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Abstract: Multidrug resistance in lung cancer cells is a significant obstacle in the treatment
of lung cancer. Resistance to chemotherapeutic agents is often the result of efflux of the drugs
from cancer cells, mediated by adenosine triphosphate (ATP)-dependent drug transport across
the plasma membrane. Thus, identifying molecular targets in the cancer cell transport machin-
ery could be a key factor in successful combinatorial therapy, along with chemotherapeutic
drugs. The transport protein Ral-interacting protein of 76 kDa (RLIP76), also known as Ral-
binding protein 1 (RalBP1), is a highly promising target for lung cancer treatment. RLIP76
is an ATP-dependent non-ATP-binding cassette (ABC) transporter, responsible for the major
transport function in many cells, including many cancer cell lines, causing efflux of glutathione-
electrophile conjugates of both endogenous metabolites and environmental toxins. RLIP76 is
expressed in most human tissues, and is overexpressed in non-small-cell lung cancer cell lines
and in many tumor types. The blockade of RLIP76 by various approaches has been shown to
increase the sensitivity to radiation and chemotherapeutic drugs, and leads to apoptosis in cells.
In xenograft tumor models in mice, RLIP76 blockade or depletion results in complete and
sustained regression across many cancer cell types, including lung cancer cells. In addition to
its transport function, RLIP76 has many other cellular and physiological functions based on its
domain structure, which includes a unique Ral-binding domain and a Rho GTPase activating
protein (RhoGAP)-catalytic domain as well as docking sites for multiple signaling proteins.
As a Ral effector, RhoGAP, and adapter protein, RLIP76 has been shown to play important
roles in endocytosis, mitochondrial fission, cell spreading and migration, actin dynamics during
gastrulation, and Ras-induced tumorigenesis. Additionally, RLIP76 is also important for stromal
cell function in tumors, as it was recently shown to be required for efficient endothelial cell
function and angiogenesis in solid tumors. However, RLIP76 knockout mice are viable, and
blockade effects appear to be selective for implanted tumors in mice, suggesting the possibility
that RLIP76-targeting drugs may be successful in clinical trials. In this review, we outline the
many cellular and physiological functions of RLIP76 in normal and cancer cells, and discuss
the potential for RLIP76-based therapeutics in lung cancer treatment.

Keywords: RalBP1, tumor angiogenesis, ATP-dependent transport, chemotherapeutics,
apoptosis, endothelial cell

Introduction

Lung cancer is the leading cause of cancer death for both men and women in the
world, and every year 1.2 million new cases are diagnosed worldwide.'? In 2010,
the most recent year for which detailed lung cancer statistics are available, patient
survival was 20%—30%.? Lung tumors have two major types: small-cell (SCLC) and
non-small-cell (NSCLC) lung cancer. Roughly 80%—85% of lung cancers are NSCLC,
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and metastatic disease at presentation is common in these
patients.>* Response rates to chemotherapeutic regimens
are low; thus, lung cancer continues to be a major cause of
cancer mortality.>

Selective and potent molecular targets for treating lung
cancer are desperately needed. A promising approach is to
prevent the ability of lung cancer cells to export chemo-
therapeutic drugs, trapping the drugs within the cancer cells
and thereby making them more sensitive to drug cell-killing
effects. Hence, this represents a combinatorial therapeutic
approach including both the chemotherapeutic agent and
transport blockers. A highly promising transport target is
the protein Ral-interacting protein of 76 kDa (RLIP76), an
adenosine triphosphate (ATP)-dependent non-ATP-binding
cassette (ABC) transporter, which is responsible for the
major transport function for the efflux of endogenous
metabolites as well as chemotherapeutic agents in many cells
and tissues.*® This review will focus on the mechanisms
and regulatory effects of RLIP76 in cancer and its specific
roles in lung cancer.

Role of RLIP76 in cancer

RLIP76 is expressed in most human tissues, including
liver, heart, ovary, lung, muscle, and kidney as well in
most human tumor cell lines, and is overexpressed in
multiple cancers, such as lung and ovarian carcinomas
and melanomas (Table 1).°-'> As a prominent cellular
function of RLIP76 is the export of chemotherapy agents,
it is a major factor in the mechanisms of drug resistance.
Moreover, blockade of RLIP76 with targeting antibod-

Table | RLIP76 expression in normal tissues and over-expression
in cancer cells

Reference

Normal tissue

Erythrocytes Sharma et al'%?
Heart Awasthi et al''
Liver Awasthi et al''
Lung Singhal et al””7®
Kidney Awasthi et al'"'
Muscle Awasthi et al''
Placenta Awasthi et al''

Cancer cell type

Melanoma Lee et al,*’ Singhal et al'®
Colon Singhal et al'3

Kidney Singhal et al®’

Liver Awasthi et al'!

Lung Singhal et al,'335¢¢ |ee et al®®
Ovary Awasthi et al'"!

Prostate Singhal et al'

Abbreviation: RLIP76, Ral-interacting protein of 76 kDa.

ies or antisense has been shown to greatly increase the
sensitivity to radiation and chemotherapy and to lead to
pronounced tumor regression, in multiple types of solid
tumors in mice, including xenografted tumors of lung
cancer cells.!*1

RLIP76 as a multifunctional protein

Almost 20 years ago, RLIP76 was discovered by three dif-
ferent groups.'®!8 The RALBPI gene encoding RLIP76 is
located on human chromosome 18p11.® RLIP76 is a modu-
lar, multifunctional protein (Table 2) of 655 amino acids,
harboring an N-terminal putative helical domain of poorly
characterized function, a central Rho GTPase activating
protein (RhoGAP) domain, and a conserved Ral-binding
domain (RalBD) near the C-terminus. The RalBD, which
bears no homology to classical Ras-binding domains, sup-
ports interaction with activated RalA and RalB but not with
Ras small G proteins.” Like all Ras superfamily small G
proteins, Ral proteins are signal transducers that become acti-
vated upon release of guanine diphosphate (GDP) and binds
to guanine triphosphate (GTP), upon which Ral undergoes
a conformational shift to expose high affinity binding sites
for signaling effectors. Recently, Fenwick et al solved the
nuclear magnetic resonance (NMR) solution structure of the

Table 2 Summary of RLIP76 cellular and physiological functions

Function Mechanism

GS-E transport ATPase activity, membrane translocation®”232¢
PKC phosphorylation®®

Interaction with R-Ras®

Rac and Arf6 activation®

Ral signaling*®

Endothelial cell proliferation and migration

Ral interaction?*

Spreading and
migration

Angiogenesis
Actin remodeling
RhoGAP activity, regulation of Rac and

Cdc42

Shut-off of endocytosis through interaction
with POBI, REPSI, and CDK|38%°
Centrosome/spindle and nuclear localization®®*

Mitosis

Mitochondrial fission through RalA and
AuroraA%

Endo- and xenobiotics transport®-¢*
Interaction with HSF-1'¢

RalA signaling, binding AP2 and POBI¥
Transport activity*

Interaction with HSF-1

Apoptosis resistance

Endocytosis

Heat shock response

Notes: Cellular and physiological functions in normal and tumor tissue are shown in
the left column, and cellular and signaling mechanisms are shown to the right.
Abbreviations: ADP, adenosine diphosphate; AP2, activating protein 2; Arf6,
ADP-ribosylation factor; ATP, adenosine triphosphate; Cdc42, cell division control
protein 42; CDK, cyclin-dependent kinase |; GS-E, glutathione-electrophile conjugate;
GTP; guanosine triphosphate; HSF-1, heat shock factor |; PKC, protein kinase C;
POBI, partner of RalBP|; REPSI, RalBP|-associated Eps domain-containing protein |;
RhoGAP, Rho GTPase activating protein; RLIP76, Ral-interacting protein of 76 kDa.
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RalBD of RLIP76 in complex with RalB, which revealed a
novel binding face consisting of a coiled coil in the RalBD
that binds to both of the so-called switch regions of Ral that
“switch” conformation upon GTP binding.***' They further
found that RLIP76 can compete with other Ral effectors, such
as the exocytic modulators Sec5 and Exo84.2! Activated Ral
recruits RLIP76 from the cytosol to the plasma membrane,
suggesting that a key role of this regulatory step is in directing
the localization of RLIP76 to subcellular locales for signal
propagation.?> Thus, RLIP76 is a unique Ral effector, con-
necting upstream activation of Ral to downstream molecular
and cellular events.

Functionally, the Ral-effector property of RLIP76 was
originally described as linking Ral to Rho GTPase pathways
through the RhoGAP domain.®!”!8 The Rho subfamily of
Ras small G proteins, most prominently RhoA, Rac, and
cell division control protein (Cdc)42, are, like Ras and
Ral, regulated by guanine nucleotide exchange, such that
RhoGAPs facilitate conversion from the GTP-bound active
state to the GDP-bound inactive state. Signaling by these
small G proteins leads to actin remodeling and altered cell
morphologies, with Rac being associated with the formation
of broad lamellipodia protrusions and Cdc42 with filopodia
spikes.? Early studies showed that RLIP76 supports RhoGAP
activity towards Rac and Cdc42, but not RhoA, in vitro.
Since Ral can be activated downstream of Ras, RLIP76 was
proposed to bridge Ras activation — typically associated
with mitogen signaling — with the activation of Rho proteins
and cytoskeletal remodeling, via RLIP76 interaction with
GTP-Ral. This cellular function was later shown to relate
to physiological effects, as RLIP76 interaction with RalB
modulates actin remodeling during gastrulation in Xenopus
oocytes.?* Thus, an important cellular and physiological
function of RLIP76 is to couple Ral-effector function with
Rho signaling and actin cytoskeletal remodeling, promoting
altered cell morphologies.

Since its initial characterization as a Ral effector and
RhoGAP, RLIP76 has been implicated in various other
cellular functions at different locations within cells, all of
which are likely contributors to its efficacy as a putative
cancer therapy target (Table 2). RLIP76 also functions
as an ATP-dependent glutathione-conjugate transporter
for small molecules,® including anticancer drugs and
endogenous metabolites,”?>?¢ and in endocytosis,?”?8
mitochondrial fission,” cell spreading and migration,?
and Ras-induced tumorigenesis (although RLIP76 is not
critical for Ras/Ral-mediated tumorigenesis, indicating
RLIP76 is not the major effector in this process).’!:3

RLIP76 also contains many putative sites of protein phos-
phorylation by several kinases, such as protein kinase C
(PKC)s (a family of serine/threonine [Ser/Thr] kinases)
as well as Ral interacting kinase, and many of the utilized
sites in cells are Ser and Thr residues in the N-terminal
domain.?*¥ PKC-dependent RLIP76 phosphorylation
appears to play an important role in its functions in lung
cancer (described below).333¢

An important but possibly underappreciated function of
RLIP76 is as an adapter molecule. Identified binding partners
(besides RalA and RalB) include activating protein (AP)2,
partner of RalBP1 (POB1), heat shock factor (HSF)-1, R-Ras,
and RalBP1-associated Eps domain-containing protein
(Reps1). Through these interactions, RLIP76 participates in
various cellular functions, by coupling related molecules in
signaling pathways. For example, in addition to linking Ral
to Rho pathways, RLIP76 also regulates Ral signaling in the
regulation of endocytic recycling of many proteins, including
growth factor receptors, through binding to AP2 and POB1.
During mitosis, RLIP76 is phosphorylated, redistributes
to centrosomes and the mitotic spindle, and interacts with
POBI and mitotic kinase cyclin-dependent kinase (CDK)
1, leading to Ral-dependent shut off of endocytosis during
mitosis.**3? Nuclear localization of RLIP76 is mediated by
nuclear localization sequences in the N-terminal domain,
whereas putative coiled coil domains in the C-terminus
adjacent to the RalBD are necessary for retention in the
nucleus.*” Additionally, during mitosis, RLIP76 also local-
izes to the mitochondria where it couples Ral phosphoryla-
tion by mitotic kinase Aurora A to signaling necessary for
mitochondrial fission and proper distribution in the daughter
cells.?” Furthermore, the role of RLIP76 in endocytosis may
be coupled to its transport activity.* RLIP76 also appears to
regulate stress-induced transcriptional activation by form-
ing complexes with HSF-1.#!' Finally, our group identified
RLIP76 as a selective effector of the small GTPase R-Ras
and found that RLIP76 regulates R-Ras signaling, lead-
ing to cell spreading and migration.?** These effects are
the result of RLIP76 adapter function, whereby it recruits
ARNO, a small GTPase guanine exchange factor, to R-Ras at
recycling endosomes, to regulate vesicular trafficking neces-
sary for spreading and migration®’ (our unpublished results
support this). RLIP76 also potentiates Ral-mediated cell
spreading, potentially through similar signaling pathways.*
Thus, RLIP76 regulates a broad spectrum of molecular,
cellular, and physiological processes, many of which stem
from its function as a molecular adapter in various cellular
locales.
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function in cancer

Of the many functions of RLIP76 related to cancer initiation
and progression, the most thoroughly characterized is as a
molecular transporter of glutathione-electrophile conjugates
(GS-E). GS-Es form by thioether conjugation of glutathione
(GSH) (between 1-10 mM GSH cytosolic concentration in
cells), an electron donor and thus a reducing agent, with elec-
trophilic or oxidant chemicals that are derived both endoge-
nously (endobiotics) and from the environment (xenobiotics).
In this way, GSH acts as a scavenger for alkylating agents
and other electrophiles.** GS-E conjugates become trapped
in cells and require energy-dependent transport for their
removal, to prevent toxicity caused both by excessive GS-E
and impairment of the overall process of reduction of elec-
trophilic toxins.***¢ Some of this transport function is carried
out by ABC transporters.’*8 Thus, in addition to the removal
from cells of toxic endobiotics, such as 4-hydroxynonenal
(4-HNE), GS-E transport is also essential for protection from
xenobiotics.** Multidrug resistance (MDR), particularly for
alkylating chemotherapeutic drugs, is very often the result of
a failure of transport in the target cells; hence, transporters
such as the ABC type are classified as MDR proteins, which
have long been pursued as therapeutic targets to inhibit drug
resistance in cancer cells.>!

However, despite a great deal of attention to the target-
ing of transporters in cancer therapy, early attempts have
not been successful. One reason for this may be that MDR
and associated proteins account for only a fraction of the
transport activity in many cells; instead, about two-thirds
of cellular transport activity appears to be the work of
RLIP76.1%°253 In the early 1980s, Awasthi et al discovered a
1-chloro-2,4-dinitrobenzene (DNP-SG) ATPase in erythro-
cytes, which acts as the primary ATP-dependent transporter
of the DNP-SG GSH conjugate.*% The same group later
found that this transporter is identical to RLIP76.RLIP76 is
anovel, non-ABC type transporter, which utilizes both of its
two ATP binding sites — in the N-terminal domain (aa 69-74)
and adjacent to the RalBD (418—425) — for ATPase and trans-
port activity but which lacks the canonical Walker domain
of ABC-type transporters.? Interestingly, PKC-mediated
phosphorylation of RLIP76 increases its transport activity.*®
A wealth of subsequent studies have shown that RLIP76 is
the major transporter for a wide range of structurally distinct
endobiotics and xenobiotic chemotherapy agents, including
GS-E, doxorubicin, sulfates, leukotriene C4, vinorelbine,
glucorinides, colchicine, and other organic anions and cat-
ions.!¥7=62 Due to this broad spectrum of transport targets,

RLIP76 plays important roles in resistance to apoptosis
due to heat shock and oxidative stress (in part, through
interaction with HSF-1), radiation sensitivity, and perhaps
most prominently, to MDR in cancer therapy.®

The various cellular functions of RLIP76, and in par-
ticularly its ATPase transport activity, have been shown
to translate directly to MDR in cancer cells in many types
of tumors. The blockade of RLIP76 by antisense or short
inhibitory ribonucleic acid (siRNA) depletion or with anti-
RLIP76 antibodies (presumed to block membrane-targeted
RLIP76) has been shown to cause apoptosis in SCLC and
NSCLC, leukemia, lymphoma, melanoma, colon cancer,
and prostate cancer cell lines, and RLIP76 blockade or
depletion synergizes with chemotherapeutic agents, such as
anthracyclines and Vinca alkaloids (eg, vinorelbine) to further
enhance apoptosis in these cancer cell lines. These in vitro
effects have translated, in every case, to pronounced in vivo
effects in tumor xenografts: the blockade of RLIP76 has led
to regression of tumors formed by xenografted lung cancer,
melanoma, colon cancer, prostate cancer, and kidney cancer
cells in mice. 313606667 [ at least some cases, like in prostate
cancer cells, anti-RLIP76 antibodies were equally as effective
as siRNA, suggesting that the transport function of RLIP76
is the major driver of MDR in these cells.!* Conversely, the
ectopic administration of RLIP76, such as by transfection in
cancer cell lines or with proteoliposomes in vivo, has been
shown to restore transport and the efflux of xenobiotics, and
enhance MDR in the tumors, reversing the regressive effects
of RLIP76 blockade.>>0:6¢

RLIP76 in tumor angiogenesis

In addition to its broad variety of functions in normal epithe-
lial and erythroid cells and in transformed cells in tumors,
RLIP76 also has important roles in stromal cells, with con-
sequences for solid tumor progression, survival, and possibly
metastasis. In particular, RLIP76 has unique functions in
endothelial cells, specialized squamous epithelia that form
the inner core of all blood vessels and are the sole cellular
components of the microvasculature (capillaries).®%° We
have recently found a role for RLIP76 in tumor angiogenesis.
Angiogenesis, the outgrowth of new blood vessels from
existing ones, is required for the progression of tumor growth
and metastasis. Solid tumors require a nutrient blood sup-
ply to grow beyond ~1 mm diameter, and the inhibition of
tumor angiogenesis has long been pursued as an approach
to preventing tumor growth and subsequent metastasis.”
Angiogenesis is a complex process resulting from combined
simultaneous upregulation of proliferation and migration in
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endothelial cells. During the initial stages of angiogenesis,
proliferating and migrating endothelial cells convert to a
spindle-shaped morphology and organize into branched
capillary networks, which differentiate into fully-formed
lumenal vessels carrying blood from the source vasculature
to the new sites, such as into solid tumors.”

Based on the ability of RLIP76 to interact with R-Ras —
a modulator of tumor angiogenesis — as well as with other
proteins important for endothelial function (described below),
we recently investigated a potential physiological role for
RLIP76 in angiogenesis, in solid tumors xenografted in
mice. Tumor growth from the B16 melanoma or Lewis lung
carcinoma cells xenografted into the flanks of C57B1/6 wild
type (WT) mice was blunted in isogenic RLIP767~ mice.
We used three-dimensional (3-D) X-ray microcomputed
tomography to reconstruct the tumor vascular structures in
resected tumors from WT and RLIP767~ mice and found
defects in both the extent and form of tumor angiogenesis in
the RLIP767~ mice. Specifically, the tumor vascular volumes
were diminished, and the vessels were fewer in number,
shorter, and narrower in RLIP767~ mice than in WT mice.
Moreover, we found that angiogenesis in basement mem-
brane matrix plugs was blunted in the knockout mice in the
absence of tumor cells, with endothelial cells isolated from
the lungs of these animals exhibiting defects in migration,
proliferation, and cord formation in vitro.% Furthermore, in
amodel of induced skin carcinogenesis, to which RLIP767~
mice are already resistant,*’ the tumors that did form showed
diminished angiogenesis; conversely, liposome-mediated
reconstitution of RLIP76 expression restored tumor growth
and tumor angiogenesis in this model.*’ Thus, in addition to
regulating tumor cell growth, RLIP76 is required for efficient
endothelial cell function and angiogenesis in solid tumors.

Importantly, when we xenografted tumor cells in which
RLIP76 expression had been stably suppressed with a short
hairpin ribonucleic acid (shRNA), tumor growth was slightly
but significantly reduced in both the WT and RLIP767~ mice
compared with tumors expressing control shRNA.% This
result points to a dual physiological role for RLIP76 in
tumor progression: RLIP76 regulates tumor progression by
modulating survival of the tumor cells themselves, as previ-
ously demonstrated, as well as by supporting neovascular-
ization derived from the host vascular cells. Thus, RLIP76
contributes independently to the growth of tumor cells and
to angiogenesis from the host vasculature in solid tumors,
such that combined depletion in both compartments further
reduces tumor growth and tumor angiogenesis over those
observed by knockout in the host animal only. These results

strengthen the case for RLIP76 as a potent molecular target in
cancer, as blocking RLIP76 appears to diminish tumor growth
by inhibiting both tumor cell growth and the angiogenesis
required for tumor expansion.

Molecular and cellular mechanisms

of RLIP76 in tumor angiogenesis
The physiological effects of RLIP76 depletion or blockade in
tumor angiogenesis are likely to be manifold, reflecting the
multifunctional nature of RLIP76 in cells. A novel cellular
function of RLIP76, which may be unique to endothelial
cells, is in cell survival in cases of oxidative stress. Based
on a complementary deoxyribonucleic acid (cDNA) library
screen of microvascular endothelial cells with patient sera,
Margutti et al found that patients with several diseases result-
ing from endothelial dysfunction expressed autoantibodies to
RLIP76.% In vitro, both macro- and microvascular endothelial
cells were shown to respond to oxidative stress by redistrib-
uting RLIP76 to the plasma membrane, and the treatment
of these cells with RLIP76 autoantibodies led to increased
intracellular 4-HNE and phosphorylation of Jun-kinase,
decreased intracellular GSH, and caused caspase-dependent
apoptosis.®® Thus, endothelial dysfunction by RLIP76 anti-
bodies may relate to its roles as a transporter. The endothe-
lium is uniquely sensitive to oxidative stress, which can
cause endothelium-induced development of atherosclerosis,
endothelial permeability, expression of adhesion molecules
(which can capture leukocytes and promote inflammatory
responses), as well as to apoptosis leading to breakdown of
the vascular wall.”! Interestingly, the endothelial apoptosis
caused by RLIP76 antibodies appears to be significantly
more pronounced in cells derived from women than from
men.”? Potential explanations for this gender disparity in
RLIP76 sensitivity are the apparently higher surface expres-
sion of RLIP76 in endothelial cells derived from women than
from men and the finding that RLIP76 sensitivity increased
in cells derived from women, but not from men, following
treatment with estrogen.” Thus, one mechanism of blockade
of tumor angiogenesis by targeting RLIP76 such as via anti-
bodies, may be by induction of endothelial apoptosis.
Besides regulating oxidative stress-induced apoptosis,
RLIP76 also has other molecular and cellular functions that
may contribute to its roles in angiogenesis. As an adapter,
RLIP76 interacts with multiple proteins that regulate cell mor-
phology, intracellular vesicular trafficking, and downstream
effects on cell adhesion and migration — all of which are
important processes in endothelial cell-mediated angiogenesis.
The central RhoGAP domain supports GAP activity towards
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small GTPases Cdc42 and Racl in vitro, leading to inac-
tivation of these proteins but not to RhoA, as outlined
above. However, in cells, RLIP76 expression is required for
adhesion-induced activation of Rac1, leading to remodeling
of the actin cytoskeleton, cell spreading, and cell migration.*
These molecular and cellular functions of RLIP76 relate to its
ability to interact selectively with the activated (GTP-bound)
form of the Ras family small GTPase R-Ras, which is an
essential modulator of endothelial barrier function and angio-
genesis. 7 RLIP76 expression is required for R-Ras to
promote Rac activation and Rac-dependent cell spreading and
migration; hence, RLIP76 may be an important mediator in the
endothelial functions of R-Ras.*° In addition, RLIP76 inter-
acts with a guanine exchange factor for the small G protein
ADP-ribosylation factor (Arf)6, a key driver of vesicular
trafficking and upstream of Rac activation.*® Furthermore,
as an effector of activated Ral GTPase, RLIP76 regulates the
exocytic pathway and actin remodeling downstream of Ral, as
outlined above.?* A newly described function of the RLIP76/
Ral complex is in recruiting proteins essential for mitochon-
drial fission during mitosis.? Thus, the adapter function of
RLIP76, through its ability to coordinate signaling through a
variety of small G protein signaling networks, plays important
roles in vesicular trafficking, mitochondrial dynamics, actin
remodeling, cell morphology, and motility — all of which are
likely to contribute to the requirement for RLIP76 expression
in endothelial function and angiogenesis in tumors.

Specific role of RLIP76

in lung cancer

The role of RLIP76 as a transporter mediating MDR has been
most thoroughly studied in the context of lung cancer. Early
studies in this area investigated 13 native human lung cancer
cell lines and found that RLIP76 purified from NSCLC had
about twofold higher ATPase activity than that from SCLC
cell lines, perhaps due to different posttranslational modifi-
cations, and RLIP76-mediated transport of doxorubicin was
similarly enhanced in NSCLC compared with SCLC.”""
A recent study found RLIP76 is overexpressed in multiple
NSCLC cell lines.” Another early study found that blockade
of RLIP76 with specific antibodies synergized with doxo-
rubicin to cause apoptosis in NSCLC.*° A subsequent study
showed that knockdown of RLIP76 by siRNA caused apop-
tosis in six different NSCLC cell lines, whereas augmenting
RLIP76 levels led to MDR and the prevention of apoptosis
by both endobiotics (4-HNE) and doxorubicin.®® Further
support for RLIP76 in mediating chemotherapy resistance
in lung cancer came with the finding that depletion or aug-

mentation of RLIP76 had the same corresponding effects in
both NSCLC and SCLC cells with respect to vinorelbine,
a Vinca alkaloid with apparently less resistance in NSCLC
than similar drugs.’> HSF-1 and POB1, binding partners of
RLIP76, appear to be inhibitors of RLIP76 transport func-
tion, at least in NSCLC cells, which may explain why these
proteins are associated with drug sensitivity.®**' However,
the most direct evidence to date for a prominent role of
RLIP76 in lung cancer, and its putative efficacy as a thera-
peutic target, was the finding that depletion of RLIP76 either
with antisense or with anti-RLIP76 antibodies caused rapid
and complete regression, and long-term remission of tumors
in mice xenografted with two different NSCLC cell lines.
Antibody and antisense treatment yielded similar results,
pointing to the importance of the transport function in the
regression, and furthermore, RLIP76 blockade enhanced
the regressive effects of vinorelbine in this model.'* Thus,
RLIP76 is the principal mediator of ATP-dependent trans-
port, driving efflux of chemotherapeutic agents in lung can-
cer cells and tumors and leading to MDR, making RLIP76 a
prominent target in developing chemotherapeutic approaches
to fight lung cancer.

Critical analysis of the potential
for targeting RLIP76 in lung

cancer management

RLIP76 is a potent antiapoptotic protein, due largely to its
roles as a molecular transporter. Its efficacy as a cancer thera-
peutic target — having been demonstrated in various models
of tumor regression in mice — is also based on its apparent
selectivity for cancer cells in these functions (Figure 1).° The
upregulation of RLIP76 expression in multiple tumor types
and cell lines supports this possibility. Moreover, based on its
role in tumor angiogenesis, it is likely that regressive effects of
RLIP76 targeting in tumor xenografts are the result of combi-
natorial effects in tumor cells and stromal cells (Figure 1). The
prevention of xenografted tumor growth and synergy with the
inhibition of tumor angiogenesis in RLIP76 knockout mice
and conversely, the enhanced tumor angiogenesis observed
following ectopic application of RLIP76 in the knockout
mice,” strongly supports the idea of a one-two punch attack
on the growth of solid tumors, by blocking RLIP76 function
in tumor cells and the tumor vasculature. However, it must be
noted that the in vivo studies to date have focused on xeno-
grafted tumors in mouse flanks, and direct application to can-
cer in the lung has yet to be determined. Furthermore, besides
focused evaluation of the xenografted tumors in control mice
following RLIP76 blockade or global depletion, it remains to
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Drug resistance

Radiation therapy resistance

Tumor regression

Tumor angiogenesis

RLIP76 block

Apoptosis 1

(vascular endothelium and cancer cells)

Oxidative stress response
(vascular endothelial cells only?)

Figure | RLIP76 blockade in tumorigenesis and tumor progression.

- = - -

RLIP76 depletion

Notes: Effects of RLIP76 blockade in tumors are shown. Effects including inhibition of tumor angiogenesis and heat shock responses are likely manifested in tumor cells and

tumor stromal cells.
Abbreviation: RLIP76, Ral-interacting protein of 76 kDa.

be seen whether these treatments have other adverse vascular
effects. Indeed, the role of RLIP76 in the oxidative stress
response and apoptosis in endothelial cells, coupled with
elevated levels of RLIP76 autoantibodies in Behget’s disease,
systemic lupus, and other vascular pathologies,® suggest that
more investigation in this area is needed. On the other hand,
RLIP76 is not essential for development in mice, which may
reflect the particular effects of RLIP76 blockade in tumors.
Recently, yet another pathogenic function of RLIP76 was
identified, in metabolic disease;** hence, as with any puta-
tive therapeutic, caution will be required in the path towards
targeting RLIP76 in lung cancer and other cancers. However,
the wealth of preliminary evidence points strongly towards
pursuing this goal of developing RLIP76-targeting therapeutic
approaches in the treatment of lung cancer.

Conclusion

In the ongoing search for molecular targets in lung cancer
treatment, RLIP76 is among the most promising candidates.
Its multifactorial contributions to tumor growth and survival
are reflected in the complete regression of lung cancer cell
tumors by blocking or depleting RLIP76 in mice. Most likely,
drugs targeting RLIP76 will be most useful in combinatorial
therapies, such as with classical chemotherapeutic agents,
such as doxorubicin. However, off-target effects in other

tissues will have to be closely monitored, and it remains to
be seen whether the animal studies to date will translate into
success in clinical trials. A more thorough understanding of
the molecular mechanisms of RLIP76 function could be the
key to developing selective therapeutic approaches in target-
ing RLIP76, in the treatment of lung cancer.
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