bath and maintained at 40 rpm under vacuum overnight to
remove all residual organic solvent. The lipid film was hydrated by
the addition of 3 ml phosphate buffered saline (PBS) with or without
RRD4 to the flask, followed by incubation for 1 hour at 60˚C at a
speed of 40 rpm. Once the lipid film was hydrated, the resulting
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Figure 1. Structural formulas of Pt(II) phosphaplatin (RRD2) and Pt(IV)
phosphaplatin (RRD4).



dispersion was extruded through a series of polycarbonate filter via
pressurized nitrogen gas. The LD and EL were placed in PBS at 4˚C
for further use. LD and EL platinum contents were determined by
atomic absorption spectroscopy (AAS) (Perkin Elmer, Massachusetts,
USA) according to the manufacturer’s instructions as described
below. The data were collected from two independent experiments,
and each measurement was carried out in triplicate. The efficiency of
the encapsulation (EE) was calculated using the formula:

EE%=Amount of drug in the liposomal fraction (μg)/Amount of drug
in the total fraction (μg) ×100 (19).

Cell culture. The 4T1 mammary tumor cell line was kindly provided
by Dr. Fred Miller (Cancer Foundation, Michigan, USA). These cells
were maintained in vitro in a medium containing RPMI 1640 medium
(Invitrogen, Life Technologies Inc., New York, NY, USA)
supplemented with 10% heat- inactivated fetal bovine serum (HI
FBS; Invitrogen) and 100 IU/ml of penicillin and 100 μg/ml of
streptomycin (PS) (Invitrogen). Non-tumorigenic human mammary
epithelial cells (MCF-10 catalogue no: ATCC CRL-10317™) were
cultured in DMEM/Ham's F-12 (GIBCO-Invitrogen, New York, NY,
USA) supplemented with 100 ng/ml cholera toxin, 20 ng/ml
epidermal growth factor (EGF), 0.01 mg/ml insulin, 500 ng/ml
hydrocortisone, 5% chelex-treated horse serum, and PS. The growth
factors were purchased from Sigma Aldrich, Missouri, USA. At 80%
confluency, cells were detached from the flasks using a trypsin-EDTA
mixture (Invitrogen) and were either sub-cultured or used for in vivo
(4T1 cells) or in vitro (4T1 and MCF-10 cells) investigations.

Cell proliferation. Since proliferation is a hallmark of cancer (20), we
assessed the growth of 4T1 cells seeded in each well of 96-well plates
(Sarstedt, NC, USA) without or with final free RRD4 with doses of (25,
50, or 100 μM) after 12, 24 and 48 h, or with final LD doses of (5 or
25 μM) after 12 h. The equivalent volume of EL corresponding to each
LD concentration was also included. The total number of cells was
calculated for control and treatments for each day using FluoReporter®
Blue Fluorometric dsDNA Quantitation (Clonetech, CA, USA), and Ki-
67 antibody (Cell Signaling Tech., MA, USA) immunostaining. 

The FluoReporter® Blue Fluorometric dsDNA is a quantitation assay
that determines the number of cells by blue-fluorescent Hoechst 33258
nucleic acid stain. In this method, wells containing 4T1 cells treated
with free RRD4, LD, EL, or PBS were emptied at the desired endpoint
and stored at -80˚C. Once the 4T1 cells from the different groups were
ready to scan, the plates were first incubated in 100 μl sterile Millipore
water for 1 hour at 37˚C after which the plates were placed at –80˚C
until frozen, then thawed at room temperature. Following the addition
of 100 μl of aqueous Hoechst 33258 in TNE buffer (10 mM Tris, 2 M
NaCl, 1 mM EDTA, pH 7.4, containing 2 mM sodium azide),
fluorescence was measured at excitation and emission filters centered
at 360 nm and 460 nm, respectively, using a microplate reader (Bio-
TeK Instruments, Synergy HT, Winooski, VT, USA). A standard curve
was generated using incremental numbers of untreated 4T1 cells. The
level of proliferation inhibition in the platinum-treated vs. PBS-treated
samples was expressed as a relative proliferation fraction of the control. 

Migration assay. Scratch or wound healing assays are used as a
measurement of 2-dimensional cell migration into a wound (cell- free
area) that is created by a central linear scratch across the surface of a
tissue culture well containing a confluent monolayer of cells (21, 22).
Twelve well plates were seeded with 4T1 cells (1×106) per well and
allowed to grow to 90% confluency before a wound of approximately

650 μm wide was generated in each well by scratching the plate
surface using a sterile 1 ml pipette tip. The remaining cells were
washed thrice with PBS to remove cell debris. To avoid cell turnover
influencing the rate of wound closure, cells were serum starved
overnight prior to wounding, and post-scratch media was
supplemented with or without free RRD4 at a final dose of 25, 50 or
100 μM, or with LD at a final dose of 25 μM for 20 h at 37˚C and
under a 5% CO2 atmosphere. A 20-hour migration time was chosen
because preliminary studies showed that untreated 4T1 exhibited an
almost complete wound healing during this period. The wound repair
process was recorded using a digital inverted microscope (Fisher
Scientific, MA, USA) at 5× magnification. The level of migration was
quantified using the ImageJ 1.48v program by manually defining the
spaces within the wound that were not covered with cells (23-24). At
least three independent experiments were performed. The percent
migration inhibition was expressed as the percentage of wound
closure in the platinum-treated vs. PBS plates after 20 h.

Cell viability. To measure RRD4 cytotoxicity, 4T1 or MCF-10 cells
(2.5×105) per well were seeded in 6-well plates for 24 h prior to being
exposed continuously to final doses of 25, 50 or 100 μM of free
RRD4, or an equivalent volume of EL or PBS for an additional 12,
24 or 48 h (4T1 cells), and for 48 h (MCF-10 cells). In another set of
experiments, 4T1 and MCF-10 cells (2.5×105) were treated with final
doses of LD (5, 10, 25, 50, or 100 μM), or an equivalent volume of
either EL or PBS for 12, 24 and 48 h. Cell viability was obtained by
measuring the relative levels of intracellular ATP, a biomarker for live
cells, using a CellTiter-Glo™ kit (Promega, Fitchburg, WI, USA)
according to the manufacturer’s instructions. Briefly, at the indicated
times, control and experimental cells were mixed with the CellTiter-
Glo™ reagent and incubated for 10 minutes at room temperature;
luminescence intensity corresponding to the ATP levels in cells was
measured using an automated plate reader (Bio-TeK Instruments) at
460 nm. The spectrophotometric values of the treated cultures were
normalized to the mean spectrophotometric value of the cells that
were treated with PBS, with the latter used as a control to generate
relative viability fractions for each treatment group. 

Activated caspase-3 Enzyme-Linked Immunosorbent (ELISA). The
amount of activated caspase-3 produced by 4T1 cell lysates and
supernatants was measured using an ELISA kit (Aviva Biosystems,
CA, USA). After a 24-hour incubation with final doses of free RRD4
(50 μM), LD (5, 25 μM), EL (using equivalent volumes of LD), or
PBS, cell lysates and supernatants were obtained for measurements
of activated caspase-3 according to the manufacturer’s instructions.
One hundred microliters of each standard and sample lysate diluted
to the appropriate concentration were incubated at 37˚C in a 96-well
plate. After 2 h, each well was washed at least four times using wash
buffer before adding 100 μl diluted biotinylated antibody and
incubated at 37˚C for 1 hour. Then, 100 μl diluted streptavidin-
peroxidase conjugate was added to each well and incubated at 37˚C
for an extra 1 h. The activation of caspase-3 was measured
spectrophotometrically at a wavelength of 450 nm within 15 min. The
concentration of activated caspase-3 was determined by comparing
the optical density (OD) of drug-treated samples to the standard
curve, and values obtained for lysates and supernatants were
normalized to matched-total protein concentrations. 

Immunodetection of cell proliferation and cell death. Cell proliferation
was quantified using Ki-67 immunostaining. Ki-67 is absent in the
resting phase of cell growth, making it a good cell proliferation marker.
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The 4T1 cells (2.5×105) per well cultured on cover slips in 6-well plates
were treated with final doses of free RRD4 (25, 50, 100 μM), LD (5,
25 μM), EL (using equivalent volumes to LD), or PBS for 12, 24 or
48 h. In another set of experiments, MCF-10 cells (2.5×105 per well)
cultured on cover slips in 6-well plates were treated with final doses of
free RRD4 (50 μM), LD (5, 25 μM), EL (using equivalent volumes of
either LD) or PBS for 24 h. At the indicated times, the cells were
subjected to permeabilization as described previously (25). Nonspecific
binding was blocked by incubating the sections with a solution
containing 5% normal goat serum. The sections were incubated with a
Ki-67 rabbit polyclonal antibody (1:100, Cell Signaling Tech., Danvers,
MA, USA) followed by horseradish peroxidase- (HRP) conjugated
anti-rabbit secondary antibody (1:200; Vector Laboratories, Burlingame,
CA, USA) for 1 h. Colorimetric detection was done using
diaminobenzidine (DAB) as the chromogen and hydrogen peroxide as
a substrate for horseradish peroxidase (Vector Laboratories). The
sections were counterstained with Harris Hematoxylin (Sigma) and
observed with bright field microscopy. 

To complement the cell viability CellTiter-Glo™ test, we performed
immunostaining of activated caspase-3, a marker for apoptotic cell
death. Cells were cultured in the same conditions as for the
proliferation assay. After permeabilization, nonspecific binding was
blocked. The blocked sections were incubated with a non-immune
serum or with a rabbit polyclonal anti-activated caspase-3 (1:100, Cell
Signaling Tech.) overnight at 4˚C, followed by three washes of 10
minutes in PBS and the addition of HRP conjugated anti-rabbit
secondary antibody (1:200; Vector Laboratories) for 1 h. This was
followed by colorimetric detection and bright field observations. 

DAB immunostained Ki-67 and activated caspase-3 were observed
using an Olympus BX51 microscope, and an Olympus DP73 camera
(Olympus Imaging America Inc., PA, USA). The percentage of Ki-
67-positive cells was calculated by counting five random fields per
preparation (25) using the National Institute of Health (NIH) open-
source ImageJ software (http://rsb.info.nih.gov/ij/). The ImageJ cell
analysis counter can divide cells into different types according to their
level of staining, and this was used to discriminate Ki-67-positive
cells from unstained cells. The proliferation index was expressed as
Ki-67 positive cells/total number of cells ×100. The final results were
expressed as the cell proliferation fraction relative to the control.

Microscopic examination of immunofluorescently stained cells.
Immunofluorescent staining of PEDF protein was performed on 4T1
or MCF-10 cells (2.5×105 per well) cultured on glass coverslips. The
4T1 cells were treated with free RRD4 (25, 50, 100 μM) for 12 h, and
with LD (5, 25 μM), EL (using equivalent volume of LD), or PBS for
24 h. MCF-10 cells were incubated with free RRD4 (50 μM), LD (5,
25 μM), EL (using equivalent volume of LD) or PBS for 24 h. The
cells were post-fixed in 4% (w/v) paraformaldehyde (PFA) in 0.01 M
PBS (pH 7.4) for 5 min. Following extensive washes in PBS,
endogenous peroxidases were quenched using 0.3% hydrogen peroxide
in methanol for 10 mins. Following cell permeabilization in 0.1%
Triton-X100 and 0.1% sodium citrate buffer (pH 6.0) on ice, cells were
incubated in anti-rabbit polyclonal PEDF antibody (1:200, Santa Cruz
Biotech., Santa Cruz, CA, USA) overnight 4˚C, followed by washes
with PBS and the addition of Alexa Fluor® 546-conjugated anti-rabbit
(1:200; Invitrogen) for 1 hour at room temperature. Cell nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI)
(Invitrogen). PEDF fluorescent staining was detected using an Olympus
confocal laser-scanning fluorescence microscope (Laser Scanning
Confocal Imaging System Bio-Rad MRC 1024, Hercules, CA, USA).

SDS-PAGE and Western blot analysis. Liver, lung, and tumor tissues
from the groups of mice described earlier, were sonicated in tissue
protein extraction buffer T-PER (Pierce, MA, USA), whereas the 4T1
cell samples were lysed using RIPA buffer (Piece, Cambridge, MA,
USA). Total protein concentration was then measured using a BCA
assay kit (Pierce). For each sample, 30 μg of protein were separated on
a 12% polyacrylamide gel (Invitrogen Corp.). The separated proteins
were transferred electrophoretically to Immobilon-P membranes
(BioRad). Membranes were blocked for 1 h in a 5% milk buffer before
overnight incubation with the first antibody described in Table I
overnight at 4˚C followed by three 10-minute washes in PBS-Tween
20 (PBS-T). This was followed by incubation with appropriate
secondary antibody (Table I) and the Enhanced Chemiluminescence
Signaling system (ECL; GE Healthcare, PA, USA). The resulting bands
were compared by scanning densitometry (LI-COR Inc., NE, USA). To
ensure equal loading, protein blots were stripped and re-probed with β-
actin (Table I). 

PEDF quantification. We quantified PEDF production in liver, lung,
and tumor tissues using an ELISA kit (Life Span Biosciences, Inc.,
Seattle, WA, USA). Experimental procedures were performed as per
manufacturer’s instructions. Briefly, 100 μl of each standard and
tissue sample lysate diluted to the appropriate concentration were
incubated at 37˚C in a 96-well plate. After 2 h, each well was washed
at least four times using wash buffer before adding 100 μl diluted
biotinylated antibody and incubated at 37˚C for 1 h. Then 100 μl
diluted streptavidin-peroxidase conjugate was added to each well and
incubated at 37˚C for an extra 1 h. The quantity of PEDF was
measured spectrophotometrically at a wavelength of 450 in a
microplate reader, and values obtained for tissue samples were
normalized to the total protein concentration. The concentration of
PEDF was determined by comparing the OD of drug-treated samples
to the standard curve, and values obtained for lysates were normalized
to matched-total protein concentrations. 

PEDF knockdown transient transfection. 4T1 cells were transfected
with siRNA targeting mouse PEDF (PEDFi) (Santa Cruz
Biotechnology, CA, USA). The mouse PEDFi is a pool of 3 target-
specific 19-25 nt siRNA using Lipofectamine LTX transfection
reagent (Invitrogen), as per manufacturer’s instructions. Briefly, 2.5
μg of PEDFi was combined with 1.25 μl of Plus reagent (Invitrogen)
in 500 μl of serum-free media for 5 minutes, after which 5 μl of
Lipofectamine LTX (Invitrogen) was added, mixed, and incubated for
an additional 10 minutes. Then, it was added to the well containing
4T1 cells (2.5×105 per well). The transfected cells were incubated at
37˚C in humidified air with 5% CO2 for 24 h. Twenty-four hours
following transfection, the extent of PEDF knockdown was assessed
by western blot.

For studying the mechanism of PEDF action, the PEDFi transfected
cells were treated with final concentrations of either 50 μM free
RRD4, or LD (5 μM, 25 μM) for a further 24 h. EL (using equivalent
volumes of LD), and PBS were used as negative and positive controls,
respectively. Cell viability levels, activated caspase-3 and PEDF
expression were determined using methods described above. 

Mouse model of breast cancer. Four-week-old female Balb/c mice
were obtained from Jackson Laboratories (IN, USA). They were
housed in ventilated cages (five per cage) that were exposed to natural
12-h light and dark cycles. The animals were maintained on ad
libitum diet and water. All animal procedures were subjected to
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review and approval by the University’s Institutional Animal Care and
Use Committee (IACUC), which also complies with the NIH
guidelines for humane treatment of laboratory animals. Animal
experiments were carried out at the Animal Care Operations (ACO)
facility of the University of Houston.

After a week of acclimation, 4T1 cell suspension (1×105) was
injected into mammary fat pad adjacent to the left forefoot (day 0) of
each mouse. Once the tumors were palpable (volume was >1.2 cm3),
the mice were divided into four groups (N=5 per group); Group 1
received 100 μl PBS (vehicle), Group 2 received 100 μl EL, Group 3
received 100 μl from 1 mM stock fee RRD4 solution, and Group 4
received 100 μl of 1 mM stock LD solution. Each group was injected
through the tail with one of the solutions described above every other
day. Each mouse received six injections over a 13-day period, except
for the mice treated with free RRD4, which were given only five doses
over 11 days. Similarly, mice in the control group were injected with six
doses of 100 μl of PBS. Local tumor growth was monitored every other
day by measuring two perpendicular tumor diameters with a caliper.
Tumor volume was calculated by the formula tumor volume
(mm3)=(length (mm)×(width (mm)2×0.52 (26- 27). The mice were
examined every other day for maladies including rough coat appearance,
discoloration of the skin, and swollen abdomen. At the time of animal
sacrifice, either 11 days (free RRD4) or 13 days (PBS, EL, or LD) after
treatment, mouse body, organ, and tumor weights were documented. 

Organ and tumor collection, storage, and fixed tissue processing.
Liver and lungs were carefully removed using forceps to avoid
shearing of the tissues. The organs were first blotted on paper then
weighed, after which each sample was hemisected; one-half was

flash-frozen in liquid nitrogen and stored at –80˚C for platinum
quantification and protein extraction, as described in subsequent
sections. The other half was fixed in 10% formalin solution for 
48 h, then, stored in 70% ethanol for an additional 48 h prior to tissue
processing and paraffin embedding. Tissues from livers, lungs, and
orthotopic tumors were sectioned into 4 μm pieces using a rotary
microtome knife (Leica RM2135, Germany), dewaxed at 60˚C for 
45 min before being subjected to sample processing and standard
Haematoxylin and Eosin (H&E) staining (28). Stained sections were
subjected to histological examination and photographed using an
Olympus BX51 microscope with an attached Olympus DP73 camera
(Olympus Imaging America Inc., Malville, NY, USA).

Tissue processing for Atomic Absorption Spectroscopic (AAS)
measurement. For quantification of platinum content in tumors,
minced tissues (0.5-1 g) (N=3) from mice treated with free RRD4,
LD, EL, or PBS as described above, were each added to 4 ml aqua
regia solution (3:1 M ratio, HCl:HNO3) (29), and heated to 90˚C for
5 min to accelerate tissue disintegration. Once the volume of the
suspension had decreased to 300 μl, 20 ml of sterile Millipore water
(Millipore, Waltham, MA, USA) was added. Supernatants were
collected after a 10-min centrifugation at 4,000 rpm. 

Platinum content in tumor tissues was measured using a graphite
furnace AAS (AAS-600, Perkin Elmer, MA, USA) (4). Calibration
curves were established by using a Pt 10% HCl AAS standard from
Perkin Elmer in 0.1% HNO3. The instrument parameters include a
drying time of 30 sec at 125˚C, an ashing time of 30 sec at 1300˚C,
and an atomizing time of 10 sec at 2,800˚C in purge Argon gas
atmosphere at wavelength of 265.9 nm. The data were collected from
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Table I. Antibodies used in the Western blot analysis and their properties.

Antibody and manufacturer                               Function                                                                                                                                        Dilution

BAX (D2E11)                                                   BCL-2-associated X protein. This is a pro-apoptotic regulator/activator protein,                   1:2000
Cell Signaling Tech.                                          which is associated with mitochondrial outer membrane permeabilization.
BCL2 (50E3)                                                     (B-cell CLL/lymphoma 2) Because BCL2 is a crucial anti-apoptotic protein,                        1:2000
Cell Signaling Tech.                                          it is considered as an oncogene.
Activated caspase-3                                          The primary executioner of programmed cell death is caspase-3, as it is directly or              1:2000
(Cleaved caspase 3(D175)                                indirectly responsible for the cleavage of many proteins and caspases involved 
(5A1E)) rabbit monoclonal                               in apoptosis. It can stimulate caspases 6 and 7. The protein itself can be activated 
Cell Signaling Tech.                                          by caspases 8, 9, and 10.
FAS (A-20) rabbit polyclonal,                          This death receptor binds to its ligand on the cell surface to induce apoptosis                        1:800
Santa Cruz Biotech.                                          through different pathways. 
(Pro-apoptotic tumor 
necrosis factor receptor 
superfamily, member 6)
Santa Cruz Biotech.
PEDF(H-125), rabbit polyclonal,                      PEDF is a glycoprotein that belongs to the serine protease inhibitor (serpin)                          1:600
Santa Cruz Biotech.                                           superfamily and has been reported to inhibit angiogenesis, apoptosis and 
                                                                            proliferation several cell types. 
PUMA (BBC3), rabbit polyclonal                   This BCL2 binding component 3 induces cytochrome c release from mitochondria.              1:1000
Cell Signaling Tech.
β-actin, mouse monoclonal,                              Actin antibody is a mouse monoclonal IgG1 (kappa light chain)                                             1:15000
Santa Cruz Biotech.
Mouse and rabbit mono- and                           HRP-conjugated secondary antibodies are used in combination with specific 
polyclonal secondary antibodies                      chemiluminescent substrates to produce a light signal.                                                              1:2500
HRP conjugated, Cell Signaling Tech.



two to three independent experiments, and each measurement was
carried out in duplicate or triplicate.

Statistical analysis. Comparisons among multiple groups were carried
out by one-way ANOVA, followed by Dunnett post-hoc and Student’s
t-test was used for comparison between two groups using GraphPad
PRISM 7.02 software. p-Values of less than 0.05 were considered
statistically significant. Bars represent±SD unless indicated otherwise.

Results

Liposome formulation of RRD4 enhances the compound
stability and storability. RRD4 encapsulated in liposomes
(LD) or empty liposomes (EL) were prepared as described in
the methods section. The initial free RRD4 drug concentration
used for encapsulation, as quantified by AAS prior to the
hydration step, was 49.5 μg/l (Table II). The measured
concentration of LD based on platinum concentration after
encapsulation and lysis of the liposomes was 45.2 μg/l, with
encapsulation efficiency of 91% (Table II). Remarkably, after
a month of storage at 4˚C, the initial free drug and the
measured drug after encapsulation efficiencies were only
decreased by 25% and 18%, respectively, implying that both
free and encapsulated drugs were still stable after a month at
4˚C, with the encapsulated drug having 7% higher efficiency,
compared to free RRD4. EL did not reveal any platinum
content during any period of time (Table II).

Liposome formulation of RRD4 increases the inhibitory
effect of the compound on 4T1 cell proliferation. We
determined the effect of free RRD4 and LD on 4T1 cell
proliferation in vitro using Ki-67 immunostaining. At 12 h,
samples containing 25, or 50 μM free RRD4 did not have

any effect on 4T1 cell proliferation vs. control (Figure 2A).
In contrast, samples containing 100 μM free RRD4 resulted
in substantially lower cell proliferation (Figure 2A) at 12 h.
At 24 h, samples including 50 or 100 μM free RRD4 showed
significantly decreased cell proliferation vs. control (Table
III). At 48 h, all tested free RRD4 doses greatly reduced 
cell proliferation vs. control (Table III). Notably, 
samples containing 25 μM LD markedly reduced 4T1 cell
proliferation after only 12 h (Figure 2B), suggesting that
liposomes may contribute to prolonging the biological half-
life of the encapsulated drug vs. the free drug. Conversely, 
5 μM LD (5LD) and 5EL had no effect on cell proliferation
at 12 h vs. control (Figure 2B). The Ki-67 results were
supported by Hoechst fluorometric assay, showing that 4T1
proliferation levels were significantly reduced with final 50
or 100 μM free RRD4 doses at 24 h, and with final doses of
25, 50 or 100 μM free RRD4 at 48 h (Table IV).

The effect of the drug was also investigated in the non-
tumorigenic breast MCF-10 line. The results revealed that at
24 h, cell proliferation was not affected by LD (5, 25 μM)
(Figure 3B, D, E), compared to the control (Figure 3A, E) or
EL (Figure 3C, E) by Ki-67 immunostaining assay. Similarly,
we observed no change in cell proliferation vs. control
regardless of the drug concentration or whether it was
encapsulated in liposomes or not at 24 h using Hoechst nuclei
acid stain (Figure 4). 

Collectively, these results indicate that both free RRD4 and
LD consistently inhibit breast cancer cell proliferation in a
concentration- and time-dependent manner, while sparing
normal breast cells for at least 24 h. Liposome formulation
seems to enhance the antitumor activity of RRD4 without
increasing the toxicity to normal cells. 
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Table II. Mean concentration and efficiency of before and after encapsulation of drug. 

Drug conditions                                                                                                                   RRD4 encapsulated in                LD (after 1 month at 4˚C)
                                                                                                                                                   liposomes (LD)

Initial concentration of drug in solution used for encapsulation                                                 49.5 μg/l                                          49.5 μg/l
Measured concentration of drug in solution (AAS, based on Pt concentration)                         45.2 μg/l                                          37.4 μg/l
Encapsulation Efficiency                                                                                                                    91%                              75% of initial concentration
                                                                                                                                                                                               82% of measured concentration

Table III. Mean fraction of 4T1 proliferative cells treated with RRD4 vs. PBS treated control using Ki-67 immunostaining. 

Time (hours)/experimental conditions               Control (PBS)                  25 μM free RRD4              50 μM free RRD4                100 μM free RRD4

24                                                                                1±0.02                               0.95±0.07                           0.89±0.05*                             0.80±0.07*
48                                                                                1±0.01                              0.72±0.09*                          0.65±0.04*                             0.58±0.03*

*p-Value<0.05.



Both free and liposome formulated can efficiently induce
apoptotic death of 4T1 tumor cells. Our early studies showed
that one of the key antitumor mechanisms of phosphaplatins
is by inducing apoptotic death of tumor cells of ovarian origin
(6). We first sought to determine the viability of 4T1 cells in
the presence and absence of RRD4 using the CellTiter-Glo™
luminescence assay. Incremental final doses of free RRD4 (25,
50, 100 μM) resulted in reduced 4T1 cell viability relative to
controls in a concentration- and a time-dependent manner
(Figure 5A). Although no significant decrease in cell viability
was observed with low EL volumes (the equivalent volume to
5 and 10 μM LD), higher volumes of EL (the equivalent
volume to 25, 50, 100 μM of LD) induced significant cell
death at 48 h (Figure 5B). At 12 h, only samples containing
25, 50, or 100 μM LD, caused significantly higher 4T1 cell
death (Figure 5C). But, at 24 and 48 h, samples including even
the lowest doses of LD (5, 10 μM) decreased 4T1 cell
viability. The results of the CellTiter-Glo™ assay at the 12

hour-time point were replicated with Trypan Blue with free
RRD4 (Figure 6B-E), LD (Figure 7C, E-F), or EL equivalent
volume of LD (Figure 7B, D, E) vs. matched controls (Figure
6A, E and 7A, F, respectively).

We also measured the impact of RRD4 on the viability of
normal breast cells. We tested various final doses of free
RRD4 (25, 50, 100 μM) and LD (5, 10, 25, 50, 100 μM) on
MCF-10 cells for 12, 24, and 48 h. We observed a significant
reduction in cell viability only at 100 μM free RRD4 at 48 h
(Figure 8A). EL had no effect on MCF-10 cells throughout the
incubation time that lasted for 48 h (Figure 8B). Low doses
of LD (5 and 10 μM) had no effect on cell viability, whereas
higher final doses of LD (25, 50, or 100 μM) resulted in
substantially lower cell viability (Figure 8C). 

As 4T1 cell viability was substantially diminished in the
presence of RRD4, we evaluated the level of expression of a
marker of apoptotic cell death (activated caspase-3) using
immunohistochemistry and western blot. As expected,
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Figure 2. 4T1 cell proliferation fraction relative to the control post –treatment with free RRD4 or LD at 12 h. (A) The cell proliferation fraction
relative to the control was unchanged with 25 and 50 μM free RRD4 at 12 h. (B) The cell proliferation fraction relative to the control was unchanged
except in the cell containing 25LD at 12 h. The fraction of proliferation was expressed using PBS treated wells as 1. Columns in the graph represent
the mean±SD (N=6-8, ANOVA followed by Dunnett posthoc test, p<0.05 is shown with one asterisk).

Table IV. Mean fraction of 4T1 proliferative cells treated with RRD4 vs. PBS treated control using blue-fluorescent Hoechst nucleic acid stain. 

Time (hours)/experimental conditions     Control (PBS)    25 μM free RRD4    50 μM free RRD4   100 μM free RRD4       25 μM LD            EL

12                                                                     1±0.06                 0.96±0.09                  0.92±0.05                  0.91±0.01               0.37±0.02*       1.1±0.0.9
24                                                                      1±0.1                  0.91±0.06                 0.81±0.07*                0.79±0.09*                      -                      -
48                                                                     1±0.19                0.56±0.05*                0.53±0.02*                0.44±0.09*                      -                      -

*p-Value<0.05. (–): proliferation was not evaluated.
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Figure 3. Effect of LD on MCF10 after 24 h. (A-D) Representative photomicrographs of MCF-10 cells stained with Ki-67 antibody showing a high
number of positive nuclei at 24 h. (E) The cell proliferation fraction relative to the control was unchanged with all drug treatments using Ki-67.
Columns in the graph represent the mean±SD (N=3, ANOVA followed by Dunnett posthoc test, p=0.05). Scale bar: 100 μm.



immunostaining of activated caspase-3 was substantially
increased in the 4T1 cells in the presence of free RRD4
(Figure 9B-D) (48 h) or LD (Figure 9H-I) (24 h), compared
to cells treated with either EL (data not shown), or PBS
(Figure 9A, G). Negative controls where the first antibody was
replaced with a non-immune serum did not reveal any
significant positive immunostaining for activated caspase-3
(data not shown). These findings were confirmed by western
blot analysis, showing a clear band for catalytically active
caspase-3, representing endogenous levels of the large
fragment (19-kDa) of activated caspase-3 (Figure 9E, J). The
band was markedly up-regulated in total sample lysates treated
with free RRD4 (Figure 9E-F) or LD (Figure 9J-K), compared
to their respective matched controls. We further analyzed the
apoptotic induction by quantitatively measuring activated
caspase-3 in 4T1 cells using an ELISA assay. We found that
activated caspase-3 production was greatly increased in cell
lysates with 50 μM free RRD4 (2.7-fold), or 5 μM and 25 μM
LD (1.8- and 2.8-fold, respectively) (Table V). Similarly,
activated caspase-3 was stimulated in the supernatant of
samples containing 50 μM free RRD4 (3.1-fold), or 5 μM and
25 μM LD (3.1- and 3.8-fold, respectively) (Table V). Neither
lysates nor supernatants from 4T1 cultures treated with EL
produced significant amounts of activated caspase-3 relative
to cultures treated with PBS (Table V). 

Previous data from our laboratory showed that TNF
receptor superfamily member 6 (FAS) protein was
overexpressed in phosphaplatin-treated ovarian tumor cells
(6). Thus, we sought to determine whether FAS protein was
also present in 4T1 cells treated with and without RRD4 using

Western blot analysis. As expected, we detected a single 50-
kDa immunoreactive band for FAS protein. We also found that
FAS expression was higher in the presence of either 50 μM
free RRD4 (1.7-fold) or 5 and 25 μM LD (1.4- and 1.8-fold,
respectively), compared to their matched controls. EL-treated
groups had little or no expression of FAS protein (Figure 9L). 

We also evaluated the expression of pro-apoptotic proteins
such as PUMA and BAX, and the anti-apoptotic regulator
BCL2 in total 4T1 cell lysates. For each of these proteins, we
detected a single immunoreactive band of the expected
molecular weight (Figure 9L). Samples containing free RRD4
(50 μM), or LD (5, 25 μM) had increased pro-apoptotic BAX
(6.1, 7.6, 2.5-fold, respectively), whereas PUMA was
increased only with 25 μM LD (1.8-fold), compared to
matched controls. Conversely, samples treated with 50 μM
free RRD4, or 5 and 25 μM LD had reduced anti-apoptotic
BCL2 expression (3.2-, 2.8- and 1.4-fold, respectively),
compared with matched controls. 

Collectively, these results indicate that RRD4 is a selective
and potent inducer of apoptotic cell death in a concentration-
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Figure 4. MCF-10 cell proliferation post free RRD4 or LD treatments by
blue-fluorescent Hoechst 33258 nucleic acid stain at 24 h. The fraction
of proliferation was expressed using PBS treated wells as 1. Columns in
the graph represent the mean±SD (N=3). No significant change has been
observed between treated and untreated control groups.

Table V. Concentration of activated caspase-3 secreted in cell lysate
and supernatant vs. Controls.

Sample                           Experimental           Concentration      p-Value
                                         conditions                 (ng/ml/μg)

Cell lysate-                         Control                    0.76±0.03                -
Without PEDFi                     5EL–                      0.64±0.07             0.98
                                             5LD–                     1.40±0.10            0.07*
                                            25EL–                     0.84±0.20             0.76
                                            25LD–                    2.40±0.20           0.005*
                                  50 μM free RRD4-          2.10±0.50           <0.05*
Supernatant-                       Control-                   0.39±0.04                -
Without PEDFi                     5EL–                      0.38±0.03            >0.90
                                             5LD–                     1.20±0.09          <0.002*
                                            25EL–                     0.30±0.03              0.9
                                            25LD–                    1.50±0.07          <0.001*
                                  50 μM free RRD4-          1.20±0.10           0.002*
Cell lysate+                       Control+                   079±0.07                -
With PEDFi                          5EL+                      0.68±0.10             0.98
                                             5LD+                     0.79±0.40             0.98
                                            25EL+                     0.76±0.80             >0.9
                                            25LD+                    1.01±0.10             0.73
                                  50 μM free RRD4+          0.96±0.10             0.90
Supernatant+                     Control+                   0.20±0.01                -
With PEDFi                          5EL+                      0.30±0.08             0.98
                                             5LD+                     0.23±0.09             0.98
                                            25EL+                     0.69±0.30             0.38
                                            25LD+                    1.00±0.09             0.10
                                   50 μM free RRD4           0.65±0.30             0.43

*Significant p-Values<0.05. (–): Without PEDFi. (+): With PEDFi. 5EL:
Volume of liposomes is equivalent to the volume of 5 μM LD; 5LD: 
5 μM RRD4 encapsulated in liposomes; 25EL: Volume of liposomes is
equivalent to the volume of 25 μM LD; 25LD: 25 μM RRD4
encapsulated in liposomes.



and time-dependent manner, preferentially targeting cancer
cells, while sparing normal cells at low LD concentrations.
The action mechanism of RRD4 is likely through the
activation of the FAS intrinsic pathway.

RRD4 in both free and liposome formulated form can inhibit
4T1 cell migration. We used a scratch assay to evaluate the
effect of RRD4 on the ability of 4T1 to cross an artificial
wound, which is a good mimic of cellular migration behavior
in vivo (22). As shown in Figure 10A, the cell culture plates
that did not have the compound exhibited a high degree of cell
migration (i.e., 4T1 showed almost complete coverage of the
wound). Conversely, cells treated with free RRD4 (Figure
10C-E, G) or LD (Figure 10F-G) showed incomplete wound
closure. 4T1 migration was quantified by measuring the size
of the gap that was still open after 20 h relative to the area
formed from the initial scratch. Compared to the control
(1±0.02, migration), samples containing 25, 50, 100 μM free
RRD4, or 25 μM LD had undergone 0.95±0.02, 0.77±0.04,
0.51±0.04, and 0.43±0.08 cell migration respectively (Figure
10G). The data clearly indicate that both free RRD4 and LD
hamper cell migration. 

Evaluation of the RRD4 antitumor effect in vivo. 4T1 cells
were implanted orthotopically into the mammary fat pad of
mice. Once tumors reached an approximate size of 5 mm in
diameter, mice were treated with free RRD4, LD, EL or PBS
as described in the Materials and Methods. The local tumor
growth was monitored by measuring the tumor every other day,

and the lung and liver metastasis was determined at the end of
the experiment by histology examination. The results show that
LD was the most effective treatment among the groups in
slowing tumor growth (Figure 11A). Mean tumor volumes
from mice treated with free RRD4 or LD were significantly
reduced by 61%, and 64%, respectively, compared to the PBS
control (Figure 11A). Mice-treated with EL equivalent volume
of LD had a trend towards a decrease in tumor size, compared
to those of PBS-treated after 13 days, however, the results were
not statistically different (Figure 11A).

The therapeutic effect on tumor metastasis was assessed
by histological examination on sections prepared from the
collected organ tissues by the end of this in vivo study.
Microscopic analysis of tissues revealed the presence of
micrometastases in the liver (whit arrows Figure 11B-E) and
the lungs (white arrows in Figure 11F-I), where the cancer
cells (indicated by white arrows) invaded the normal tissues.
We found fewer tumor metastases in the free RRD4-treated
samples, and fewest in the LD-treated groups in both liver
and lungs, compared to their matched control groups (Figure
11B, F). We also examined the primary tumors histologically.
The primary tumors from mice treated with either PBS or EL
consisted of sheets of cells with nuclei (Figure 11I-J),
whereas tumors from animals treated with free RRD4 or LD
(grey arrows, Figure 11J-M) revealed fewer nuclei in areas
with a high degree of apoptosis or necrosis. Using Western
blots, we confirmed that the liver, lung, and tumor tissue
protein lysates from free RRD4- or LD-treated mice had
significantly increased levels of apoptosis, as reflected by the
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Figure 5. 4T1 viability assay using CellTiter-Glo™ luminescence assay. (A) 4T1 treated with increasing final doses of free RRD4 (25, 50, 100 μM)
yielded reduced 4T1 cell viability relative to controls in a time-dependent manner. (B) 4T1 cells treated with EL show no significant decrease in
cell viability with low EL volumes (the equivalent volume to 5 and 10 μM LD), higher volumes of EL (the equivalent volume to 25, 50, and 100 μM
of LD) induced significant cell death at 48 h. (C) Doses of LD (25, 50, or 100 μM) caused significantly higher 4T1 cell death at 12 h. At 24 and
48 h even the lowest doses of LD (5, 10 μM) decreased 4T1 cell viability. 



up-regulation of activated caspase-3 expression, a marker of
apoptosis (Figure 12A-C). 

We also examined the total protein binding ability of free
RRD4 and LD extracted from cell tumor lysates by AAS.
Platinum taken up by tumors treated with LD was more than
twice as much as that of tumors treated with free RRD4
(Figure 12 Q; p<0.05), indicating that liposome formulation
can improve RRD4 delivery as well as retention in tumor
tissues. Platinum content from tumor tissues treated with EL
was comparable to that of tumor tissues from PBS at the
background level (Figure 12D). 

As a part of efforts to determine the in vivo toxicity of
RRD4, we measured the animal body weights during the
experiment. Prior to the initiation of the treatments, there was
no difference in body weights among the mice (data not
shown). The weights of animals treated with 100 μl of final
dose 1 mM LD or the EL equivalent volume of LD, were
unchanged, compared to those of PBS-treated mice (Figure
13) after 13 days of treatment. Also, liver and lung weights of
these animals were not affected by either LD or EL (Table VI).
Although, the body weight of animals treated with free RRD4

was reduced by 5%, compared to the PBS control group
(Figure 13; p<0.05) after 11 day-treatments, their liver and
lung weights were comparable to those of their matched
controls at the time of recording (Table VI). Of note, the group
of mice treated with free RRD4 were sacrificed after the fifth
injection because they showed signs of illness. 

The antitumor mechanism of RRD4 includes the up-
regulation of PEDF expression and secretion. PEDF plays an
important part in the inhibition of tumor growth and
metastasis (30). To assess the role of PEDF induction by
RRD4 in contributing to the observed therapeutic benefit on
both primary and metastatic tumors, we determined the in
vivo production of PEDF in liver, lung, and tumor tissues
from mice exposed to free RRD4, LD, EL and PBS using an
ELISA assay. Our results revealed a marked increase in PEDF
in response to both free RRD4 and LD in the liver (3.9-fold
and 4.1-fold respectively) (Figure 14A), lungs (2.2-fold and
2.4-fold respectively) (Figure 14B), and tumors (3.7-fold and
4.5-fold respectively) (Figure 14C), compared to matched
PBS-treated controls. 
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Figure 6. Trypan Blue staining of 4T1 at 12 h. (A-D) Photomicrographs of 4T1 stained with Trypan Blue post-incubation in different concentrations
of free RRD4 showing prominent staining with 100 μM free RRD4. (E) Graphical representation of the fraction of cell death after treatments with
free RRD4 using Trypan blue. Scale bar: 50 μm.
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Figure 7. Trypan Blue staining of 4T1 at 12 h. (A-E) Photomicrographs of 4T1 stained with Trypan Blue post incubation with different doses of LD
or the equivalent volume of EL revealing prominent staining with (E) 25 μM LD. (F) Graphical representation of the fraction of cell death using
Trypan Blue after treatments with LD. Scale bar: 50 μm.

Figure 8. MCF-10 viability assay using CellTiter-Glo™ luminescence assay. (A) MCF-10 cells treated with free RRD4 showing significant cell
death at 100 μM at 48 h. (B) MCF-10 treated with EL demonstrated insignificant cell death at all the time periods tested. (C) MCF-10 treated with
LD (25, 50 or 100 μM) yielded reduced 4T1 cell viability relative to controls in a time-dependent manner, whereas lower LD concentrations (5, 10
μM) had no impact on cell death at 48 h. For all the cell death experiments, the fraction of cell death was expressed using PBS treated wells as 1.
The graphs represent the mean±SD (N=3-8, ANOVA followed by Dunnett posthoc test, p<0.05).
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Figure 9. Caspase-3 activation and apoptosis pathway. 4T1 cells were probed for the presence of activated caspase-3. Cell treated with final doses of
(B-D) free RRD4 (25, 50 or 100 μM) for 48 h increased activated caspase-3 staining vs. (A) PBS control, as revealed by immunocytochemistry. Cells
treated with (C-D, K) LD (5 or 25 μM) for 24 h resulted in increased activated caspase-3 staining vs. (A) PBS control for using immunocytochemistry.
EL and PBS controls had no significant effect on caspase-3 immunostaining. Western blot and densitometric analysis of activated caspase-3 in cells
treated with (E-F) free RRD4 for 48 h, or (J-K) LD for 24 h. (L) Western blot analysis of pro-apoptotic FAS, PUMA, BAX, and anti-apoptotic BCL2 after
treatment with either 50 μM free RRD4 or LD (5, 25 μM) for 24 h resulted in stimulation of the FAS apoptotic intrinsic pathway. Columns in the graphs
represent the mean±SEM (N=4-8, ANOVA followed by Dunnett posthoc test, p<0.05 is shown with one asterisk. Scale bars: 50 or 100 μm.



ANTICANCER RESEARCH 38: 623-646 (2018)

636

Figure 10. Free RRD4 and LD inhibit wound closure. (A-F) Effects of free RRD4 and LD on wound healing in scratch assays as shown in the
bright-field microscope images of 4T1 migration. 4T1 migration was inhibited by the addition of (D-E) 50 and 100 μM free RRD4, or (F) 25 μM
LD, but not by (C) 25 μM free RRD4 or (B) PBS after 20 h. (G) Graphical representation of the fraction of cell migration after treatments with
free RRD4 or LD. The fraction of cell inhibition was expressed using vehicle treated wells as 1. Columns in the graph represent the mean±SD (N=3;
ANOVA followed by Dunnett posthoc test, p<0.05 is shown with one asterisk). Scale bar: 200 μm.



Belkacemi et al: Effects of Phosphaplatins on Breast Cancer Cells

637

Figure 11. In vivo effect of free RRD4 and LD. (A) 4T1 cells were implanted orthotopically into the mammary fat pad. Mouse treatments were
administrated via tail vein every other day for a total of either 11 days (free RRD4) or 13 days (LD, EL, or PBS). Tumor size were recorded every
other day. Grey arrows indicate days of injection of the free RRD4 drug. Grey arrows show days of injection of PBS, EL, and LD. The graph
represents the mean±SD (N=5, ANOVA followed by Dunnett posthoc test, p<0.05 and p<0.01 are shown with one and two asterisks, respectively).
(B-M) H& E staining showing lower micrometastases (white arrows) in (B-E) Liver, (F-I) and lung treated with free RRD4 or LD. (J-M) Primary
tumors from mice treated with either EL or PBS consisted of sheets of cells. White arrows indicate metastatic deposits in liver and lungs, while
grey arrows indicate zones of fewer nuclei in tumors. Black arrows represent clumps of liver tumor cells in inserts. Scale bars: panels (100 μm)
and inserts (50 μm). 



The in vivo data were supported by in vitro measurement
of PEDF expression from cultures of 4T1 cells treated with
increasing concentrations of free RRD4 or LD. Adding either
drug resulted in a significant increase in nuclear PEDF
expression in a concentration- and time-dependent manner.
For example, at 12 h, densitometric analysis of the bands
revealed a final dose of 50 or 100 μM free RRD4 resulted in
significant induction of PEDF expression (3.6- and 3.5-fold,
respectively) (Figure 15A-B). Moreover, cell samples
containing 5 or 25 μM LD yielded markedly increased levels
of PEDF protein, but not with EL vs. control at 24 h as
shown by western blotting (Figure 16A-B). Western results
for 4T1 were confirmed by immunofluorescence confocal
microscopy for free RRD4 (Figure 17B-L) vs. controls
(Figure 17 A-C) at 12 h, and for LD (Figure 18B, D) vs.
control (Figure 18A) at 24 h. Notably, PEDF is generally
considered a secreted protein. However, several
immunochemical studies (31-32), including our present work
showed strong nuclear staining for this protein by
immunofluorescence confocal microscopy. 

The expression of PEDF was also up-regulated in MCF-10
cell samples containing free RRD4 (50 μM) or LD (5 μM) by
Western blot (Figure 19F). Using confocal microscopy, we
also found that free RRD4 (50 μM) (Figure 19B) or LD (5,
25 μM) (Figure 19C, E) increased mainly nuclear
immunostaining vs. controls (Figure 19A). In contrast, EL had
no significant impact on PEDF expression (Figure 19D) vs.
controls (Figure 19A). Collectively, these results indicate that
RRD4 mediates increased levels of PEDF in liver, lung, and
tumor tissues in vivo, and in 4T1 and MCF-10 cells in vitro. 

To investigate the functional significance of PEDF
induction by RRD4 treatment, we applied siRNA-mediated
gene silencing of PEDF on protein expression from 4T1
cultures. We initially examined PEDF expression using
western blot analysis. Twenty-four hours post PEDFi
transfection, PEDF expression levels were reduced by 98% in
4T1 cells, compared to the control (Figure 20A-B). The effect
of RRD4 on the expression of PEDF protein in the presence
of PEDFi was then assessed by western blot analysis. In the
presence of PEDFi, 4T1 cells treated with 50 μM free RRD4
or LD (5, 25 μM) resulted in no significant increase in PEDF
expression, compared to matched controls (Figure 21). 

We then examined the impact of RRD4 in the presence of
PEDFi on accumulation of apoptotic cell markers. Activated
caspase-3 production was not increased by the addition of 50
μM free RRD4, or LD (5, 25 μM) in either PEDFi cell lysates
or supernatants (Table V). When using CellTiter-Glo™
viability assay (Figure 22) or Western blot (Figure 23), we
found that despite the presence of PEDFi, caspase-3 was
significantly activated in cells treated with 25 μM LD. All
samples treated with EL produced no significant increase in
activated caspase-3 in the presence of PEDFi, compared to
matched controls with PEDFi (Figure 23, Table V).
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Figure 12. Tissue activated caspase-3 expression in (A) liver, (B) lung,
and (C) tumor tissue protein lysates from free RRD4- or LD-treated
mice had significantly increased levels of apoptosis, as reflected by the
up-regulation activated caspase-3 using western blot. (D) Accumulation
of platinum in the tumor after injection of free RRD4, EL or LD.
Columns in the graphs represent the mean±SD (N=3-5, ANOVA
followed by Dunnett posthoc test, p<0.05 and p<0.01 are shown with
one and two asterisks, respectively. 



Collectively, these findings indicate that PEDF protein may
contribute to the increase in apoptosis elicited by RRD4.
Consistent with this, PEDF protein may mediate, at least partly,
the reduced tumor size and tumor metastasis to liver and lungs. 

Discussion

The present study was initiated to evaluate the therapeutic
effects of phosphaplatins on breast tumor growth and

metastasis. We formulated RDD4 encapsulated liposomes with
high encapsulation efficiency and which were stable even after
one-month of storage at 4˚C. Moreover, unlike free RRD4,
RRD4-encapsulated liposomes (LD) have no impact on animal
body weights. On the other hand, both free RRD4 and LD
treatments resulted in primary tumor regression and a lower
level of metastases to the liver and the lungs. At the cellular
level, RRD4-mediated cell death was associated with up-
regulation of pro-apoptotic proteins such as FAS, BAX,
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Figure 13. Mean weights from animals treated with and without RRD4. Black arrows indicate days of injection of the free RRD4 drug. Grey arrows
show days of injection of the PBS, EL or LD. The graph represents the mean±SD (N=5, ANOVA followed by Dunnett posthoc test, p<0.05 is shown
with one asterisk).

Figure 14. PEDF production in vivo. (A-C) PEDF production in liver, lung and tumor tissues as determined by an ELISA assay. Columns in the
graphs represent the mean±SEM (N=3, ANOVA followed by Dunnett posthoc test, p<0.05 and p<0.01 are shown with one and two asterisks,
respectively). 



PUMA, and caspase-3, and down-regulation of anti-apoptotic
protein BCL2, suggesting a FAS intrinsic signaling pathway
as a mechanism to apoptosis. The RRD4-mediated induction
of PEDF protein may contribute to the increase in apoptosis,
which in turn may, at least partly, promote the reduced tumor
size and tumor metastasis to liver and lungs. Therefore, free
RRD4, and more importantly LD, could be excellent
candidates as an adjuvant therapy for breast cancer and for
preventing its metastasis to other organs. 

The benefit of carrier systems such as liposomes to improve
the therapeutic activity of anticancer agents is usually
achieved by reducing drug-related toxicities to normal tissues,
thereby permitting elevated drug doses to be employed and/or
boosting the antitumor potency of the drug (33). We found that
the intermittent injection of LD to a 4T1 mouse model of
breast cancer resulted in weight comparable to that of animals
treated with vehicle (PBS), implying that the drug was not
toxic, unlike in animals treated with free RRD4. The fact that
lower doses of LD were needed to impact breast tumor cells
with a minimal effect on normal breast cells in vitro supports
the use of liposomes as a carrier.

Additionally, our studies suggest that enhanced antitumor
activity observed with LD preparations is related to the ability

of the liposome carrier system to increase tumor drug
accumulation and retention at solid tumor sites over an
extended period of time, leading to increased therapeutic
activity. The lack of effect of the empty liposomes was not
surprising due to their similarity to biological membranes,
which makes them safe and biocompatible (34). 

At the cellular level, several studies have described a
correlation between apoptosis and proliferation (35-37) in
various cancers. However, there are also incidences where an
apoptotic index was not strictly associated with proliferation
index (38-40). In our in vitro cell culture systems, we observed
both decreased breast cancer cell proliferation and viability,
together with increased activation of caspase-3 in the presence
of RRD4, particularly in the group treated with LD. We
speculate that a decreased proliferation coupled with increased
cell death contribute to the inhibition of primary tumor
growth, with subsequent negative effects on tumor cell
migration from primary tumors to distant organs. In vitro
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Figure 15. (A-B) Representative western blots and densitometric
analysis of PEDF expression in 4 T1 cells with and without free RRD4
at 12 h. Columns in the graphs represent the mean±SEM (N=3, ANOVA
followed by Dunnett posthoc test, p<0.05 is shown with one asterisk). 

Figure 16. PEDF expression in 4T1 cells. (A) Representative western
blots and (B) densitometric analysis of PEDF expression in 4T1 with
and without LD or EL (5 and 25 μM) at 24 h. Columns in the graphs
represent the mean±SEM (N=3, ANOVA followed by Dunnett posthoc
test, p<0.05 is shown with one asterisk).



studies showing lower levels of cell migration in the scratch
assay corroborated this conclusion. 

Previous work from our laboratory revealed that decreased
cell viability was accompanied by FAS overexpression in cells
treated with RRD2 (6). Similarly, we found that decreased cell
viability accompanied by increased cell apoptosis in 4T1 cells
treated with either free RRD4 or LD was paralleled by an

overexpression of FAS protein. FAS protein can activate
apoptosis through the extrinsic and the intrinsic pathways,
both of which lead to caspase-3 activation and apoptosis. This
is mediated by the cytoplasmic domain of FAS that has a
protein-protein interaction motif, the FAS-activated death
domain protein (FADD), allowing the induction of
downstream signal transduction machinery. In the intrinsic
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Figure 17. Confocal microscopy of mainly nuclear PEDF expression in 4T1 cells following treatment with (D-L) free RRD4 and (A-C) PBS control
after 12 h. Scale bar: 50 μm.
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Figure 18. Confocal microscopy of nuclear PEDF expression following incubation with (B, D) LD, (C) 25EL (equivalent volume of 25 μM LD),
and (A) PBS control in 4T1 cells at 24 h. Scale bar: 20 μm.

Figure 19. Confocal microscopy showing mainly nuclear PEDF expression following MCF-10 cells incubation with (B) 50 μM free RRD4, (C, E) 5
and 25LD (5 and 25 μM) or (D) 25EL (equivalent volume of 25 μM LD) at 24 h. Scale bar: 20 μm. (F) Representative western blots of PEDF
expression in MCF-10 cells treated with RRD4 or LD at 24 h.



pathway, apoptosis is initiated by the cleavage of BID (BH3)
interacting-domain death agonist, which in turn activates the
mitochondrial pathway by inhibiting anti-apoptotic BCL2,
activating pro-apoptotic BAX or PUMA, and releasing
cytochrome c to the cytosol, leading to the stimulation of
initiator caspases such as caspase-9 with downstream cleavage
of effector caspase-3 to yield apoptosis (41). Our current study
showed that BAX and PUMA were up-regulated, while BCL2
was down-regulated in the RRD4-treated samples, supporting
a role for FAS in the intrinsic pathway to apoptosis in the 4T1
breast cancer cells. 

There is strong evidence to support a role for PEDF as a
tumor suppressor (42). PEDF inhibits the development of
various cancers, including lung (43) liver (44), prostate (45),
ovarian (45), and pancreatic carcinoma (45), melanoma (46),
osteosarcoma (47), and neural tumors (16). In the current
study, decreased breast tumor sizes and lower incidence of
secondary tumors in liver and lung tissues in the 4T1 mouse
model of breast cancer were accompanied by PEDF up-
regulation in the RRD4-treated hosts, implicating PEDF as a

potentially important molecule that could contribute to the
reduction in tumor growth and metastasis. This hypothesis that
elevated production of PEDF may represent a mechanism
driving tumor regression is corroborated by two reports. The
first one shows that intratumoral injection of a PEDF-
expressing plasmid in athymic mouse models caused
significant inhibition on the growth of the pre-established
tumor (48). The other report reveals that lung-derived
endothelial cells from PEDF-deficient mice exhibit enhanced
migratory capacity and adherent ability relative to cells from
wild-type mice (49), consistent with an inhibitory effect of
PEDF in cancer progression.

Although the exact mechanism of PEDF action on metastatic
cancers has yet to be fully elucidated, some previous studies
may shed some light on how PEDF may hamper metastasis
(50). Besides reducing angiogenesis (51), and decreasing VEGF
expression (52), some investigations have demonstrated that
PEDF is a potent inducer of cell apoptosis (2, 53). 

Specifically, it has been suggested that PEDF can target
malignant tumor cells directly by attenuating tumor
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Table VI. Balb/c organ and tumor weights with and without drug
treatment. 

Tissue         Control            EL               Free              LD           p-Value
samples        (PBS)                                RRD4 

Liver        1.30±0.005    1.25±0.15     1.53±0.17     1.20±0.2           0.4
Lungs         0.2±0.02      0.2±0.001     0.2±0.003    0.2±0.002          0.9
Tumor        0.7±0.02       0.6±0.02      0.3±0.06*    0.2±0.09*    0.04* and 
                                                                                                         0.03*

*p-Value <0.05.

Figure 20. PEDF inhibition produces robust and specific target knockdown.
(A) Representative western blot and (B) corresponding densitometric
analysis demonstrating significant knockdown of the target protein by
PEDFi with no significant effect elicited in the control by the transfection
reagent alone in the 4T1 cells. Columns in the graph represent the
mean±SD (N=2, Student’t-test, p<0.05 is shown with one asterisk).

Figure 21. Representative western blot demonstrating significant
knockdown of PEDF target protein by PEDFi in the presence of free
RRD4 or LD. 



proliferation and promoting apoptosis (2), reducing the
likelihood of migration In the current work, increased amounts
of PEDF protein and unchanged or reduced levels of
proliferation and apoptosis in breast tumor cells transfected
with PEDFi and treated with RRD4 indicated that PEDF may
play a pivotal role on inhibiting primary breast tumor growth,
as well as preventing metastasis. This proof-of-principle test
through RNA interference confirms the notion that PEDF
production and expression can specifically and robustly
attenuate breast tumor growth and metastasis, and that such
inhibition is due to potentiation of the effects of PEDF by
chemotherapeutic agents such as RRD4. 

PEDF exerts its anti-angiogenic activity in part by inducing
endothelial cell death. Volpert et al. (2) showed that the
mechanism by which PEDF does this is via the activation of
the FAS/FASL death pathway. Takenaka et al. (54) and Abe
et al. (46) demonstrated that PEDF administration in vitro
caused a significant degree of cell apoptosis in both melanoma
(G361) and osteosarcoma (MG63) cell lines, and this effect
could be reversed by administration of anti-FASL antibody.
Therefore, we postulate that in breast tumors, increased PEDF
may also stimulate tumor cell death through the FAS pathway.
Elevated FAS expression in the 4T1 in the presence of RRD4
corroborates this premise. However, this requires further
investigation. 

In summary, we established that liposome formulation
enhances the potency of RRD4 against breast tumor growth
and metastasis with reduced toxicity over the free form of the
drug. Our findings provide evidence that RRD4, especially
when encapsulated in liposomes, may represent an excellent
candidate for adjuvant- and mono-therapy to alleviate breast
tumor burden. 
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Figure 22. Graphical representation of the fraction of viable cells post-transfection with PEDFi and treated with a final dose of 50 μM free RRD4,
LD (5, 25 μM), EL, or PBS for 24 h. No significant cell death was observed in the presence of PEDFi except for LD (25 μM). Conversely, with no
PEDFi, there was a significant decrease in cell viability in cell treated with 50 μM free RRD4 or LD (5 or 25 μM) vs. control treated with PBS.
The fraction of cell death was expressed using PBS treated wells as 1. Columns in the graphs represent the mean±SD (N=3; ANOVA followed by
Dunnett posthoc test, *p=0.05, **p=0.0005, ***p=0.0001 shown with one, two or three asterisks). 

Figure 23. Representative western blot revealing that in contrast with
25 μM LD treatment, cell incubation with 50 μM free RRD4 or 5 μM
LD resulted in no activation of caspase-3, compared to control cells
treated with transfection reagent. EL has no effect on cell death.
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