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Abstract
In renal cell carcinoma (RCC) models, maximal cytotox-
icity of the proteasome inhibitor bortezomib is dependent
on efficient blockade of constitutive nuclear factor KB
(NF-KB) activity. Signaling through the epidermal growth
factor receptor (EGFR) has been shown to result in NF-KB
activation. Thus, we sought to investigate whether
inhibition of the EGFR sensitizes RCC cells to the cytotoxic
effects of bortezomib. We first established that constitu-
tive NF-KB activity is dependent on signaling through the
EGFR in RCC cells. Indeed, blockade of EGFR signaling
with an EGFR tyrosine kinase inhibitor (TKI) resulted in
inhibition of NF-KB activity. Using pharmacologic and
genetic approaches, we also showed that EGFR-mediated
NF-KB activation occurs through the phosphotidylinositol-
3-OH kinase/AKT pathway. Combinations of the EGFR-TKI
and bortezomib resulted in synergistic cytotoxic effects
when RCC cells were pretreated with the EGFR-TKI, but
an antagonistic interaction was observed with bortezomib
pretreatment. Evaluation of the effects of drug sequencing
on inhibition of NF-KB activity revealed that EGFR-TKI
pretreatment markedly augmented the NF-KB inhibitory
effect of bortezomib, whereas bortezomib preexposure
resulted in suboptimal NF-KB blockade and thus provides a
biochemical explanation for the drug interaction results.
We conclude that the constitutive NF-KB activity observed
in RCC cells is mediated, at least in part, through an EGFR/
phosphotidylinositol-3-OH kinase/AKT signaling cascade.
Pretreatment with an EGFR-TKI sensitizes to bortezomib-
mediated cytotoxicity by inhibiting constitutive NF-KB
activity. The combination of bortezomib and a currently
approved EGFR inhibitor warrants clinical investigation.
[Mol Cancer Ther 2007;6(1):61–9]

Introduction
An estimated 36,160 new cases of and 12,660 deaths from
cancers of the kidney and renal pelvis are anticipated for
the year 2005 (1). Metastatic renal cell carcinoma (RCC),
which is present in f30% of patients at the time of
diagnosis and develops in one third of the remainder of
patients who have clinically localized disease at presenta-
tion, is ultimately responsible for patient mortality (2).
Although immunotherapies, including interleukin 2 and
IFNa, have modest activity in RCC, the vast majority of
patients are either primarily resistant to these treatments or
relapse after an initial response (3–5). In fact, <5% of
patients treated with high-dose interleukin 2 experience
durable, complete remissions. In addition, immunotherapy
is not typically offered to patients with non–clear cell
histologies because of its lack of effect in this patient
subpopulation (6). Moreover, metastatic RCC is quite
resistant to chemotherapy, in large part due to high
expression of the multidrug resistance gene (3–5). Accord-
ingly, the median survival of metastatic RCC remains at
only 8 months. Although two recently approved novel
agents, sorafenib and sunitinib, have shown modest
activity (7), novel and effective therapeutic agents are
required to alter the natural history of metastatic RCC.
Bortezomib, a proteasome inhibitor that is approved for

clinical use in cases of relapsed multiple myeloma, has
been tested in two phase 2 clinical trials as a single agent in
metastatic RCC. Although the combined objective response
rate in these two trials was only f10% (8, 9), we interpret
these results to indicate that bortezomib has the potential
to serve as an effective agent for metastatic RCC if the
mechanism of bortezomib resistance can be identified.
Modulation of resistance pathways could potentially result
in significantly higher objective response rates.
It has been suggested that the transcription factor nuclear

factor nB (NF-nB) represents a principal molecular target of
bortezomib (10). NF-nB transcriptional activity inhibits
apoptosis in most cell systems and drives proliferation,
angiogenesis, and invasion and metastasis (5, 11–14). The
activity of NF-nB is regulated by InB, the NF-nB inhibitory
protein that binds to and sequesters NF-nB family
members in the cytoplasm. When the NF-nB pathway is
activated, InB is phosphorylated by InB kinase, which
phosphorylates InB at serine residues 32 and 36 (11).
Phosphorylated InB is subjected to ubiquitination and
proteasome-mediated degradation, which results in the
translocation of NF-nB to the nucleus, where it functions as
a transcription factor.
An increasing body of evidence has implicated a specific

role for heightened NF-nB activation in the oncogenesis of
many hematologic malignancies and solid tumors (15–17).
The evidence for NF-nB activation in RCC is as follows.
First, constitutive NF-nB activation has been observed in

Received 5/8/06; revised 10/21/06; accepted 11/28/06.

Grant support: Merit Review funds from the Department of Veterans
Affairs.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

Requests for reprints: Matthew B. Rettig, VA Greater Los Angeles
Healthcare System-West Los Angeles, 11301 Wilshire Boulevard, Building
304, Room E1-113, Los Angeles, CA 90073. Phone: 310-268-3622;
Fax: 310-268-4508. E-mail: matthew.rettig@med.va.gov

Copyright C 2007 American Association for Cancer Research.

doi:10.1158/1535-7163.MCT-06-0255

61

Mol Cancer Ther 2007;6(1). January 2007

on April 20, 2021. © 2007 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

http://mct.aacrjournals.org/


many RCC cell lines (18, 19). Moreover, inhibition of NF-nB
sensitizes RCC cells to tumor necrosis factor a (19), and
tumor necrosis factor a–related apoptosis-inducing ligand
(18). The in vivo evidence for the role of NF-nB in RCC is
highlighted by a recent study demonstrating that height-
ened NF-nB activation is associated with development and
progression of RCC in actual patients (20).
Recently, we showed that bortezomib induces apoptosis

and inhibits constitutive NF-nB activity in RCC cell models
(21). Moreover, by engineering RCC cells to maintain
NF-nB activity in the face of bortezomib exposure, we
formally established that inhibition of constitutive NF-nB
is required for the maximal apoptotic effect of bortezomib
(21), thereby confirming the relevance of NF-nB as a
molecular target for bortezomib in RCC.
One of the genetic hallmarks of clear cell RCC, which

comprisef85% of all RCC cases, is the mutation of the von
Hippel-Lindau (VHL) tumor suppressor gene. Hereditary
clear cell RCC cases that occur as a manifestation of the
autosomal dominant von Hippel-Lindau syndrome are
uniformly associated with germ line VHL gene mutations
that affect one of the two VHL alleles. At the molecular
level, VHL disease arises from somatic loss or inactivation
of the remaining wild-type allele and thus conforms to the
Knudson two-hit model. The importance of VHL mutations
in the pathophysiology of clear cell RCC is underscored by
the fact that up to 80% of sporadic cases manifest biallelic
loss/inactivation at the VHL locus (VHL�/� tumors) as a
consequence of gross genetic loss, nonsense and missense
point mutations, and hypermethylation of the VHL
promoter (22, 23).
We and others showed that VHL loss activates NF-nB

(19, 24). In further studies, we have shown that VHL loss
drives NF-nB activation by resulting in accumulation of
hypoxia-inducible factor a (HIFa; ref. 25), a transcription
factor that plays a central role in cellular responses to
hypoxia (26). In turn, HIFa induces expression of trans-
forming growth factor a, with consequent activation of an
epidermal growth factor receptor (EGFR)/phosphotidyli-
nositol-3-OH kinase (PI3K)/protein kinase B (AKT)/
InB-kinase a (IKKa)/NF-nB signaling cascade (25). Fur-
thermore, RCC cells in which VHL protein expression has
been restored are markedly more sensitive to the cytotoxic
effects of bortezomib than their VHL�/� counterparts
(27). Thus, given the importance of NF-nB as a molecular
target of bortezomib, we sought to investigate whether
EGFR inhibition would sensitize RCC cells to the cytotoxic
effects of bortezomib.

Materials and Methods
Cell Lines and Reagents
The clear cell RCC cell lines, UOK121, 786-0, and

UMRC6, were cultured in DMEM (Omega Scientific,
Thousand Oaks, CA) plus 10% fetal bovine serum
(Hyclone, Logan, UT) plus antibiotics (100 U/mL of
penicillin and 100 Ag/mL of streptomycin; Omega Scien-
tific) in a humidified atmosphere containing 5% CO2 in air.

Bortezomib was supplied by Millennium Pharmaceut-
icals, Incorporated (Cambridge, MA); the PI3K inhibitors
(wortmannin and LY294002) were from Calbiochem; and
the EGFR tyrosine kinase inhibitor (EGFR-TKI) PD153035
(28), was purchased from Calbiochem (La Jolla, CA). All
reagents were dissolved in DMSO, the final concentration of
which was maintained at 0.1% DMSO for all experiments.

Transient Transfections
Cells were plated at a density of 1 � 105 per well in a

24-well format and allowed to adhere overnight before
transfection.
Inhibition of AKT. To inhibit AKT, we used a plasmid

(pAKT-DN) with a kinase dead AKT transgene (AKT-DN;
ref. 29). For transient transfections, the NF-nB– or CRE-
driven reporter constructs (pnB-luc and pCRE-luc, BD
Biosciences, Clontech, Mountain View, CA) along with the
pAKT-DNplasmidwere cotransfectedwithLipofectAMINE
Plus (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. The pRL-SV40 plasmid was cotrans-
fected to normalize for transfection efficiency. Protein
was harvested 48 h posttransfection, and firefly and Renilla
luciferase was measured with the Dual Luciferase Assay
kit (Promega, Madison, WI). Transfections were done in
triplicate. Total DNA was held constant with empty control
vector in all transfection experiments. Normalized values
are reported as the mean F SD from triplicate transfections.
Experiments Involving Pharmacologic Inhibitors. Tran-

sient transfections of the pnB-luc plasmid were done as
described in the preceding paragraph except that we nor-
malized reporter gene expression to protein concentration
as previously described (30). Three hours after transfection,
fresh medium with or without inhibitor (i.e., PD153035,
wortmannin, or LY2942002) was added.

Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assays (EMSA) were done

as previously described (24). Briefly, cells were washed
with cold PBS, and buffer A [10 mmol/L HEPES (pH 7.9),
1.5 mmol/L MgCl2, 10 mmol/L KCl, 1 mmol/L DTT,
200 Amol/L phenylmethylsulfonyl fluoride, 1 Amol/L
leupeptin, 1 Amol/L aprotinin, and 100 Amol/L EDTA]
was then added before pulverization with a tissue grinder.
Subsequently, nuclei were pelleted, lysed with buffer C
[20 mmol/L HEPES (pH 7.9), 0.42 mol/L NaCl,
1.5 mmol/L MgCl2, 0.2 mol/LEDTA, 25% glycerol,
1 mmol/L DTT, and 200 Amol/L phenylmethylsulfonyl
fluoride], and then passed several times through a
25-gauge needle. Debris was removed by centrifugation.
Wild-type and mutant nB and Oct-1 oligonucleotide

probes were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Fifteen micrograms of nuclear protein
were combined with end-labeled, double-stranded oligo-
nucleotide probe, 1 Ag of poly(deoxyinosinic-deoxycytidylic
acid) from Amersham Pharmacia Biotech (Piscataway,
NJ), in a final reaction volume of 20 AL for 20 min at
room temperature. The DNA-protein complex was run
on a 4% nondenaturing polyacrylamide gel with 0.4�
Tris-borate EDTA running buffer before subsequent
autoradiography. Cold competition experiments were
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done with a 100-fold molar excess of double-stranded,
cold wild-type or cold mutant nB oligonucleotide probes.
As a control, EMSAs for Oct-1 were done in a similar
manner.

Western Blots
Western blotting was done as previously described (21).

Antibodies against phosphorylated AKT (pAKT; Thr308),
pAKT (Ser473), total AKT, pEGFR (Tyr1068) and total EGFR
were obtained from Cell Signaling Technology. The actin
antibody was from Sigma (St. Louis, MO).

Cell Growth Assay
Cells were seeded in 96-well plates at 1.5 � 104

(UMRC6) and 1 � 104 (786-0 and UOK121) per well in
100 AL of culture medium. Cell viability was assessed
by the 3,[4,5-dimethylthiazol-2-yl-]diphenyltatrazolium
bromide (MTT) assay. Twenty-five microliters of MTT
(5 mg/mL) were added to each well for 3 h at 37jC.
Subsequently, 100 AL of 10% SDS/0.01 N HCl was added
overnight at 37jC. Absorbance was measured at 570 nm
on a microplate reader. All experiments were done in
quadruplicate.

Median Effect/Combination Index Isobologram
Method for Multiple Drug Effect Analysis
The effect of drug combinations on cytotoxicity was done

by the median effect method using Calcusyn software,
version 1.1.1 (Biosoft, Ferguson, MO; ref. 31). CI values were

calculated using the most conservative assumption of
mutually nonexclusive drug interactions. CI values were
calculated from median results of the MTT assays, which
were done in quadruplicate. MTT values of vehicle-treated
cells were normalized to 1. For the purpose of calculating CI
values, the fraction affected (i.e., the fraction or proportion
of cells that were inhibited by a given drug combination)
was determined by the following calculation: fraction
affected = 1 � MTT value. CI values significantly >1
indicate drug antagonism; CI values significantly <1 are
indicative of synergy; and CI values not significantly
different than 1 indicate an additive drug effect. Linear
regression correlation coefficients of the median-effect plots
were required to be >0.90 to show that the effects of the
drugs follow the law of mass action, which is required for a
median-effect analysis. For the purpose of CI calculations,
the ratio of the molar concentrations of the two drugs
(PD153035 and bortezomib) was held constant at 1:1.
Apoptosis and Cell Cycle Analyses. Apoptosis was

measured by Annexin V-FITC staining (ApoAlert Annexin
V-FITC Apoptosis kit, Clontech, Mountain View, CA)
and flow cytometry. Cells were analyzed on a Becton
Dickinson FACSCalibur flow cytometer with CellQuest
software (BD Biosciences, San Diego, CA).
Cell cycle analysis was done by hypotonic propidium

iodide staining. The propidium iodide staining buffer was

Figure 1. PD153035 inhibits EGFR activation. UOK121 and UMRC6 cells were exposed to PD153035 for 48 h. Whole-cell extracts were
immunoprecipitated with an anti-EGFR antibody followed by immunoblotting with phosphospecific and total EGFR antibodies.

Figure 2. PD153035 inhibits
constitutive NF-nB activity. UOK121
and UMRC6 cells were exposed to
PD153035 for 48 h, and NF-nB
activity was measured by EMSA-
driven (A) and NF-nB–driven (B)
reporter gene expression, reported as
relative luminescence units (RLU ),
which were normalized to that of
vehicle-treated cells. Columns, mean;
bars, SD. A, cold competition experi-
ments with cold wild-type (WT) or
mutant (M) oligonucleotide probes.
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freshly prepared in 250 mL of distilled water containing
propidium iodide (0.025 g), sodium citrate (0.25 g), Triton
X-100 (0.75 mL), and RNase A (5 mg). One milliliter of the
propidium iodide staining buffer was added to 1 � 106 cells
and placed on ice protected from light. Cells were analyzed
on a Becton Dickinson FACSCalibur flow cytometer with
CellQuest software.

Results
EGFR Inhibition Reduces Constitutive NF-KBActivity
Based on work by our group and others, it has been

established that RCC tumor cells containing biallelic
inactivating mutations of VHL (VHL�/�) manifest high
constitutive NF-nB activity (19, 24). In addition, heightened
NF-nB activation may occur through a pathway that
requires EGFR activation (25). Thus, we first tested
whether inhibition of constitutive EGFR activation results
in down-regulation of NF-nB activity in VHL�/� clear cell
RCC cell lines (UOK121 and UMRC6) that manifest
constitutive HIF1a expression (32, 33). We exposed the
HIF1a-expressing, VHL�/� clear cell RCC cell lines
UOK121 and UMRC6 to increasing concentrations of
PD153035, a selective EGFR-TKI (28). As shown in Fig. 1,

PD153035 inhibited EGFR activity in a dose-dependent
manner as measured by Western blotting for phospho-
EGFR. PD153035 did not affect the expression levels of
total EGFR (Fig. 1, bottom).
Next, we showed that inhibition of the EGFR results in

diminished NF-nB activity. Indeed, exposure to PD153035
led to a dose-dependent reduction in NF-nB activity as
measured by EMSA and NF-nB–driven reporter gene
expression (Fig. 2A and B, respectively). For the EMSAs,
cold competition experiments confirmed the specificity of
the shifted bands: Whereas excess cold wild-type NF-nB
probe abrogated the shifted band, excess mutant probe did
not affect band migration. PD153035 treatment had no
effect on the results of an Oct-1 EMSA (Fig. 2A, bottom),
thus confirming the specificity of the drug effect. As a
negative control for the reporter assays, we found that
PD153035 did not affect CRE-driven reporter gene expres-
sion (data not shown).

EGFR-Mediated NF-KB Activation Is Dependent on
the PI3K/AKT Pathway
Because EGFR-mediated activation of NF-nB can occur

through the PI3K/AKT pathway (25), we sought to
confirm that EGFR and AKT activity were biochemically
linked in HIF1a-expressing UOK121 and UMRC6 clear

Figure 3. PD153035 inhibits NF-
nB through the PI3K/AKT pathway.
A, Western blot for phospho-AKT
(Ser473 and Thr308) and total AKT.
Whole-cell extracts were harvested
after a 48-h exposure to PD153035
at the indicated concentrations. B,
the PI3K inhibitors wortmannin and
Ly294002 inhibit NF-nB–driven re-
porter gene expression. Inhibitors
were added 3 h after transfection
of the reporter, and protein was
extracted after 48 h for reporter
assays. Bottom, Western blots doc-
umenting inhibition of AKT phos-
phorylation by each PI3K inhibitor.
C, inhibition of AKT with a kinase
dead AKT-DN reduces NF-nB reporter
activity. See Materials and Methods
for details.
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cell RCC cells. When UOK121 and UMRC6 cells were
exposed to increasing concentrations of PD153035, we
observed a dose-dependent decrease in AKT activity as
assayed by Western blotting with two different phospho-
specific AKT antibodies (Fig. 3A). PD153035 had no effect
on total AKT expression.
We next established that blockade of the PI3K/AKT

pathway resulted in decreased NF-nB activity. Treatment
of UOK121 and UMRC6 cells with the PI3K inhibitors
wortmannin and LY204002 resulted in a dose-dependent
inhibition of NF-nB–driven reporter gene expression
(Fig. 3B). A kinase dead AKT dominant negative (AKT-
DN) construct (29) likewise inhibited NF-nB–driven
reporter gene expression in UOK121 and UMRC6 cells
(Fig. 3C). As a control for the specificity of this effect, we
showed that the AKT-DN construct had no effect on a
CRE-driven reporter (not shown). Thus, EGFR-mediated
NF-nB activation occurs in a PI3K/AKT–dependent
manner in clear cell RCC cells that constitutively express
HIF1a as a consequence of biallelic VHL loss.
Because the EGFR can signal through mitogen-activated

protein kinase pathways, which may also activate NF-nB,

we explored the effects of EGFR blockade on the
phosphorylation of extracellular signal-regulated kinase
1/2. Although PD153035 resulted in a dose-dependent
inhibition of extracellular signal-regulated kinase 1/2
phosphorylation in UOK121 cells, EGFR inhibition did
not affect the phosphorylation status of extracellular signal-
regulated kinase 1/2 in UMRC6 cells (Fig. 3D). Conse-
quently, inhibition of this mitogen-activated protein kinase
pathway upon EGFR blockade is not a universal phenom-
enon in clear cell RCC cells; therefore, EGFR-induced
activation of this mitogen-activated protein kinase cascade
does not represent a common putative mechanism for

Figure 4. Growth-inhibitory effects of PD153035 and bortezomib alone or in combination. Cells were exposed to the indicated concentrations of
PD153035 or bortezomib for 48 h before the MTT assay. A, relative cell viability (RCV ) is reported such that vehicle-treated cells are assigned an RCV
value of 1. Columns, RCV values; bars, SD. The same range of drug concentrations was used for both drugs. For drug combination experiments, cells
were exposed to PD153035 for 2 h before the addition of bortezomib, and the ratio of the molar concentrations of the two drugs was held constant at 1:1.
See Materials and Methods for details. B, graphical representation of data from A. FA, fraction affected (i.e., proportion of growth inhibition compared with
vehicle-treated cells). C, CI analysis of MTT results presented in A and B. All CI values across the range of concentrations tested (0.0625–8 Amol/L) were
statistically significantly less than 1 and therefore indicate synergistic drug interactions at these drug concentrations. See Materials and Methods for
details.

Table 1. Bortezomib IC50 values with and without PD153035
pretreatment

Bortezomib (Amol/L) PD153035 + bortezomib (nmol/L)

786-0 1.3 4.3
UOK121 3.5 55
UMRC6 18 3.8 � 102
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NF-nB activation. This finding is consistent with our
previous report that activation of a Ras/Raf/extracellular
signal-regulated kinase pathway did not affect NF-nB
activity in HIF2a-expressing clear cell RCC cells (25).

Cytotoxic Effects of Bortezomib and PD153035
Alone and in Combination
Bortezomib as a single agent has activity against RCC

cells in vitro (21, 24). Using the MTT assay to measure
cellular growth of 786-0, UOK121, and UMRC6 cells, we
confirmed this in vitro activity (Fig. 4). The concentrations
of bortezomib required to inhibit the growth of these cell
lines by 50% (IC50 values) were 1.3 Amol/L (786-0), 3.5
Amol/L (UOK121), and 18 Amol/L (UMRC6). Next, we
examined the growth-inhibitory properties of PD153035 as
a single agent. In all three clear cell RCC cell lines,
PD153035 had little, if any, effect on overall growth, even
up to a concentration of 8 Amol/L (Fig. 4).
In a previous report, we have shown that (a) bortezomib-

induced cytotoxicity of RCC cell is NF-nB dependent (21)
and (b) despite the ability of bortezomib to inhibit NF-nB

on its own, selective blockade of NF-nB sensitizes to
bortezomib (24). This latter effect occurs because the NF-nB
inhibitory effect of bortezomib is incomplete. Thus, we
determined whether EGFR inhibition, by reducing basal
levels of NF-nB activity, could sensitize RCC cells to the
cytotoxic effects of bortezomib. When cells were pretreated
with PD153035 for 2 h before adding bortezomib, we found
that the cytotoxicity of bortezomib was markedly enhanced
(Fig. 4A–B). To formally determine the nature of the drug
interactions between PD153035 and bortezomib, we did
combination index (CI) analysis, as previously described
(31). For all three cell lines and across all concentrations
tested (0.0625–8 Amol/L), there was a synergistic interac-
tion between PD153035 and bortezomib as shown by CI
values that were statistically significantly <1 (Fig. 4C). For
example, pretreatment of 786-0 cells with the EGFR-TKI
reduced the IC50 value of bortezomib from 1.4 Amol/L
(bortezomib alone) to 4.3 nmol/L (combination of
PD153035 and bortezomib; Table 1). Whereas the IC50
values for bortezomib alone were in the micromolar range,
the IC50 values for the drug combination were in the
nanomolar range/submicromolar range for all three clear
cell RCC cell lines (Table 1).

Schedule Dependence of Effects of the Interaction
between EGFR Inhibition and Bortezomib
We also tested whether the effects of the combination of

PD153035 and bortezomib were affected by the timing of
drug exposure. Synergy was not observed when cells
were exposed to bortezomib before the EGFR-TKI; in
fact, antagonism was observed (Fig. 5). Synergy was
consistently observed as long as the EGFR-TKI exposure
was either simultaneous or occurred first, and the duration
of preexposure (2 h versus 24 h) did not influence the
results (data not shown).
Because bortezomib is dependent on efficient blockade of

NF-nB for its maximal cytotoxic effect (21, 24), we
hypothesized that the antagonistic interaction observed
when RCC cells were pretreated with bortezomib was
related to incomplete NF-nB inhibition. Thus, we exposed
RCC cells to the combination of PD153035 and bortezomib
in different sequences. We found that pretreatment with
PD153035 followed by bortezomib exposure markedly
enhanced and virtually completely abolished NF-nB
activity (Fig. 6A). This effect on NF-nB corresponded to
the synergistic interaction observed when RCC cells were
pretreated with PD153035 (Fig. 4). In contrast, pretreatment
with bortezomib before PD153035 exposure resulted in
significantly less NF-nB inhibition (Fig. 6A). Thus, the
sequence of exposure to PD153035 and bortezomib clearly
affects the overall level of NF-nB inhibition. The overall
level of NF-nB blockade correlates with the degree of
cytotoxicity induced by various sequences of exposure to
the drug combination.
Because of our findings that NF-nB activation is AKT

dependent in RCC cells (see above), we tested whether the
sequencing of exposure to bortezomib and PD153035 also
affected the degree to which these drugs inhibit AKT
activation. Similar to the results for NF-nB blockade,

Figure 5. Schedule-dependent effects on cell viability of the combina-
tion of PD153035 and bortezomib. 786-0 cells were exposed to
PD153035 for 2 h before exposure to the combination of PD153035
and bortezomib for an additional 48 h (PD153035 first group) or the
reverse (bortezomib first group) at the indicated concentrations. Cell
proliferation and CI values were measured as in Fig. 4. A, graphical
representation of data from drug interaction studies. B, graphical
representation of CI values. Similar results were obtained for UOK121
and UMRC6 cells (not shown).
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pretreatment of UOK121 cells with PD153035 before
bortezomib exposure resulted in a more profound inhibi-
tion of phosphorylation of AKT than the effect of reversing
the order of drug exposure or of either compound alone
(Fig. 6B).
Given the known effects of NF-nB on genes that regulate

survival and cell cycle progression, we investigated the
effects of drug combinations on the induction of apoptosis
and cell cycle profile. Similar to the MTT data (see Fig. 5),
preexposure to PD153035 enhanced the proapoptotic
effects of the drug combination (Fig. 7A, compare panel 4
to other panels, especially panel 5). Cell cycle profile was
analogously affected by drug sequencing. EGFR blockade
before bortezomib treatment led to a profound arrest in G2-
M phase of the cell cycle (Fig. 7B, compare panel 4 with
panel 5 and others).

Discussion
We have shown that EGFR blockade sensitizes clear cell
RCC cells to the cytotoxic effects of the proteasome inhibitor
bortezomib. In addition, constitutive NF-nB activity ob-
served inHIF1a-expressing clear cell RCC cells is dependent
on activation of the EGFR, which, in turn, signals through
the PI3K/AKT pathway. These latter findings extend the
results from our previous work that established the AKT
dependence of EGFR-induced NF-nB activation in HIF2a-
expressing clear cell RCC cells (25). The consistency in the
AKT dependency of NF-nB activation between clear cell
RCC cells that express HIF1a and HIF2a is critical because
(a) RCC tumors may manifest expression of HIF1a and/or
HIF2a (34) and (b) HIF1a and HIF2a induce different gene
expression profiles that have the potential to differentially
activate biochemical signaling pathways (35, 36).
Based on our prior work that established (a) the role of

constitutive NF-nB activity in mediating bortezomib
resistance in RCC cells (21) and (b) the dependence on

the EGFR signaling for basal NF-nB activity (25), we
postulate that the principal mechanism whereby EGFR
blockade results in heightened sensitivity to bortezomib is
through inhibition of NF-nB activity. However, by blocking
the proteasomal degradation of InB, bortezomib by itself
inhibits NF-nB activity (10, 37). Accordingly, one may ask
why inhibition of NF-nB would enhance the cytotoxic
effects of bortezomib. The answer lies in the fact that even
at relatively high bortezomib concentrations, bortezomib-
mediated NF-nB inhibition is incomplete in RCC cells (see
Fig. 6; ref. 24). Moreover, we have shown that selective
NF-nB blockade (i.e., by ectopic expression of an InB
‘‘super repressor’’ or RNA interference of the NF-nB family
member, p65) does in fact sensitize RCC cells to bortezo-
mib (24). Thus, to achieve the maximum cytotoxic effect of
bortezomib, we believe that NF-nB activity must be
reduced below a critical threshold level, which typically
cannot be accomplished in RCC cells through the NF-nB
inhibitory effects of bortezomib alone.
The synergistic interaction between the EGFR-TKI,

PD153035, and bortezomib is schedule dependent, such
that the addition of the EGFR-TKI before bortezomib
results in synergy, whereas reversing the order of drug
exposure leads to drug antagonism. To account for this
antagonism, we showed that preexposure to the EGFR-TKI
results in virtually complete NF-nB blockade, whereas
reversing the order of drug exposure leads to modest NF-
nB inhibition. A similar dependence on drug sequencing
was observed for AKT inhibition, a finding that is
consistent with the AKT dependence of EGFR-induced
NF-nB activation in clear cell RCC cells. We postulate that
the diminished AKT and NF-nB inhibition observed when
RCC cells were pretreated with bortezomib may result
from decreased degradation of signaling proteins that
function to converge on the EGFR/PI3K/AKT/NF-nB
pathway, although direct evidence to support or refute
this hypothesis warrants further investigation. Because the

Figure 6. Schedule-dependent
drug effects on NF-nB blockade and
AKT activation. A, UOK121 cells
were pretreated for 2 h with either
PD153035 or bortezomib before ex-
posure to the combination of the
drugs for 24 h. Nuclear protein was
harvested for EMSA analysis with
NF-nB and Oct-1 probes. The Oct-1
EMSA represents a control to show
specificity of the drug effects on
NF-nB. At the far right of each EMSA
are cold competition experiments with
cold wild-type and mutant probes. B,
UOK121 cells were treated as in A.
Total cellular proteinwas extracted for
Western blotting with the indicated
antibodies.
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maximal cytotoxic effect of bortezomib is dependent on
optimal NF-nB blockade (21, 24), it stands to reason that the
differential effects of drug sequencing on NF-nB inhibition
accounts for the synergistic versus antagonistic drug
interactions that result depending on the timing of drug
exposure.
Our findings of more profound induction of apoptosis

and G2-M arrest that was observed with EGFR blockade
before bortezomib exposure is consistent with the role of
NF-nB on driving the expression of genes that promote cell
survival and cell cycle progression (11, 16, 38, 39). For
example, NF-nB blockade has been previously shown to
result in G2-M arrest in cancer models other than RCC
(40–42). Interestingly, selective inhibition of NF-nB typi-
cally does not result in apoptosis or reduced growth of
solid tumor lines (43, 44), as we have previously shown to
be the case for RCC (27). In contrast, selective inhibition of
NF-nB activity does sensitize to apoptotic stimuli in
numerous cell models (43, 44).
The absence of a significant in vitro effect of PD153035 is

consistent with the lack of therapeutic activity of EGFR
inhibitors as single agents in metastatic RCC patients
(45–48). However, there may be clinical efficacy with a

combination of EGFR blockade and bortezomib. For
example, the IC50 values for bortezomib when cells were
pretreated with PD153035 were in the nanomolar range
(see Table 1), which is similar to the in vitro IC50 values for
multiple myeloma and non–Hodgkin’s lymphomas (IC50
values ffi1–50 nmol/L; refs. 49–51), diseases for which
substantial clinical activity has been shown (52–54). A
potential therapeutic trial of a drug combination of an
EGFR-TKI and bortezomib is feasible. Based on our
preclinical data, we propose that treatment of advanced
RCC patients with an EGFR inhibitor would result in
down-regulation of constitutive NF-nB activation that
would sensitize to the cytotoxic effects of bortezomib.
Although this current study focused on targeting the

EGFR as a means to reduce constitutive NF-nB activity for
the purpose of enhancing the cytotoxicity of bortezomib,
it is possible to choose alternative biochemical targets that
drive NF-nB activation. These targets could be downstream
of the EGFR, such as PI3K or AKT. With respect to the
latter, drugs that inhibit a hyperactive AKT pathway could
be successful in this regard and are currently in clinical
development.
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