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Abstract
PKCα-activation is a key signaling event governing cell growth, stress-resistance, and drug-
resistance. Our recent studies demonstrated that DOX-resistance mediating effects of PKCα
require the presence of RLIP76, and their concerted action is sufficient to explain intrinsic DOX-
resistance of NSCLC [S.S. Singhal, D. Wickramarachchi, J. Singhal, S. Yadav, Y.C. Awasthi, et
al., Determinants of differential doxorubicin sensitivity between SCLC and NSCLC. FEBS Lett.
580 (2006) 2258–2264]. Present studies were carried out to further explore the suggestion from
the previous studies that the mitogenic effects of PKCα also require RLIP76. RLIP76−/− MEFs
were resistant to PKCα-depletion mediated growth inhibition, as well as to the PKCα-dependent
mitogen, phorbol 12-myristate 13-acetate (PMA). Augmenting cellular levels of RLIP76 using
purified recombinant RLIP76 increased growth rate in all cells, and restored the sensitivity of
RLIP76−/− MEFs to both inhibition through PKCα-depletion and stimulation through PMA. These
results show that RLIP76 is a necessary down-stream effector for PKCα-mediated mitogenesis.
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PKCα is a member of protein kinase family, and is considered one of the ‘classical’ isoforms
(α, βI/II, and γ) which bind to and are activated by calcium and diacylglycerol (DAG)
resulting in activation of the catalytic domain in response to various stimuli [1,2]. PKCα
transmits signals down-stream to pathways regulating cell proliferation, differentiation, cell
cycle-control, apoptosis, and cell survival in response to stressors such as the classical
chemotherapy drug, doxorubicin (DOX) [1–4]. Cell cycle progression regulation by PKCα
(and PKCε) is mediated through activation of cyclin D1 expression through enhanced AP1
binding to the cyclin D1 promoter. However, this mechanism is not uniform, since in some
cells, PKCα down-regulates cyclin D and increases p21 and p27, resulting in exit of cells
from the cell cycle to G0. Loss of PKCα correlates with induction of apoptosis either
through activation of PKCδ, or down-regulation of Bcl [4]. Increased PKCα-mediated

☆Abbreviations: RLIP76 (RALBP1), Ral-interacting protein; DOX, doxorubicin; SCLC, small cell lung cancer; NSCLC, non-small
cell lung cancer; GSH, glutathione; GS-E, glutathione-electrophile conjugate; DNP-SG, dinitrophenyl S-glutathione; MRP, multi-
drug-resistance associated protein; PMA, phorbol ester (phorbol 12-myristate 13-acetate); PKC, protein-kinase-C.
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augmentation of cell survival is also associated with increased anti-apoptotic protein, Bcl-2,
and BclXL. Down-stream targets of PKCα also include Raf-1 kinase which activates the
ERK-MAPK cascade involved in stress-defenses and transformation. Interaction of PKC
with Rho in the plasma membrane leads to activation of AP-1 through an ERK-MAPK
independent pathway [2,4]. Cells with increase PKCα, such as non-small-cell lung
carcinoma (NSCLC), exhibit anchorage dependent growth, whereas cells low in PKCα grow
in an anchorage independent fashion, like small cell lung carcinoma [4,5]. This difference in
morphology is related to the activation of Rho by PKCα and subsequent Rho-dependent
cytoskeletal rearrangements [5].

We have recently identified a new target of PKCα, RLIP76 (RALBP1). RLIP76 is a Ral-
binding Rho-GAP protein (inhibitor of Rho-signaling) which we have shown to be the
predominant cellular mechanism for ATP-dependent effux of glutathione-conjugate (GS-E)
and chemotherapy drugs (such as DOX) [6–18]. Although it can function as a drug-
resistance transporter, the major physiological role of RLIP76 appears to be the regulation of
intracellular levels of lipid–alkenals and alkenal–glutathione conjugates, the formation of
which is an early and obligatory event in course of oxidant/radiant stress or signaling [8–
10,19] The transport activity of RLIP76 functions to regulate cellular levels of glutathionyl-
adducts of lipidoxidation derived reactive oxygen species which are known to exert direct
effects in cell proliferation, differentiation, and apoptosis [8–10,19].

RLIP76 is activated to increase its GS-E and DOX transporting activity through
phosphorylation by PKCα at T297 [16,17]. The greater transporter activity of the
phosphorylated form of RLIP76, which predominates in NSCLC, is the primary determinant
of intrinsic DOX-resistance of NSCLC [16,17]. Exclusive expression of a mutant RLIP76
which cannot be phosphorylated in NSCLC cells causes reversion of DOX-resistant to a
level similar to that seen in the DOX-sensitive SCLC [17]. These findings were confirmed
by studies in RLIP76−/− MEFs which lacked any DOX-sensitizing effect of PKCα
depletion. During these studies, we also noticed that RLIP76−/− MEFs were also resistant to
the anti-proliferative effects of PKCα-depletion by siRNA. These findings suggested that the
proliferative signaling by PKCα also requires the presence of RLIP76. In present studies, we
have explored this postulate by comparing the effects of PKCα simulation, depletion, and
inhibition between RLIP76−/− MEFs as well as SCLC and NSCLC cells. The results of
present studies show that RLIP76−/− is a required down-stream effector for PKCα-mediated
cell-proliferation. These novel findings have important implications with respect to the role
of lipid peroxidation derived reactive-oxygen species, their glutathionylated metabolites, and
glutathione-linked metabolism in general in the regulation of cell growth.

Materials and methods
Materials

Sources for reagents for protein purification, tissue culture, and transport studies were the
same as described previously [6,15]. Phorbol ester was procured from Sigma Chemical Co.,
St. Louis, MO. [γ-32P]ATP (3000 Ci/mmol) was purchased from Pharmacia Biotech
(Piscataway, NJ). [14C]DOX (specific activity 57 mCi/ mmol) was purchased from
Amersham Corporation (Arlington Heights, IL). Source of anti-RLIP76 IgG used in these
studies was the same as previously described [6]. RLIP76 siRNA, human PKCα siRNA, and
non-specific control siRNA were purchased from Dharmacon (Chicago, IL).

Cell lines and cultures
Human SCLC, H182, H1417, H1618, NSCLC, H226 (squamous cell carcinoma), H2347
(adenocarcinoma), and H358 (bronchio alveolar) cell lines were studied. All cells were
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cultured at 37 °C in a humidified atmosphere of 5% CO2 in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated FBS, 1% (v/v) P/S solution, 2 mM L-
glutamine, 10 mM Hepes, 1 mM sodium pyruvate, 1.5 g/L sodium bicarbonate, and 4.5 g/L
glucose.

Mouse embryonic fibroblast (MEF) cultures
Twelve-week-old C57BL/6 mice born of heterozygous × heterozygous (RLIP76+/− ×
RLIP76+/−) mating were genotyped by PCR strategy on mouse tail DNA using forward,
reverse, and long terminal region (LTR) primers [14]. These mice were commissioned from
Lexicon Genetics and were created using Cre-Lox technology as described previously [14].
Embryonic fibroblast lines were prepared from RLIP76+/+, RLIP76+/− , and RLIP76−/−

mice on the 13th or 14th day of pregnancy according to the method of Johnson et al. [20]
and maintained in RPMI-1640 medium containing 10% (v/v) heat-inactivated FBS, 1% (v/v)
P/S solution, 2 mM L-glutamine, 10 mM Hepes, 1 mM sodium pyruvate, 4.5 g/L glucose,
and 1.5 g/L sodium bicarbonate and plated in 25-cm2 tissue culture flasks, and incubated at
37 °C in a humidified atmosphere of 5% CO2.

effect of PMA
Cell density during log phase was determined by counting trypan blue excluding cells in a
hemocytometer, and 20,000 cells/160 μl medium were plated into each well of 96-well flat-
bottomed microtiter plates. The effect of phorbol ester on cell growth was also examined by
incubating the cells with 20, 50, and 100 nM PMA for 2 h at 37 °C. Cells were then washed
with PBS, followed by 96 h incubation at 37 °C in medium before MTT assay [21]. Levels
of RLIP76 protein in cells homogenates were measured by ELISA using anti-RLIP76 IgG as
previously described [15].

Results and discussion
effect of RLIP76 loss on cell growth

The growth rate of RLIP76+/+ and RLIP76−/− MEFs was compared by inoculating equal
number of cells into medium followed by quantitation of cell growth by hemocytometry,
cell-counting, MTT as well as colony-forming assays. RLIP76−/− MEFs were significantly
slower growing as compared with the wild-type counterpart (Fig. 1A). Data presented are
for MTT assays done at 96 h after inoculation of cells into medium, and were consistent
with the cell-counting, hemocytometry, and colony-forming assays done in parallel (data not
presented). These findings indicated that loss of RLIP76 caused a decrease in basal rate of
cell proliferation.

effect of PKCα-depletion on cell growth in MEFs
For these studies, we used a specific PKCα-siRNA (Dharmacon) and a corresponding
scrambled siRNA control. The growth of cells was normalized to controls in the absence of
siRNA. The scrambled siRNA caused no effects in the wild-type and RLIP76−/− cells (Fig.
1B). PKCα-depletion was confirmed by Western blot analysis (Fig. 1B, inset). Concomitant
with absolute depletion of PKCα protein, cell growth was reduced significantly (p < 0.05) by
36% for the RLIP76+/+ MEFs, whereas growth rate was unaffected by PKCα-depletion in
the RLIP76−/− MEFs (Fig. 1B). This observation indicated that PKCα-signaling of cell
cycling and proliferation was non-functional in the absence of RLIP76.

effect of PKCα-stimulation on growth of MEFs
The phorbol ester PMA (phorbol-12-myristate-13-acetate) caused a dose-dependent and
saturable stimulation of cell growth in the RLIP76+/+ MEFs, whereas no growth stimulation
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was apparent in the RLIP76−/− MEFs (p < 0.001) (Fig. 1C). For the RLIP76+/+ MEFs,
depletion of cells by PKCα resulted in a reduction of cell growth by ~35%; more
importantly, the effect of PMA was completely abrogated, confirming that PKCα is
necessary for the proliferative response elicited by PMA. Remarkably, neither the scrambled
siRNA nor PKCα-siRNA pre-treatment affected the growth of RLIP76−/− MEFs, either in
the absence or presence of PMA. These results strongly indicated that proliferative signaling
through PKCα stimulation requires the presence of RLIP76.

effect of RLIP76 supplementation on proliferation signaling by PKCα
If RLIP76 were the key ingredient missing in RLIP76−/− MEFs that resulted in loss of
PKCα-mediated proliferation signaling, replacement of RLIP76 should overcome this
defect. To address this question, we measured cell-proliferation rate and cellular RLIP76
protein between RLIP76+/+ and RLIP76−/− MEFs in which RLIP76 level was augmented by
addition of purified recombinant human RLIP76 through liposomal delivery, as previously
used [6,15]. Measurement of total RLIP76 protein in crude cell homogenate revealed
absence of detectable protein in the RLIP76−/− MEFs as expected (Fig. 2A). Total RLIP76
protein normalized to total crude protein showed that RLIP76 represented ~0.5% of total
protein in these MEFs, an amount in close agreement with that reported previously for other
human cells [15]. Addition of increasing volumes of control liposomes (not containing
purified RLIP76) caused no change in RLIP76 level, but addition of increasing amounts of
RLIP76-liposomes caused an apparently saturable 4 to 7-fold increase in cellular RLIP76
protein in the RLIP76+/+ MEFs. The quantity of RLIP76 protein in RLIP76−/− MEFs treated
with RLIP76 liposomes was comparable, though slightly lower than the corresponding
values obtained upon augmenting RLIP76 in RLIP76+/+ MEFs (Fig. 2A). Scrambled PKCα-
siRNA had no significant effect on the uptake of RLIP76 from liposomes in either the
RLIP76+/+ or RLIP76−/− MEFs. These results confirmed previous studies showing absence
of RLIP76 in RLIP76−/− MEFs, and the ability to augment cellular RLIP76 using liposomal
delivery.

Cell growth measurements, normalized to untreated control cells of the corresponding
genotype, showed that augmentation of RLIP76 caused increased cell proliferation above
control, increasing to ~130% of control in RLIP76+/+ MEFs augmented to contain seven
times the normal amount of RLIP76. The growth inhibitory effect of PKCα-depletion in
these cells was partially, but not completely, antagonized by augmentation of RLIP76 (Fig.
2B). In contrast to the RLIP76+/+ MEFs, the RLIP76−/− MEFs had a much greater increase
in cell proliferation upon addition of RLIP76. Indeed, the growth-rate of these cells
exceeded the wild-type (Fig. 2B). In the RLIP76 supplemented RLIP76−/− cells, sensitivity
to inhibition by PKCα-depletion was restored. These findings provided strong evidence for
the assertion that cell-proliferative signaling involves that activity of RLIP76 and PKCα, and
that in the absence of RLIP76, PKCα-mediated mitogenesis is absent.

Correlation of cell-growth findings in NSCLC and SCLC
SCLC and NSCLC represent a good model system for studying differential effects of PKCα
and RLIP76, since the latter has much higher PKCα activity as compared with the former,
and the specific activity of RLIP76 in NSCLC is twice that in SCLC [15–17]. For these
studies, cell growth was compared between 3 SCLC and 3 NSCLC cell lines in the presence
or absence of specific depletion of PKCα or RLIP76 by siRNA (Fig. 3). Scrambled siRNAs
had no effect on growth. RLIP76-depletion caused a consistent ~70% decrease in surviving
cells in both SCLC and NSCLC. We have previously shown that RLIP76-depletion causes
apoptosis in both cell types [15,18]. Depletion of PKCα by siRNA also reduced cell growth,
though the effect was more prominent in NSCLC as compared with SCLC. Combined
depletion of PKCα and RLIP76 had an additive effect, reducing cell growth by >85% in
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both SCLC and NSCLC (Fig. 3). These findings showed that specific depletion of PKCα
preferentially affects NSCLC as expected, since these cells have greater PKCα activity
[16,17].

Significance
The fundamental nature of these findings with respect to the nature of PKCα-mediated
signaling is evident from the cell-growth studies showing that RLIP76 is a required effector
for signaling cell-proliferation. The mechanism for the proliferative effects of PKCα-
mediated stimulation of RLIP76 transport activity is likely rooted in the physiological
function of RLIP76 as a transporter of GS-E of membrane-lipid derived alkenals (such as 4-
hydroxynonenal, 4HNE). 4HNE is a pro-apoptotic and anti-proliferative lipid alkenal
formed during oxidative signaling and stress. It is metabolized primarily to a GS-E, which
are removed from cells by RLIP76 [22] and other GS-E transporters such as ABCC1 and
ABCG2 [23]. Removal of this conjugate is essential to maintain continued metabolism of
4HNE to 4HNE-SG, because the latter is a potent product-inhibitor or glutathione-
transferases which catalyze the conjugation. Thus, a mechanism such as RLIP76 which
directly regulates 4HNE-SG levels in cells indirectly also regulates the level of free 4HNE,
which would tend to accumulate if 4HNE-SG removal was inhibited with resultant
inhibition of GST. Inhibition of RLIP76 would thus be predicted to increase intracellular
pro-apoptotic/growth inhibitory alkenals, and conversely an increased level of activity or
RLIP76 should lower this. Apoptosis triggered by RLIP76 inhibition or depletion [15,18]
alone, as well as increased cellular proliferation caused by augmenting cellular RLIP76 [15]
or by depleting 4HNE levels through increased expression of the 4HNE metabolizing GST
isozymes, hGSTA4-4 [24], strongly supports this model. Studies of alkenal levels in
RLIP76-transfected cells as well as in RLIP76−/− animal tissues confirm this model [14].
The crucial role of RLIP76 as a regulator of cell proliferation and resistance, and the central
role of the RLIP76-PKCα interaction in the differential drug-resistance of NSCLC suggest a
new paradigm for understanding growth signaling in cancer.
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Fig. 1.
effect of RLIP76 loss on PKCα-mediated growth signaling. RLIP76+/+ and RLIP76−/−

MEFs was prepared and maintained as described in Materials and methods. Growth rate of
the MEFs were measured by performing MTT assays at varying times after inoculation of 1
× 105 cell/ml medium (A). The effect or PKCα-depletion on cell growth was examined in
RLIP76+/+ and RLIP76−/− MEFs treated for 3 h with either scrambled or PKCα-siRNA
using the Transmessenger Transfection Kit (Qiagen). * means significantly different from
RLIP76−/− at p < 0.05 (B). The inset in (B) shows depletion of PKCα using Western-blot
analysis with PKCα primary antibodies. The effect of PMA-stimulation was analyzed in
cells first treated with PMA at 20, 50, or 100 nM for 2 h at 37 °C, followed by either PKCα-
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siRNA or scrambled siRNA for 3 h (C). MTT assay was carried out 96 h later. All studies
were performed in triplicate with eight replicates for each point.
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Fig. 2.
Effect of RLIP76 augmentation on PKCα-depletion. RLIP76 protein levels were measured
by specific ELISA [15] and normalized to total protein in crude cell homogenate measured
by Bradford's assay (A). The normalized values, showing RLIP76 protein as a percentage of
total protein, are presented for RLIP76+/+ and RLIP76−/− MEFs treated with RLIP76-
proteoliposomes (10, 20, 40 or 60 μg purified RLIP76 protein/ml). Control liposomes
contained an equal amount of heat-inactivated purified RLIP76. After 24 h incubation with
liposomes, cells were treated with PKCα-siRNA or scrambled control. MTT assay was used
for measuring cell growth (B). Results presented are average and SD of triplicate
determinations with eight replicates each.
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Fig. 3.
effects of RLIP76 or PKCα depletion on inhibition of growth of lung cancer cells or RLIP76
MEFs. Cells were treated as shown in the figure for 3 h. Transmessenger transfection
reagent was used for transfection of all siRNA species. Cells were then allowed to grow for
48 h at 37 °C with 5% CO2 in fresh medium. MTT assay was performed 96 h later. The
combinations of treatments are shown in the figure.
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