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RLIP depletion suppresses ovarian cancer
growth and metastasis
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Abstract
One of the leading causes of cancer deaths worldwide is ovarian tumor metastasis. It is very common for ovarian
cancer (OC) cells to metastasize to the peritoneum. Free-floating OC cells can drift in the ascitic fluid (fluid
that accumulates in the abdominal cavity due to cancer) and attach to the peritoneal lining of the abdominal
cavity. In OC, peritoneal metastasis is strongly associated with poor prognosis. This study compared the effects
of RLIP inhibition in various OC cell lines and in an orthotopic mouse model of ovarian metastasis to assess its
anti-proliferative and anti-metastatic activity. Relative to the control treatment, RLIP inhibition and/or depletion
decreased in vitro cell viability and minimized migratory and invasive capabilities of OC cells. The in vivo model
was performed using HeyA8 OC cells expressing the luciferase gene that were implanted into the mice followed
by the treatment of the mice with RLIP antisense (RAS, 4 mg/kg, b.w.), RLIP antibody (Rab, 4 mg/kg, b.w.) and a
combination of RLIP antisense and RLIP antibody (RAS+Rab). Primary tumor weight and metastatic lesions were
reduced in both RAS-treated and Rab-treated mice compared to control mice. Mice that received the RAS+Rab
combination had almost no metastasis, and their tumor weight was much lower than that seen with either agent
alone. Survival was also extended in NSG mice inoculated with HeyA8-luc OC cells when treated with RLIP-
targeting agents. Overall, our findings indicate that RLIP antisense together with RLIP antibodies may be effective in
controlling primary tumor growth and peritoneal metastasis, supporting the need for continued investigation.
Highlights
Key findings of this study with potential clinical relevance include:

« RLIP is an attractive therapeutic target with the ability to suppress human OC at multiple stages of
development.

« Reducing RLIP levels significantly inhibits OC cell growth and enhances apoptosis compared with controls.

« RLIP blockade/depletion may serve as a broad-spectrum therapeutic strategy that remains effective regardless
of common pathway differences among OC subtypes.

- This is the first evidence from integrated in vitro and in vivo studies demonstrating the strong therapeutic
promise of RLIP-targeting agents for treating metastatic OC.
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One sentence summary

We demonstrate that RLIP is prerequisite for ovarian
cancer initiation, is expressed at significantly higher lev-
els in ovarian cancer cells compared with non-malignant
cells, and its depletion or inhibition effectively suppresses
ovarian carcinogenesis and metastases.

Introduction

Ovarian cancer (OC) is a severe disease characterized by
the uncontrolled proliferation of ovarian cells. Its symp-
toms are often vague or unnoticeable in the early stages,
making early detection difficult [1-4]. OC is among the
most lethal gynecological cancers, due to delayed diagno-
sis often gets diagnosed at advanced stages, which lim-
ited therapeutic options leading to poor survival rates
[4-6]. Its etiology is diverse and may involve hereditary
factors, reproductive history, and hormonal influences,
which highlights the need for broad risk-assessment and
screening strategies [7].

OC is considered the deadliest gynecologic cancer
and is marked by numerous genetic mutations that drive
uncontrolled cell growth and division. More than 95 out
of 100 cases are epithelial ovarian cancers (EOCs), while
non-epithelial OCs account for less than 5 cases out of
100 [1, 7-10]. The peritoneum and omentum, the lin-
ing and fatty tissue of the abdominal cavity, are the most
common metastatic sites. Peritoneal metastasis is a major
cause of death in OC. Unlike many cancers that spread
mainly through the blood or lymphatic systems, OC cells
often detach from the primary tumor, float in the ascitic
fluid of the abdominal cavity, and then adhere to perito-
neal surfaces, especially the omentum.

Ral-interacting/binding protein (RLIP; 18p11.22:
RALBPI) has become an important target in cancer
therapy due to its elevated expression in many cancer cell
lines and tumor tissues [11-15]. RLIP is a versatile pro-
tein localized across the plasma membrane, cytosol, and
nucleus, and is closely linked with the growth of solid
tumors. RLIP significantly contributes to tumor progres-
sion and is abundantly expressed across multiple tissues,
including the ovary. RLIP plays crucial role in cancer cell
migration, invasion in surrounding tissues, and metas-
tasis through modulating endocytosis, cytoskeletal
dynamics, and stress-protective transport. These pro-
cesses facilitate cancer cells to achieve decisive migratory
and survival capabilities during metastatic progression.
RLIP is obligatory for clathrin-dependent endocytosis
of receptor tyrosine kinases, inclusive of growth factor
receptors. This process modulates duration and inten-
sity of downstream pro-survival and proliferative sig-
naling cascades, such as Akt pathway, thereby enabling
cancer cells to produce sustained oncogenic signal that
promote tumor cell survival and growth. Earlier studies
showed that RLIP knockout homozygous (RLIP~'") mice
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demonstrated that angiogenesis and early tumor neovas-
cularization depended on RLIP. Pro-angiogenic factors
regulated by RLIP include vascular endothelial growth
factor (VEGF) and hypoxia-inducible factor-1 (HIF-1)
[13, 16].

The endogenous metabolites and environmental tox-
ins are converted into glutathione (GSH)-electrophile
conjugates (GS-Es), which are then transported by an
ATP-dependent, non-ABC transporter known as RLIP
[17-20]. It is also important that RLIP is required in
the growth of tumors as well as metastasis in melano-
mas [21], non-small cell lung cancer [22, 23], renal cell
carcinoma [24], and ovarian carcinomas [25-27]. RLIP
knockdown by means of small interfering RNA (siRNA)
has been demonstrated to inhibit tumor growth and
metastasis in prostate cancer xenografts [28]. Likewise, in
UMUCS cells, RLIP knock down using lentiviral vectors
resulted in reduced metastasis of lung cancer in a bladder
cancer xenograft model [13]. These results have estab-
lished the substantial role of RLIP in tumorigenesis and
cancer cell motility.

The objective of the present study is to examine the
effect of RLIP inhibition or depletion on the anti-migra-
tory and anti-metastatic properties of OC cell lines in
both in vitro and in vivo systems. We assessed the anti-
migratory and anti-invasive actions of RLIP-targeting
agents in OC cell lines in vitro. Additionally, we evalu-
ated the anti-metastatic effects of RLIP depletion/inhi-
bition using antisense and antibody treatments in an
orthotopic mouse OC model after intraperitoneal injec-
tion of HeyA8 OC cells expressing luciferase. Our results
show that RLIP-targeting agents reduce the motility and
downstream signaling pathways of OC cells, suggesting
that RLIP-targeting may be a promising approach for OC
treatment.

Materials and methods

Materials

Details regarding the procurements and specifications
of all the chemicals and biochemicals used in this study
were already summarized in our previous publication
[27].

Cell lines and culture conditions

A2780, HeyA8, and SKOV3 human OC cell lines were
generous gifts of Dr. Edward Wang (City of Hope,
Duarte, CA). Dr. Fiemu Nwariaku (UT Southwest-
ern Medical Center, Dallas, TX) was also a source of
HUVECs and HAVSMCs. OC cells were cultured using
RPMI-1640 medium at 37 °C and 5% CO,. EGM-2 was
used to keep HUVECs, and DMEM was used to maintain
HAVSMCs. Each of the media was supplemented with
heat inactivated 10% FBS with 1% penicillin streptomycin
solution. The genomics core facility at the City of Hope
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National Medical Center performed Short tandem repeat
(STR) profiling for cell line authentication. Screening for
mycoplasma contamination was done at a regular inter-
val of every three months as a measure to ensure culture
integrity.

Luciferase transfection

HeyA8 and A2780 cells were transduced with a len-
tiviral luciferase construct under the EFla promoter
(pLVX-EFlalpha-Luc-PGK-Puro). Transduced cells were
selected using puromycin for seven days. Each cell line
was cloned three times, expanded, and luciferase activ-
ity was confirmed using the Promega Firefly Luciferase
Assay Kit (Cat #E1500).

RLIP antisense preparation

DNA was modified with phosphorothioate groups tar-
geting amino acid sites of RLIP (171-185 and 510-555)
to improve nuclease resistance. BLAST analysis was
performed to verify specificity against the RLIP gene.
Phosphorothioate DNA (desalted) was bought from Bio-
synthesis Inc. (Lewisville, TX). Nucleotides 507-527 of
RLIP ¢DNA (AAGAAAAAGCCAATTCAGGAGCC),
a 21-nt antisense sequence, were validated and comple-
mented with the phosphorothioate antisense sequence
(GGCTCCTGAATTGGCTTTTTC). A  scrambled
sequence (CATCGAAATCGTTGCAGTTAC) served as
the negative control. Gene silencing was assessed after
24-48 h of transfection using Maxfect Transfection
Reagent (MoleculA).

Isolation of crude membrane fractions from mouse tissues
Crude membrane fractions were isolated either by grav-
ity after flotation of the full suspension with flocculant
polymers, or by centrifugation following filtration of the
suspension with flocculant polymers. All steps were per-
formed at 4 °C unless stated otherwise. Blood contamina-
tion was minimized by perfusing tissues with PBS using
a 22-gauge syringe. Tissue homogenates (20% w/v) were
prepared in Tris-HCI buffer (10 mM, pH 7.4) containing
1.4 mM 2-mercaptoethanol. Homogenates from tumors,
liver, ovary, kidney, brain, and spleen were centrifuged at
8,000 x g for 45 min. Supernatants were further centri-
fuged by ultracentrifugation at 100,000 x g for 60 min to
obtain membrane pellets. Pellets were solubilized in lysis
buffer (10 mM Tris-HCI, pH 7.4; 0.5 mM BHT; 0.1 mM
PMSEF; 0.1 mM EDTA; 1.4 mM B-mercaptoethanol) with
0.5% polidocanol. Samples were sonicated (50 W, 30 s, 4
°C) followed by intermittent shaking for 4 h and centri-
fuged again at 100,000 x g for 2 h. The supernatant was
carefully extracted and stored for further studies.
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ELISA-based quantification of RLIP depletion

The depletion of RLIP was determined by ELISA-based
assays on cellular and tissue samples. Although RLIP
purification is the most accurate way of analyzing the
product of analysis, ELISA protocols of crude homoge-
nate are a feasible substitute. Flat bottom 96-well plates
were coated with carbonate-bicarbonate buffer solution
(pH 9.6) that contained 1% BSA and 0.01% Tween 20
and were incubated at 37 °C for 2 h. This was followed
by loading each well with protein solution (0.1-4 pg
in100 pl/well) in the same buffer and incubation at 37 °C
for another 2 h. Blocking was done after mixing out the
reactant solution and subsequently, 100 ul of 10% goat
serum at room temperature was added and incubate for
30 min. Each well was wetted with 100 pg/mL primary
antibody of RLIP and incubated for 2 h at 4 °C followed
by washing with 1x PBST (PBS-Tween) buffer. After that,
each well was flooded with100 ul of secondary antibody
and incubated at 37 °C for 30 min. Upon further 1x PBST
washing, each well was wetted with 100 pl of HRP solu-
tion and incubated on a shaker to 10-20 min left this to
incubate to allow for detection. The ELISA plate reader
recorded the absorbance after 405 nm using a standard
reference curve made with purified recombinant RLIP
protein [27].

MTT cell viability assay

The effects of RLIP depletion on cell survival through all
OC cell lines A2780, HEYAS8, SKOV3, and normal cells
HAVSMC, HUVEC were measured in the MTT assay.
According to manufacture specifications Maxfect Trans-
fection Reagent (MoleculA, Inc.) was used to perform
transfection with RLIP antisense (0—10 pg/ml) in plates
containing 5,000 cells per well. After 48 h, cells in each
well were administrated with 10 pl of 5 mg/mL MTT
solution and plates were incubated for 4 h at 37 °C. Upon
observing formazan crystals under microscope, medium
with testing solution was aspirated, and formazan crys-
tals were dissolved using 100 ul DMSO following PBS
washing. Absorbance was measured at a wavelength
of 570 nm and 630 nm (background) using Microplate
XMark spectrophotometer from Bio-Rad, Hercules, CA.
The ratio of background-subtracted absorbance values of
treated samples to untreated controls was used to calcu-
late the percentage of cell survival. Three separate experi-
ments, each with four technical replicates per condition
(n=12), are used to present the data as mean + standard
deviation. The RLIP reduction, which occurred as a con-
sequence of the effects of antisense treatment, was veri-
fied by western blot.

Colony formation assay
Effect of RLIP antisense on colony formation was deter-
mined by incubating 0.1 x 10° cells with 10 pg/ml RLIP
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antisense or scrambled antisense for 48 h in 500 pl. Ali-
quots (50 or 100 uL) of 4 ml cell suspension were plated
using a 60 mm petri dish. The cells were incubated for 7
days, after which they were fixed and stained with 0.5% of
methylene blue for 30 min. Results were counted in the
Alpha Innotech Alpha Imager HP system [27].

Cell migration assay

Wound healing assay was employed to investigate the
effect of RLIP antisense on the migratory phenotype of
SKOV3 and HeyA8-luc OC cells. Cells were seeded in
6-well discs and allowed to reach approximately 90% con-
fluence. A line of cell monolayer wounding was produced
with a 10 pl sterile pipette tip. Cellular debris in each well
were carefully eliminated with PBS, cells inoculated with
medium without FBS and were exposed to 10 pg/ml of
either control scrambled (CAS) or RLIP antisense (RAS).
Close microscopic photographs of the wound were
obtained after 0, 12, and 24 h. These photographs were
used to assess cell migration capacity. The presented data
illustrates mean and standard deviation of three different
experiments.

Cell invasion assay

A Transwell Boyden chamber was used to evaluate the
in vitro effects of RLIP antisense on the migration of
SKOV3 and HeyA8-luc OC cells. Briefly, the OC cells
(0.5x10° cells/well) were seeded in the upper chamber
of 24-well Transwell plates in serum-free medium. Cells
were treated with either scrambled control or RLIP anti-
sense at a final concentration of 10 pg/ml for 24 h. The
lower chamber was filled with DMEM containing 10%
EBS to serve as a chemoattractant. Cell migration was
carried out at 37 °C in a humidified incubator with 95%
air and 5% CO,. After incubation, non-migrated cells on
the upper surface of the insert were gently removed using
a PBS-moistened cotton swab. Migrated cells attached to
the lower surface were fixed with 4% paraformaldehyde
for 15 min. To visualize the migrated cells, inserts were
permeabilized with 0.2% Triton X-100 in PBS, followed
by staining with 0.2% crystal violet at room temperature.
Images were captured from five randomly selected fields
per insert using a light microscope at 200x magnifica-
tion. After imaging, the stained inserts were rinsed with
water, blotted dry, and placed in an empty well. The dye
was extracted by adding 200 pl of extraction buffer and
incubating the inserts on an orbital shaker for 10 min.
Absorbance was measured at 560 nm using a plate reader
to quantify the number of invading cells. The percent-
age of invading cells in the RLIP antisense-treated group
relative to the scrambled control was calculated from the
absorbance values. All experiments were performed in
triplicate.
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Orthotopic mouse model of HeyA8-luc OC

Animals were treated according to guidelines on ani-
mal care as approved by the institutional Animal Care
and Use Committee (IACUC protocol 22011) at City of
Hope. The Jackson Laboratory (Sacramento, CA) pro-
vided female NOD scid gamma (NSG) mice (8 weeks
old with the body weight ranging between 20 and 22 g).
The animals were acclimatized one week before the start
of study. 25 female NSG homozygous mice were catego-
rized as follows: (i) pre-immune serum (PIS); (ii) RLIP
antibody (Rab); (iii) control antisense (CAS); (iv) RLIP
antisense (RAS); and (v) Rab + RAS (25). HeyA8 OC cells
(1 x 10° cells in 0.1 mL of PBS) transfected with the lucif-
erase gene were implanted into NSG mouse peritoneum.
After tumor cell inoculation, mice were injected intraper-
itoneally (i.p.) with 3 mg D-luciferin in 0.1 mL of saline
and subsequently tested for the presence of tumor cells
by bioluminescence imaging using SPECTRAL Lago X
Imaging System (Spectral Instruments Imaging, Tucson,
AZ). Bioluminescent intensity was measured on the Aura
Imaging Software 4.0 created by Spectral Instruments
Imaging. Control mice were treated with scrambled anti-
sense (4 mg/kg b.w. i.p.) and pre-immune IgG (4 mg/kg
b.w. i.p.), whereas the test group of mice was treated with
RLIP antibodies (4 mg/kg b.w. i.p.), RLIP antisense (4 mg/
kg b.w. i.p.), and a combination of both as described pre-
viously [25-27]. Treatment started on Day 3. All groups
showed bioluminescence from in-vivo imaging twice a
week following peritoneum injection. Weekly records
were made on body weights and cross-sectional areas
of the primary tumor using a caliper, including a tumor
photograph, at week 7 (day 49). Mice were followed daily
and euthanized according to the IACUC-approved pro-
tocol (signs and symptoms of the cancer [i.e., lost 20%
of body weight, dehydration, swelling of the abdomen,
and difficulty walking]) and the tumor, ovary, liver, kid-
ney, spleen, and brain tissues were harvested to be exam-
ined under the microscope by histopathologic means and
molecular analyses. Figure 3 shows representative pic-
tures of mice from each group. At the end of the study
(i.e., week 7), asphyxiation using CO, and cervical dislo-
cation were used to euthanize the animals. The unpaired
Student ¢-test was used to compare the weights of the
tumors of the groups.

Immunohistochemical analysis

To determine RLIP expression in vivo, sections of mouse
tumors and tissues were fixed overnight with formalin
and subjected to embedding in paraffin followed by cut-
ting of sections to 5-pm thick and mounting them on
Poly-L-lysine-coated slides. The sections were deparaf-
finized, rehydrated respectively using xylene and then
using graduated ethanol. Hematoxylin and eosin (H and
E) staining was used to assess the level of hyperplasia,
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followed by immunostaining for E-cadherin and vimen-
tin involved in epithelial-mesenchymal transition (EMT),
CD31 to visualize blood vessels, Ki67 and RLIP to assess
cell proliferation, and vimentin to analyze mesenchy-
mal cells was performed using a universal avidin/biotin
complex detection kit (Vector Laboratories). Immuno-
reactivity manifested itself in dark brown and non-
immunoreactive regions that were considered to be
background staining. The samples were photographed
using an Olympus DP72 microscope at a magnification of
40x, and the DP2-BSW digital imaging package was used
to examine the antigen staining intensity.

Statistical analysis

Unpaired two-tailed Student ¢-tests were used to ana-
lyze data, with presented as mean *standard deviation.
Tumor size changes and body weight variations over time
were shown using scatter plots. Significant differences
between control and treatment groups were determined
using ANOVA with post-hoc tests. A p-value below 0.05
was considered significant.

Ethics statement

No human participants were employed in this current
study. City of Hope approved IACUC protocol for the
experiments with all laboratory animals. Mice exhibit-
ing signs of pain, distress, or tumor-associated morbidity
were euthanized humanely.

Results

OC cell expression of RLIP

Recent findings revealed that there was a significant
rise in the abundance of RLIP in the OC cells relative to
the normal cytosol, and the OC cells treated with RLIP

Table 1 RLIP protein in human normal and ovarian cancer cells

Total crude  RLIP protein
protein
(mg/108
cells)
ug/10® % of total
cells crude
protein
Nonmalignant
HAVSMC (aorta smooth 496+0.58 13+2 0.26
muscle)
HUVEC (umbilical endothelial) 5.24+0.46 1M+2 0.21
Malignant
HeyA8-luc 7.14£0.62 58+7 0.81
A2780-luc 6.78+0.48 52+7 0.77
SKOV3 7.62+0.84 66+5 0.86

A homogenate has been extracted from 100 x 10° cells after cell lines had been
cultured in the appropriate medium. DNP-SG affinity column chromatography
was used to separate RLIP from the total crude membrane fraction, and ELISA
was used to quantify [27, 29]. Human umbilical vascular endothelial cells are
known as HUVEC, and human aortic vascular smooth muscle cells are known
as HAVSMC
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antisense confirmed the reduction of RLIP expression
(25, 26), implying that RLIP can be a possible target
in regulating the growth of OC cells. Table 1 gives the
protein content measured as the total crude protein in
the membrane of 1x10® cells in the log-growth phase.
According to this evaluation, the contents of RLIP pro-
tein were 12+2 pg/10% normal cells and 58+6 pg/10°
OC cells, making up 0.23% and 0.81% of the total deter-
gent-soluble membrane proteins in normal and OC cells,
respectively. The values shown are averages of three inde-
pendent measurements of three replicates (n=9). These
data indicate that the expression of RLIP is significantly
greater in OC cells than in cells that are non-malignant
(Table 1).

RLIP inhibition/depletion down-regulates OC cell viability
The effect of RLIP inhibition on OC cells was studied
using RLIP antisense and RLIP antibodies as depletion
or inhibitory agents, respectively [21]. Protein-A affinity
chromatography was used to isolate the control immu-
noglobulin fraction of the pre-immune serum. Previous
Ouchterlony double immunodiffusion tests had shown
that anti-RLIP IgG was non-reactive with other proteins,
including Pgp and MRP [29]. Pre-immune IgG (40 pg/
ml), anti-RLIP IgG (40 pg/ml), scrambled antisense, or
RLIP antisense (10 pg/ml) were incubated with cells for
24 h. A clear growth-inhibitory effect was observed in
OC cells treated with RLIP antibodies or RLIP antisense,
but not in their respective controls (Fig. 1A). In contrast,
non-malignant HAVSMC and HUVEC cells showed no
significant changes in growth when exposed to RLIP
inhibition or depletion. The impact of RLIP depletion
on cell survival and proliferation was further supported
by examining the clonogenic potential of OC cells. Col-
ony-forming assays demonstrated that RLIP antisense
reduced RLIP levels and decreased the cells’ ability to
form colonies (Fig. 1B).

RLIP depletion effects migration and invasion of OC cells

RLIP depletion induces in vitro anti-migratory and
anti-invasive effects in OC cells. The metastatic cascade
involves complex migration and invasion events that
allow tumor cells to spread to other organs, even when
they originate elsewhere. To examine the effects of RLIP
reduction on migration, HeyA8-luc and SKOV3 cells
were used in a scratch wound-healing assay and treated
with either scrambled or RLIP antisense (10 pg/ml final
concentration). At 12 and 24 h, RLIP antisense treatment
significantly inhibited the ability of OC cells to migrate
(Fig. 2A). Next, we examined the effect of RLIP antisense
treatment (10 pg/ml final concentration) on the inva-
sion ability of HeyA8-luc and SKOV3 cells using Matri-
gel invasion chambers after 24 h. As shown in Fig. 2B,
crystal violet staining revealed a marked reduction in the
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Fig. 1 Impact of RLIP antibody and RLIP antisense on normal and OC cells survival. A Effect of RLIP antibody (40 ug/ml final concentration) on cell survival
was determined by MTT assay. Depletion of RLIP expression by RLIP antisense (10 pg/ml final concentration) was also done using Maxfect Transfection
Reagent, according to the manufacturer’s instructions. Cell survival was measured by MTT cytotoxicity assay 48 h after treatment. Table represents percent
cell survival after RLIP antibodies and RLIP antisense treatment. The values are presented as mean +SD from three separate determinations with eight-
replicates each (n=24). Blue bars, Control treatments; red bars, RLIP-targeting agent treatments. *p <0.04, compared to respective controls. B Colony-
forming efficiency in OC cells and non-malignant cells after treatment of antisense was performed by staining the cells with methylene blue. Colonies
were counted using Innotech Alpha Imager HP. *p < 0.03, compared to respective controls

number of invading cells in the RLIP antisense-treated
groups compared with controls. These findings show
that the in vitro invasive ability of OC cells is inhibited by
RLIP depletion (Fig. 2B).

RLIP inhibition/depletion suppresses tumor growth and
metastasis in an orthotopic mouse model in vivo

Most OC patients experience the spread of OC cells to
the peritoneum. Therefore, we tested whether RLIP-tar-
geting agents could inhibit the migration of OC cells in
an orthotopic mouse model. Localized cancer cells were
detected in animals implanted with HeyA8-luc cells on
the day following implantation (Day 1) (Fig. 3). On the
next day, mice were treated with RLIP antibody (Rab)
and RLIP antisense (RAS) (4 mg/kg body weight) by i.p.
injection once a week for 7 weeks. Another group was
used to compare the combined efficacy of Rab with RAS
(Rab + RAS) in suppressing tumor growth and metastasis.
The initial tumors in the treatment groups were notice-
ably smaller. After 49 days, tumor weight and tumor size
in the Rab, RAS, and Rab + RAS groups were significantly

reduced compared with controls. Rab and RAS caused
55% and 64% reduction in tumor size, respectively, while
the Rab+RAS combination produced an 84% reduc-
tion in tumor size (Fig. 3). These results show that RLIP
depletion/inhibition prevents the growth, recurrence,
and metastasis of primary ovarian tumors. This finding is
further supported by reduced metastasis following Rab-
and RAS-induced RLIP inhibition/depletion.

As shown in Fig. 3, firefly luciferase intensity increased
over time in control groups, whereas mice receiving
i.p. RLIP-targeting agents showed much lower lucif-
erase intensity by Day 49. NSG mice receiving RLIP-
targeting agents also showed higher survival rates than
controls (Fig. 3). H&E staining of primary tumor tis-
sues from control and treated groups showed that Rab-,
RAS-, and Rab +RAS-treated mice had reduced tumor
growth compared with controls. Other organs exam-
ined by H&E staining, including ovary, spleen, brain,
and kidney, showed no signs of toxicity in either group.
Under H&E staining, metastatic foci in the liver were
also lower in treated mice than in controls (Fig. 4).
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Fig. 2 Effects of RLIP depletion on the migration and invasion of OC cell lines. A HeyA8-luc and SKOV3 OC cells were grown to ~90% confluency in
cell culture dishes. A scratch/wound was made in each dish. The cells were then treated with control scrambled (CAS) and RLIP antisense (RAS) for 24 h.
Images were taken at each time point for the respective control and treatment groups. The distance across the wound was measured for three replicate
experiments and quantified as the wound width. p <0.03 when compared with respective controls. B HeyA8-luc and SKOV3 OC cells were placed in the
upper chamber of the transwell inserts (8 um pore size) in serum-free medium and then treated with either control scrambled (CAS) and RLIP antisense
(RAS) for 24 h. The number of invaded cells were fixed with 4% paraformaldehyde and stained with 0.2% crystal violet. Invasive cells were then photo-
graphed under a light microscope at 200x. Quantification of invaded cells in RLIP antisense treated cells is shown after normalizing the percentage of
invaded cells in control. Significantly different (*p < 0.02) compared with respective Controls by Student’s t test

Immunohistochemical analysis of peritoneal tumor sec-
tions from Rab-, RAS-, and Rab+RAS-treated mice
showed reduced RLIP levels, reduced Ki67 (proliferation
marker), reduced CD31 (angiogenesis marker), reduced
vimentin (mesenchymal marker), and increased E-cad-
herin (epithelial differentiation marker), whereas control
sections did not show these changes (Fig. 5). In vivo RLIP
expression was also reduced in antisense-treated tissues
as demonstrated by immunohistochemical analysis (Fig.
6). These in vivo and in vitro findings are consistent with
the observation that RLIP depletion suppresses cellular
proliferation and induces programmed cell death. Over-
all, our results indicate that RLIP inhibition/depletion
exerts strong anticancer effects on OC tumors in vivo.

Discussion

OC (epithelial ovarian, fallopian tube, as well as primary
peritoneal cancer) is one of the most life-threatening
gynecological tumors and is typically discovered at a later
stage in its progression, which leads to poor prognosis.
It is the fifth leading cancer-related death in the United
States in females, with an estimated 20,890 incidences
and 12,730 deaths in 2025 (American Cancer Society,
Cancer Facts & Figs. 2025). Because of the unfaithfulness
of screening procedures, the majority of patients show
up with Stage III or Stage IV cancer, and almost a third
of them have malignant ascites during the early diagnos-
tic phase [2, 30]. The conventional methods of treatment
are surgery and chemotherapy (NCCN guidelines). The
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Fig. 3 Effect of RLIP-targeting agents on orthotopic mouse models of OC. HeyA8-luc OC cells were injected into the peritoneum of NSG mice (n=5/
group), which were randomized into 5 groups (PIS, CAS, Rab, RAS, and Rab+RAS). The test group of mice received RLIP antibodies (Rab), RLIP antisense
(RAS), and their combination, whereas control mice received control scrambled antisense (CAS) and pre-immune IgG (PIS) (4 mg/kg b.w. ip. in saline
weekly for 7 weeks). Bioluminescent in vivo imaging of animals was used to monitor metastasis twice a week after the peritoneum injection. The scale
for bioluminescence intensity is shown on the right. Representative photographs of mice from each group are presented. Luminescence signal in either
single agent (Rab or RAS) treated or combination (Rab+ RAS) treated animal was much lower and statistically different when compared with controls
(i.e, PIS or CAS treated animals), and at week 4 to week 7, the signal intensity was significantly lower (p<0.01) in combined (Rab +RAS) treated animals
compared to single agent treated animals. Body weights were recorded weekly, and the primary tumor’s cross-sectional area was measured at week 7

using caliper. Photographs of tumors were also taken in week 7

five-year general survival score in the United States is low
as 49% (SEER Cancer Statistics Review). This is why there
is an immediate necessity to use alternative therapeu-
tic measures in order to cope with this life-threatening
disease.

The objective of this study was to evaluate whether
RLIP-targeting agents could inhibit metastatic progres-
sion of OC in a mouse model carrying a p53 mutation
(HeyA8-luc-OC). RLIP, an ATPase encoded by the ral-
binding protein-1 gene (RALBPI), plays a key role in the

mercapturic acid pathway (MAP) and serves as a critical
rate-limiting factor in clathrin-dependent endocytosis
(CDE) [31]. RLIP expression is highly associated with cell
migration in tumor development and is required for can-
cer cell metastasis [13]. To date, no oncogene knockdown
has been shown to suppress spontaneous carcinogenesis
in p53-null mice; however, partial pharmacological inhi-
bition of RLIP has been reported to inhibit lymphoma
and other tumors in p53-knockout mice [32]. Moreover,
RLIP expression is markedly elevated in several solid
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Fig. 4 Effect on the morphology of tumors and other organs excised at day 49 from HeyA8-luc OC cells injected into peritoneum of NSG mice. Con-
trol treated (PIS and CAS) and experimental treated (Rab, RAS, and Rab+RAS) groups bearing NSG mice tumors and other tissue sections were used
for H&E staining. Hemorrhagic areas involving the ovary, spleen, and kidney tissues were observed in the control-treated mice, whereas tissues from
experimental-treated mice were histologically normal. PIS, pre-immune serum treated; CAS, control antisense treated; Rab, RLIP antibody treated; RAS,

RLIP antisense treated

tumors compared with adjacent normal tissues [11, 12,
20-25]. These observations support further investigation
into RLIP inhibition/depletion as a promising strategy to
suppress metastasis in an orthotopic OC model.

In this study, we tested the hypothesis that systemic
suppression of RLIP using antisense oligonucleotides
and/or antibody-based immunotherapy would reduce
ovarian tumor growth and metastatic spread. The com-
parable effects produced by RLIP antisense and RLIP
antibody treatment suggest that the anti-apoptotic and
stress-protective functions of RLIP are largely attribut-
able to its transport phenotype [17-19]. Overall, our

results demonstrate that ip. administration of RLIP-
targeting agents is both feasible and effective, show-
ing strong synergistic anticancer activity in preclinical
models of OC. These findings support RLIP inhibition/
depletion as a promising direction for future clinical
investigation and potential therapeutic intervention in
OcC.

Conclusions

The omentum, located adjacent to the ovaries and rich in
adipose tissue, provides a highly favorable microenviron-
ment for OC cell proliferation and metastasis. Because
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Fig. 5 Immunohistochemistry of peritoneum tumor tissue from mice in control and experimental treatment groups. Immunohistochemistry was per-
formed to detect RLIP, Ki67, CD31, E-cadherin, and vimentin on tumor tissues isolated from control (PIS and CAS) and treatment (Rab, RAS, and Rab -+ RAS)
groups mice at day 49. Photomicrographs at 40x magnification were acquired using an Olympus DP 72 microscope. Percent staining was determined by
measuring positive immuno-reactivity per unit area. The intensity of antigen staining was quantified by digital image analysis using Pro Plus software. Bars
represent mean +S.E. (h=5). One representative image for each treatment group is shown. Statistical significance of difference was determined by two-
tailed Student’s t test; *p<0.03, Rab and RAS treatments, and **p <0.01, combination treatments compared with respective controls. PIS, pre-immune
serum treated; CAS, control antisense treated; Rab, RLIP antibody treated; RAS, RLIP antisense treated

OC is typically asymptomatic in early stages, dissemina-
tion throughout the peritoneal cavity is common at diag-
nosis. The findings of this study demonstrate the strong
antineoplastic potential of RLIP inhibition or depletion
in OC. Our results highlight the critical role of GS-E and
xenobiotic transporters in the stress-response mecha-
nisms that support OC cell survival.

In vivo, the combination of RLIP antisense and RLIP
antibodies significantly inhibited HeyA8-luc tumor
growth and metastasis in an orthotopic mouse model,
with no observable toxicity to major organs. Collectively,
this research establishes RLIP as a key anticancer target
that functions as a multidrug transporter, an anti-apop-
totic protein, and a regulator of OC cell survival. Co-
delivery of RLIP antisense and RLIP antibodies shows
promising therapeutic potential and warrants further
investigation toward future clinical application in OC.
Overall, our findings identify RLIP inhibition/depletion
as a viable and potent therapeutic strategy for the man-
agement of OC, including platinum-resistant disease.

Clinical impact

According to the Centers for Disease Control and Pre-
vention, OC remains the leading cause of death among
gynecologic malignancies in the United States and is the
third most common gynecologic cancer globally. It is the
eighth leading cause of cancer-related mortality among
women worldwide [2]. One of the most significant risk
factors is increasing age, as most diagnoses occur in
postmenopausal women [30]. The omentum is the most
frequent site of metastasis due to its high lipid content,
which supports tumor growth. Omental involvement has
major implications for disease progression, treatment
response, and overall prognosis. OC remains the deadli-
est gynecologic cancer largely because of its asymptom-
atic nature and the absence of reliable screening tools,
resulting in approximately 70% of patients being diag-
nosed at advanced stages. Although chemotherapeu-
tic agents such as paclitaxel and carboplatin are widely
used, their overall effectiveness is limited. Current evi-
dence indicates that they do not significantly improve
long-term survival and are associated with toxicities and
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Fig. 6 Immunohistochemistry of tissues from mice in control and experimental treatment groups. Immunohistochemistry was performed to detect
RLIP expression on ovary, liver, kidney, spleen, and brain tissues isolated from control (PIS and CAS) and treatment (Rab, RAS, and Rab + RAS) group mice
at day 49. Photomicrographs at 40x magnification were acquired using an Olympus DP 72 microscope. Percent staining was determined by measuring
positive immuno-reactivity per unit area. The intensity of antigen staining was quantified by digital image analysis using Pro Plus software. Bars represent
mean +S.E. (h=5). One representative image for each treatment group is shown. Statistical significance was determined by two-tailed Student’s t tests;
*p<0.02, RAS treatment, and **p <0.001, Rab+RAS combination treatments compared with respective controls. PIS, pre-immune serum treated; CAS,
control antisense treated; Rab, RLIP antibody treated; RAS, RLIP antisense treated

frequent development of drug resistance. This under-
scores the need for more selective, cancer-specific thera-
peutic strategies.

Our findings show that RLIP-targeting agents induce
apoptosis via both intrinsic and extrinsic pathways and
cause G2-cell cycle arrest by regulating cyclin B1 in OC
cells. These results support the use of RLIP inhibition/
depletion in platinum-resistant OC. The enhanced activ-
ity observed with the combined use of RLIP antisense
and RLIP antibodies suggests a synergistic effect, poten-
tially extending to inhibition of other ABC transporters.
Thus, dual RLIP inhibition/depletion provides a signifi-
cant therapeutic advantage. Future research should focus
on elucidating the molecular mechanisms underlying the
anti-metastatic effects of RLIP-targeting agents and eval-
uating their potential translation into clinical practice.
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