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ABSTRACT

Whether the apparent efficacy of a specific kinase inhibitor is attrib-
utable solely to inhibition of its primary target, or to combined inhibition
of additional unidentified kinases, is a critical issue in cancer therapy. We
used a chemical genetic approach to generate a selective inhibitor of
v-erbB [a transforming allele of epidermal growth factor receptor (EGFR)]
and interrogated inhibition in known downstream signaling pathways. On
the basis of this analysis, we hypothesized that dual inhibition of v-erbB
and phosphatidylinositol 3� (PI3) kinases could show improved potency.
We, therefore, used two different cell lines to examine the effects of v-erbB
or EGFR inhibitors, in combination with PI3 kinase inhibitors, in mouse
models for EGFR-driven cancers. When treated with NaPP1, v-erbB-as1-
transformed fibroblasts showed cell-cycle arrest and decreased activity of
Akt kinase. Inhibitors of v-erbB-as1 and of PI3 kinase showed enhanced
efficacy in treating established 3T3:v-erbB-as1 tumor allografts. We ex-
tended these results to the human glioma cell line U87:MG transduced
with �EGFR, a tumor-derived activated allele, treating tumor-bearing
mice with vehicle, the EGFR inhibitor ZD1839, LY294002, or ZD1839
plus LY294002. In human glioma xenografts, inhibition of EGFR coop-
erated similarly with inhibition of PI3 kinase. Our experiments provide a
preclinical mechanistic basis for combining biologically based therapies
directed against two targets within a complex signaling cascade.

INTRODUCTION

Small molecule inhibitors of signaling pathways activated in cancer
hold great promise for therapy (1). The introduction of targeted
therapeutics into cancer therapy brings with it questions relating to the
optimal use of such agents, which therapies should be used for which
specific cancers, and how many redundant pathways exist in signaling
pathways, and which combinations of drugs will show combinatorial
efficacy. Unlike genetic analysis of signaling pathways in cancer,
where gene knockouts are able to precisely remove a single protein in
a whole animal, small molecule inhibitors are typically not perfectly
specific for a single target (2). Moreover, in the area of protein kinase
inhibitors, the conserved nature of the ATP-binding pocket essentially
precludes developing such agents. Fortunately, anecdotal evidence
has suggested that this lack of specificity may lead to enhanced
efficacy in situations where a single agent targets multiple cancer-
related pathways (3). Conversely, however, nonspecific inhibition
may cause dose-limiting toxicities, thereby compromising the utility
of some targeted therapies in the treatment of cancer.

The protein kinases represent an extremely large protein family
(�800 human protein kinases) of closely related ATP-binding sites
that are attractive targets for cancer therapy (4). However, a major

problem with the development of kinase-directed therapeutics is that
the vast majority of all protein kinase inhibitors are capable of
inhibiting multiple cellular protein kinases (2). For example, separate
reports recently tested the ability of two different irreversible inhibi-
tors of epidermal growth factor receptor (EGFR) to block tumor
formation in Apcmin mutant mice. Although both of these inhibitors
blocked phosphorylation of EGFR (5, 6), only one of the two inhib-
itors prevented the development of intestinal neoplasia in this model
(5). In a related study, Apcmin mice mutant at egfr also showed
decreased development of tumors (7). One interpretation of these
disparate reports is that the effective inhibitor was impacting the
activity of other unidentified kinases in addition to EGFR. Because
the ATP-binding sites are so conserved, small changes to a putative
inhibitor of EGFR are likely to affect interactions with other targets
and impact these issues. Subtle changes to the structure of kinase
inhibitors may affect their potency on a variety of kinases present in
the body. For most such kinases, no assay exists through which to test
the response to a given inhibitor.

Complicating this situation is the fact that the pathways in which
kinases function are highly adaptable and show exquisite compensa-
tion when pathways are analyzed by gene knockouts or dominant
negative perturbations. To assess the effect of a true drug-like mole-
cule on specific inhibition of a single oncogenic kinase, we turned to
a chemical genetic approach. Analogue sensitive engineered kinases
can be selectively blocked using inhibitors that are specific to the
manipulated kinase. Animal models generated from such analogue-
sensitive kinases can be used to assess the impact of selective inhi-
bition and to determining specific from nonspecific effects of small
molecule inhibitors.

Although small molecule inhibitors of lipid kinase and the Ras-Raf
kinase pathways have been described and characterized, the testing of
such agents in combination, and the elucidation of underlying mech-
anisms through which particular combinations may show improved
efficacy are critical to guide the optimal use of such small-molecule
inhibitors. Furthermore, through the use of verbB-as1/NaPP1 model
system which allows for monospecific inhibition of a single kinase,
the true mode of action is known, providing invaluable information
about the effect of specific modulators of specific targets in cancer
therapy.

Treatment studies in animal systems may be relevant to human
cancers by identifying critical targets impacted either by mono- or
poly-specific inhibitors and by determining the impact of poly-
specific inhibition using combinations of mono-specific targeted ther-
apeutics.

The epidermal growth factor receptor is commonly amplified in
glial tumors and is over-expressed in a broad range of malignancies.
Identification of v-erbB as an activated allele of EGFR has provided
one of the first links between an activated oncogene and the devel-
opment of cancer (8). To truly map the cellular effects of inhibiting a
specific kinase in a disease context, we used protein engineering to
sensitize v-erbB to be specifically inhibited by the pyrazolopyrimi-
dine-based ATP competitive inhibitor 1-Napthyl-PP1. We substituted
alanine in place of a conserved threonine within the ATP-binding
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pocket of v-erbB. The resulting ATP-binding pocket has no mamma-
lian homologue, thus assuring high specificity (9). The key feature of
this inhibitor is its selectivity for the mutant v-erbB-as1 kinase (10).
In gene-array experiments, NaPP1 had no impact against 126 kinases
(11). In addition, selectivity for the analogue sensitive (as compared
with the unmanipulated) kinase has now been established for v-Src,
c-Fyn, CDKII, CAMKIIa, v-erbB, Cla4p, Jnk, Pho85, Protein kinase

A, Apg1, and Erk2 (10–20). Most importantly, all wild-type protein
kinases in the human and mouse genomes examined to date contain
residues larger than Ala or Gly at the conserved “gatekeeper position”
(21) and, thus, should not be inhibited by NaPP1. The napthyl ring of
NaPP1 only will fit into kinases with the Ala or Gly residue at the
gatekeeper position, providing a molecular basis for the exquisite
specificity of NaPP1 for analogue-sensitive kinases. Numerous re-

Fig. 1. NaPP1-treatment blocks proliferation of 3T3:v-erbB-as1 cells: dose-
dependence and reversibility with washout of NaPP1. A, NIH3T3 cells transduced
with v-erbB or v-erbB-as1 were seeded in equal numbers on 35-mm plates (1 � 105/
dish). Cells were incubated with 1.2% DMSO or with 2 �M NaPP1 in 1.2% DMSO.
Cell numbers were counted daily by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetra-
zolium bromide assay. Each value represents the mean cell number (�SD) from
three separate experiments. B and C, NIH3T3 cells transduced with v-erbB or
v-erbB-as1 were treated with 0.1–5 �M NaPP1 for 36 h, trypsinized, and evaluated
for their cell-cycle distribution (top panels) and for P-Tyr content using P-Tyr
antibody 4G10 (bottom panels). D, NIH3T3 cells transduced with v-erbB-as1 were
incubated in the presence of 2 �M NaPP1 for 1–48 h. At different intervals during
this 48-h incubation, cells were trypsinized and prepared for flow cytometric
analysis of cell cycle distribution (top panel) or lysed for analysis of indicated
proteins by Western blotting (bottom panel). At 48 h, v-erbB-as1 cells were washed,
resuspended in media without NaPP1, and analyzed similarly.
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views about this system and its specificity have been published
(22–28).

We have previously shown that specific inhibition of v-erbB-as1 in
transformed rodent fibroblasts led to normalization of both morphol-
ogy and of basal cellular signaling through mitogen-activated protein
(MAP) kinase (MAPK) and phosphatidylinositol 3� (PI3) kinase path-
ways. Despite apparently reversing many features of transformation,
treated cells showed proliferation arrest and failed to reenter the cell
cycle (10). These data demonstrated that transformed cells became
dependent on oncogenic signaling and were subsequently incapable of
recovering normal proliferative functions.

In this report, we further characterize the mechanism of prolifera-
tion arrest in rodent fibroblast cells transduced with v-erbB-as1 (3T3:
v-erbB-as1 cells), demonstrating that such arrest is in large part
attributable to blockade of signaling through PI3 kinase. Because
signaling through PI3 kinase recovered partially after inhibition of
v-erbB-as1, we asked whether further inhibition of PI3 kinase could
enhance the impact of inhibiting v-erbB-as1. We demonstrate that
inhibitors of v-erbB-as1 and PI3 kinase show combinatorial efficacy
in vitro and in vivo and that such combinatorial efficacy could be
achieved at dosages for each inhibitor that were significantly lower
than those required as monotherapy.

Having demonstrated combinatorial efficacy using an idealized
kinase inhibitor to treat 3T3:v-erbB-as1 cells, we then sought to test
whether similar combinatorial efficacy could be achieved in human
cancer cells using clinically available, albeit less specific inhibitors of

EGFR. We, therefore, tested a mouse xenograft model of glioma using
a human glioma cell line dependent on EGFR. Treatment of estab-
lished flank xenografts using the EGFR inhibitor ZD1839 (Iressa) in
combination with an inhibitor of PI3 kinase efficacy again showed
combinatorial. These results suggest that agents that show dose-
limiting toxicity as monotherapy may potentially be used at lower
dosages in combination therapy and support the idea that the com-
bined inhibition of EGFR and PI3 kinase signaling may be effective
in glioma, as well as in other human malignancies dependent on
signaling through EGFR.

MATERIALS AND METHODS

Cell Culture, Kinase Inhibitors, and Proliferation Assays. All cells were
cultured in phenol red-free DMEM supplemented with 10% fetal bovine
serum, penicillin, and streptomycin. NIH3T3 cells transduced with v-erbB and
v-erbB-as1 were selected as pools using 2.2 �g/ml puromycin (10). A human
full-length EGFR cDNA in pcDNA3.1 plasmid was kindly provided by Dr.
David James (Mayo Clinic, Rochester, MN) digested with XhoI and SalI and
ligated into pWZLhygro vector. NIH3T3 cells transduced with EGFR were
selected as pools using 500 �g/ml hygromycin for 10 days. U87:�EGFR cells
were kindly provided by Dr. Russ Pieper (University of California at San
Francisco Cancer Center, San Francisco, CA). The PP1 analogue 1-Napthyl
PP1 was synthesized as described (29). ZD1839 was synthesized as detailed in
Supplementary Fig. 3. LY294002, Platelet-derived growth factor, insulin-like
growth factor-I (IGF-I) and 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetrazo-
lium bromide were purchased from Sigma Chemical Company (St. Louis,

Fig. 2. NaPP1-mediated apoptosis in arrested
3T3:v-erbB-as1 cells. 3T3:v-erbB-as1 cells were
seeded in 35-mm dishes at 0.5 � 105 cells/dishes.
Cells were incubated with 2 �M NaPP1 for up 2
weeks. Media were changed and fresh NaPP1
added every 3 days. At times indicated, cells were
trypsinized and analyzed by flow cytometry, termi-
nal deoxynucleotidyl transferase-mediated nick end
labeling (TUNEL) staining, or lysed with subse-
quent Western blotting. A, numbers represent the
percentage of nonapoptotic cells in G0/G1, S, and
G2-M phases of the cell cycle in NaPP1-treated
3T3:v-erbB-as1 cells analyzed by flow cytometry.
Cells in sub-G1 fraction were excluded from anal-
ysis. B, numbers represent the percentage of apo-
ptotic cells. Cells were stained with propidium io-
dide and cell-cycle data analyzed to quantitate the
percentage of cells in sub-G1 fraction. Error bars
indicate the variation between triplicate measure-
ments. C, 3T3:v-erbB-as1 cells were exposed to 2
�M NaPP1 for 24 h, after which proteins were
separated by SDS-PAGE, transferred to nitrocellu-
lose, and probed with antibodies directed against
caspase-3 (which recognizes both pro-caspase 3
and cleaved caspase 3), cleaved caspase 3, Bcl-xL,
phospho-Bad (Ser-136), and total Bad. Each lane
was loaded with 15 �g of protein. D, 3T3:v-erbB-
as1 cells were untreated, or treated with 2 �M

NaPP1 for 7 days. Cytospin preparations were
stained with fluorescein-labeled dUTP (green flu-
orescence) in conjunction with terminal transferase
(TUNEL assay) and visualized by confocal laser
scanning microscopy. Scale bar corresponds to
100 �m.
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MO). EGF was purchased from (Roche Molecular Biochemicals, Gaithers-
burg, MD). Proliferation was quantified by reduction of 3-(4,5-dimethylthia-
zol-2yl)-2,5-diphenyl-tetrazolium bromide every day for 1 week after plating.
Anti-BrdUrd and propidium iodide flow cytometric analyses were as described
previously (10).

Immunoblot Analyses. Details of Western analyses are as previously
described (10). Membranes were blotted with one of the following antibodies:
4G10 (Upstate Biotechnology, Waltham, MA), p27 (BD Biosciences Clontech,
Palo Alto, CA), P-Erk (Thr202/Tyr204, Erk2, cyclin D1, cyclin A, actin,

P-Elk-1 (Ser-383), Elk-1, and P-EGFR (Ty41173; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), v-erbB (30), P-Akt (Ser473), Akt, P-Gsk-3�/� (Ser21/
9), Gsk-3�, caspase-3, cleaved caspase-3, Bcl-xL, P-Bad (Ser136), Bad, IGF-
IR, and P-IGF-IR (Tyr-1146; Cell Signaling, Beverly, MA). EGFR/�EGFR
(Ab5; NeoMarkers, Fremont, CA). Bound antibodies were detected with
horseradish peroxidase linked antimouse or antirabbit IgG (Amersham Phar-
macia Biotech, Arlington Heights, IL), followed by enhanced chemilumines-
cence (Amersham Pharmacia Biotech, Arlington Heights, IL), and exposure to
X-ray film.

In Vitro Kinase Assays. Akt and MAPK activity assessed by determining
the phosphorylation state of their respective substrates, Gsk-3�/� and Elk-1,
using nonradioactive assays (Cell Signaling, Beverly, MA). Briefly, attached
cells were treated with NaPP1 2 �M or vehicle for 36 h and lysed. Equal
amounts of protein were immunoprecipitated with immobilized antibodies that
bind to either MAPK or Akt. The immobilized precipitated kinases were then
used in kinase assays using Elk-1 (for MAPK) and Gsk-3�� (for Akt) as
substrates, followed by immunoblot analysis using phospho-specific antibodies.

Induction and Assessment of Apoptosis. Cells were seeded in 6-well
plates at a density of 5 � 105/cm2 and incubated in the presence or absence of
2 �M NaPP1. Terminal deoxynucleotidyl transferase-mediated nick end label-
ing (TUNEL) staining was performed with DeadEnd Fluorometric TUNEL
System kit (Promega Corporation, Madison, WI). Cytospins were fixed in 4%
paraformaldehyde at room temperature for 20 min, washed three times with
PBS, and incubated in permeabilization solution (0.1% Triton-X-100 in PBS)
for 5 min. Cells were treated with 100 �l of equilibration buffer for 10 min and
then with TUNEL reaction mixture (to label DNA strand breaks with fluores-
cein-12-dUTP) for 60 min at 37°C. Nuclei were labeled with To-Pro-3 iodide
(Molecular Probes, Eugene, OR) for 30 min at room temperature. Cells were
mounted with Vectashield mounting media (Vector Laboratories, Inc., Burl-
ingame, CA) as an antifade and observed using a fluorescent microscope
(TET300; Nikon, Tokyo Japan) equipped with a confocal laser scanning
system (MR-1024: Bio-Rad, Tokyo, Japan). We performed flow cytometric
analysis of propidium iodide-labeled cells to quantitate the percentage of cells
in sub G1 fraction using commercially available software (ModFit; Verity
Software, Topsham, ME).

In Vitro and in Vivo Growth Assays. Soft agar experiments were as
previously described (10). The care of animals for these studies was in
accordance with institutional guidelines. For in vivo treatment assays, 1 � 106

3T3:v-erbB-as1 or U87:�EGFR cells were injected s.c. just caudal to the right
forelimb in 6–12 week-old female BALB/c nu/nu mice (Harlan Sprague
Dawley Inc., Madison, WI). After tumors were established (7–8 days), five to
six mice per group were randomly allocated to treatment with 10 mg/kg NaPP1
in 50% DMSO (Sigma Chemical Company, St. Louis, MO), 50% DMSO alone
(control), LY294002 25 mg/kg, and LY294002 25 mg/kg plus NaPP1 10
mg/kg in a 200-�l volume, delivered by daily i.p. injection. ZD1839 was
administered at 12.5 mg/kg orally once a day. Tumor diameters were measured
with calipers at 3 d intervals, and tumor volumes in millimeters cubed were
calculated by the following formula: volume � width2 � length/2. Each value
represented the mean tumor volume � SE obtained from five to six mice.

Histological and Immunohistochemical Analyses. Mice were anesthe-
tized with Nembutal and then perfused with 10 ml of saline followed by 50 ml
of 4% paraformaldehyde in PBS. Tumor tissues were removed and fixed in 4%
paraformaldehyde in PBS at 4°C for 4 h, followed by overnight incubation in
20% sucrose (in PBS) at 4°C. Specimens were embedded in OCT compound.
Sections of 10-�m thickness were cut and placed on silane-coated slide
glasses, and subjected to H&E, BrdUrd, or TUNEL stain. For indirect immu-
nofluorescence, mice were injected with a single dose of BrdUrd (100 mg/kg),
and tumors were harvested 2 h later. Sections were incubated in 60% form-
amide in 2� SSC at 54°C for 30 min. DNA was denatured by 2 N HCl in 0.1%
Triton X-100 v/v at room temperature for 30 min. Denaturation was neutral-
ized by 0.1 M Na2B4O7.10H2O (pH 8.5). After washing with PBS, sections
were immersed in PBS containing 0.1% Triton X-100 and 5% normal goat
serum for 30 min to avoid nonspecific binding of secondary antibodies.
Sections were incubated with the rat monoclonal anti-BrdUrd (1:200, Accurate
Chemicals) at 4°C overnight followed by the incubation with Cy2-conjugated
Donkey antirat IgG (H � L; 1:200 Jackson Immunoresearch Labs, West
Grove, PA) at room temperature for 1 h. For EGFR/�EGFR staining, sections
were permeabilized, and incubated with anti-EGFR/�EGFR (Ab5, NeoMark-
ers, Fremont, CA), washed, and incubated for 1 h in Alexa Four 488 secondary

Fig. 3. NaPP1-treatment of 3T3:v-erbB-as1 cells leads to decreased levels of P-Elk1
and P-Gsk3�/� and reduced activities of MAP and PI3 kinases. A, NIH3T3 cells
transduced with empty vector or with v-erbB-as1 were treated 2 �M NaPP1 (36 h). Cells
were harvested, lysed, and subjected to immunoblot analysis using the indicated antibod-
ies. B and C, MAPK and Akt kinase activities were assayed by measuring in triplicate the
phosphorylation status of Gsk-3�/� and Elk-1. Cells treated as in A were lysed, and 300
�g of protein immunoprecipitated with immobilized antibodies that bind to either MAPK
or Akt. The immobilized precipitated kinases were then used in kinase assays using Elk-1
(for MAPK) and Gsk-3�/� (for Akt) as substrates followed by immunoblot analysis using
phospho-specific antibodies. Kinase assay products were quantitated using a UMAX
PowerLook Scanner and Lab gel software. Bands were normalized using the activity of
untreated vector transduced cells as controls.
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antibodies (Molecular Probes, Eugene, OR). Nuclei were labeled with To-
Pro-3 iodide (Molecular Probes, Eugene, OR) for 30 min at room temperature.
Sections were mounted with Vectashield mounting media (Vector Laborato-
ries, Inc., Burlingame, CA) as an antifade and observed using a fluorescent
microscope (TET300; Nikon, Tokyo, Japan) equipped with a confocal laser
scanning system (MR-1024: Bio-Rad, Tokyo, Japan). Additional sections were
used to stain for apoptotic cells using the DNA in situ nick end-labeling
(TUNEL) immunohistochemical method as described above.

RESULTS

NaPP1 Induces Reversible Proliferation Arrest in 3T3:v-erbB-
as1 Cells. We have previously described a mouse model for glioma
driven by an S100�-v-erbB transgene (31). Tumors developed in these
mice at high penetrance, prompting us to explore chemical genetic
modifications of v-erbB that should still be capable of driving tumors
in transgenic mice, but would allow us to regulate the activity of
v-erbB-as1 using a defined and specific small molecule inhibitor
(NaPP1). We, therefore, generated an analogue sensitive allele of
v-erbB (v-erbB-as1) and showed that v-erbB-as1 was comparable
with v-erbB in its ability to transform rodent fibroblast cells (10).
NaPP1 treatment of 3T3:v-erbB-as1 cells led to reversal of trans-

formed phenotypes associated with cellular morphology and signaling
through both MAP and PI3 kinase pathways (10). Surprisingly,
NaPP1 treated 3T3:v-erbB-as1 cells showed proliferation arrest asso-
ciated with low levels of cyclin D1 (10). In this report, we explore the
mechanistic basis and therapeutic implications of this proliferation
arrest. These studies are part of an ongoing effort to characterize
v-erbB-as1 in anticipation of using this allele to generate a genetically
engineered mouse model for glioma.

Measurement of proliferation in NIH3T3 cells transformed with
v-erbB or with v-erbB-as1 is shown in Fig. 1A. The growth kinetics of
these two cell lines were essentially identical in the absence of NaPP1
treatment. Proliferation of 3T3:v-erbB-as1 cells arrested in response
to NaPP1 treatment, whereas proliferation of 3T3:v-erbB cells was
unaffected (Fig. 1A and Supplementary Fig. 1, A and B). In response
to NaPP1 treatment, 3T3:v-erbB-as1 cells showed growth arrest using
dosages of NaPP1 as low as 2 �M (Fig. 1C). Proliferation arrest of
NaPP1 treated 3T3:v-erbB-as1 cells was dependent on NaPP1 be-
cause proliferation recovered after washing out the inhibitor (Fig. 1D).
The IC100 for inhibition of autho-phosphorylation by NaPP1 is �1
�M in 3T3:v-erbB-as1 cells (10). In contrast, the IC100 for inhibition
of autophosphorylation of EGFR using the clinically available EGFR

Fig. 4. NaPP1 and LY294002 show combinato-
rial efficacy in blocking proliferation blocking
transformation, inducing apoptosis, and inhibiting
Akt kinase. A and B, 3T3:v-erbB-as1 cells were
grown in soft agar using various concentration of
Wortmannin, NaPP1, LY294002, or in combina-
tion as indicated. Colonies were stained with 100
�g/ml 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-
tetrazolium bromide and counted with the aid of a
light microscope. Results represent 3 independent
plates per experiments point. C, 3T3:v-erbB-as1
cells were treated for 48 h with 0, 0.1, 0.5, 1, 2, and
5 �M NaPP1 alone or in combination with
LY294002 (2.5 �M). BrdUrd was added at 42 h.
Cells were trypsinized and prepared for flow cyto-
metric analysis of cell-cycle distribution. Percent-
ages of cells in S-phase are shown. D, 3T3:v-erbB-
as1 cells were treated with 1, 2.5, 5, 10, and 20 �M

LY294002 or in combination with 0.5 �M NaPP1
for 48 h and evaluated as in C. E, 3T3:v-erbB-as1
cells were treated for 48 h with 0, 0.1, 2.5, 5, 10,
and 20 �M LY294002 alone or in combination with
0.5 �M NaPP1. Numbers represent the percentage
of apoptosis cells. Cells were stained with pro-
pidium iodide and percentage of cells in sub-G1

fraction measured. F and G, 3T3:v-erbB-as1 cells
transduced with empty vector or with v-erbB-as1
were treated with NaPP1, LY294002, or both at
dosages shown (36 h). Cells were harvested, lysed,
and subjected to immunoblot analysis using the
indicated antibodies (F). MAPK and Akt kinase
activities were assayed by measuring the phospho-
rylation status of Gsk-3�/� and Elk-1 (G) as in
Fig. 3.
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inhibitor ZD1839 ranges from 0.16–0.8 �M in different cell lines
surveyed (reviewed in Ref. 32).

To assess the role of IGF-I and EGF signal pathways in 3T3:v-
erbB-as1 cells, we treated these cells with IGF-I or with EGF and
measured phosphorylation status of Akt and of Erk over time.
NIH3T3 cells have little to no expression of EGFR (Supplementary
Fig. 2A). Consistent with this low level of expression, EGF stimula-
tion of these cells had little impact on levels of phospho-Erk or
phospho-Akt (Supplementary Fig. 2A). In contrast, IGF stimulation of
3T3:v-erbB-as1 cells, demonstrated a modest increase in Phospho-
Akt.

Apoptosis in Arrested NaPP1-Treated 3T3:v-erbB-as1 Cells.
We maintained 3T3:v-erbB-as1 cells in NaPP1 (changing the media
every three days) for up to 2 weeks without observing recovery of
proliferative capacity (Fig. 2A). We used morphology, TUNEL, and
flow cytometry to measure apoptosis in arrested v-erbB-as1 cells. By

each of these assays, NaPP1 treatment of 3T3:v-erbB-as1 cells led to
increased apoptosis (Fig. 2, B–D). Apoptosis in these cells was asso-
ciated with activation of caspase-3, decreased phosphorylation of
BAD at serine 136, down-regulation of Bcl-xL, and the characteristic
morphological features of apoptosis (33).

Decreased Signaling through PI3 Kinase Contributes to Prolif-
eration Arrest in NaPP1-Treated 3T3:v-erbB-as1 Cells. We have
shown previously that NaPP1 treatment of 3T3:v-erbB-as1 cells ini-
tially caused a reduction in the levels of activated MAP and Akt
kinases, returning by 36 h to levels comparable with those observed in
proliferating vector-transduced 3T3 cells (10). Despite the apparent
normalization of signaling through these two pathways, NaPP1 treated
3T3:v-erbB-as1 cells failed to proliferate, showed reduced levels of A
and D type cyclins, and increased levels of p27 (10). To further
characterize the impact of NaPP1 on signaling through v-erbB-as1, we
examined the phosphorylation status of the MAPK substrate Elk 1 and
of the Akt kinase substrates Gsk-3�/�. As shown in Fig. 3A, phos-
phorylation of Gsk-3�/� was impacted more than phosphorylation of
Elk1 in comparing NaPP1 treated 3T3:v-erbB-as1 cells (Fig. 3A, Lane
3) with untreated, vector-transduced 3T3 cells (Fig. 3A, Lane 1). We
next measured the activities of MAPK and Akt kinase using Elk1- and
Gsk-3�-derived substrates. Under these conditions, NaPP1 treatment
impacted the activity of Akt kinase more than that of MAPK (Fig. 3,
B and C).

NaPP1 and LY294002 Show Combinatorial Efficacy in 3T3:v-
erbB-as1 Cells. Collectively, data from Fig. 3 suggest that Akt kinase
activity was reduced in response to NaPP1 and that the proliferation
arrest observed in 3T3:v-erbB-as1 cells resulted, in large part, from
reduced signaling through PI3 kinase. We, therefore, asked whether
NaPP1, in combination with inhibitors of PI3 kinase, could show a
combinatorial effect in these cells. Both Wortmannin and LY294002
showed combinatorial efficacy when used together with NaPP1 in
vitro (Fig. 4, A and B). The combination of NaPP1 with either
Wortmannin or LY294002 blocked the growth of 3T3:v-erbB-as1
cells in soft agar at dosages substantially lower than that achieved
using any of these drug alone. We then measured proliferation of
3T3:v-erbB-as1 cells in response to a fixed dose of LY294002, while
varying the dose of NaPP1 (Fig. 4C). Shown in Fig. 4D is the
reciprocal experiment using a fixed dose of NaPP1 and varying the
dose of LY294002. Combination therapy using both LY294002 and
NaPP1 led to increased levels of apoptosis in comparison with mono-
therapy (Fig. 4E). Importantly, using doses of NaPP1 (0.5 �M) and
LY294002 (2 �M), which as monotherapy only modestly affected the
level of phospho-Akt, we showed that combination therapy with
NaPP1 and LY294002 impacted both the level and activity of phos-
pho-Akt, with minimal effects on phospho-Erk (Fig. 4, F and G).

To determine whether these in vitro observations could be validated
in vivo, we assessed the impact of combinatorial therapy using
LY294002 and NaPP1 to treat established 3T3:v-erbB-as1 cell al-
lografts in immunocompromised mice. A dramatic combinatorial ef-
fect of these agents in halting growth of allografted tumor is shown in
Fig. 5A. The response of representative individual tumors to single
and combination therapy is shown in Fig. 5B.

Combinatorial Efficacy through Inhibition of EGFR and PI3
Kinases in a Human Brain Tumor Cell Line. LY294002 has lim-
ited potential for clinical development, in part, because of toxicity
(34). Importantly, observations in Figs. 4 and 5 suggest that this
compound or similar molecules could potentially be used at subtoxic
dosages if administered in combination with inhibitors of receptor
tyrosine kinases. To assess the generalizability of these observations
to human tumors, we asked whether similar combinatorial efficacy
could be achieved in human brain tumor cell lines, using combination
therapy with inhibitors of PI3 and EGFR kinases. Astrocytomas

Fig. 5. NaPP1 and LY294002 show combinatorial efficacy on growth of 3T3:v-erbB-
as1 tumor allografts. A, 3T3:v-erbB-as1 cells transduced with v-erbB-as1 (1 � 106) were
injected s.c. in BALB/c nu/nu mice and allowed to establish (from 6–10 mm3 in size) for
7 days. The animals were then treated once daily (starting on day 0 of the graph shown)
with i.p. injection of DMSO (control), 25 mg/kg LY, 10 mg/kg NaPP1, or 25 mg/kg LY
plus 10 mg/kg NaPP1. Each data point represents the mean tumor volume � SE obtained
from six mice. B, representative animals after treatment indicated. Circles indicate tumor.
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frequently amplify EGFR, a genetic lesion not observed in astrocy-
toma derived cell lines (35–37). U87MG is a human glioma cell line
in which an activated tumor-derived allele of EGFR (�EGFR; also
called EGFRvIII) leads to increased malignancy (38). Importantly,
treatment of U87:�EGFR xenografts with antibody to �EGFR
blocked growth in vivo (39, 40), and treatment of these cells with
LY294002 led to proliferation arrest in vitro (41). We, therefore,
treated U87:�EGFR cells with ZD1839, an inhibitor of EGFR with
demonstrated efficacy against �EGFR. Shown in Fig. 6A is the

observation that ZD1839 blocked tyrosine phosphorylation of �EGFR
in U87:�EGFR cells. We next established U87:�EGFR allografts in
immunocompromised mice, and treated the mice with ZD1839,
LY294002, or a combination of ZD1839 and LY294002. Again, Fig.
6B shows a dramatic combinatorial effect of ZD1839 and LY294002
in halting growth of the allografted tumor. Combinatorial therapy led
to increased apoptosis as indicated by pyknotic nuclei (Fig. 6, C, G, K,
and O) and increased TUNEL staining (Fig. 6, compare R with F, J,
and N). Combinatorial therapy also led to decreased proliferation

Fig. 6. ZD1839 and LY294002 show combinatorial efficacy on
growth of U87:�EGFR tumor xenografts. A, U87:�EGFR cells were
treated with 0.1–1 �M ZD1839 for 24 h. Cells were harvested and lysed.
Cellular proteins were resolved by 4–20% SDS-PAGE, transferred to
nitrocellulose, and immunoblotted with antibodies to P-Tyr (4G10) and
to EGFR/EGFRv3 (Ab5). B, U87MG cells transduced with �EGFR
(1 � 106) were injected s.c. in BALB/c nu/nu mice and allowed to
establish for 8 days (6–10 mm3 in size). Starting on day 0 of the graph
shown, animals with established tumors were treated once daily with
either DMSO (control-delivered i.p.), 25 mg/kg LY delivered i.p., 12.5
mg/kg ZD1839 administered p.o., or 25 mg/kg LY plus 12.5 mg/kg
ZD1839. Each data point represents the mean tumor volume � SE
obtained from five mice. C–R, ZD1839 and LY294002 inhibit prolifer-
ation and induce apoptosis. On day 14 of treatment, two mice in each
group were randomly selected and pulsed with BrdUrd (BrdU) before
tumor harvesting. Tumor sections were stained with H&E (C, G, K, and
O). Arrows in O show increased pyknotic nuclei in response to
LY � ZD1839. Tumor sections were also stained with an antibody to
EGFR/�EGFR (Ab5; green in D, H, L, and P), antibody to BrdUrd
(green in E, I, M, and Q), or with fluorescein-labeled (green) dUTP in
conjunction with a terminal deoxynucleotidyl transferase-mediated nick
end labeling (TUNEL) assay (green in F, J, N, and R). Nuclei were
counter-stained with To-Pro-3 iodide (blue) and visualized by confocal
laser scanning microscopy. BrdUrd-positive and TUNEL-positive nuclei
were counted in 10 high-power microscopic fields. Numbers denote the
percentage of BrdUrd-positive and TUNEL-positive nuclei relative to the
total number of tumor cell nuclei in the same fields. Scale bar corre-
sponds to 100 �m.
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(Fig. 6, compare Q with E, I, and M). Levels of EGFR were not
different among treated and untreated tumors (Fig. 6, D, H, L and P).
These results extend and validate similar data presented in Fig. 5,
showing combinatorial efficacy of NaPP1 and LY294002 in treatment
of v-erbB-as1 tumor allografts.

DISCUSSION

Combination Therapy Directed at Two Nodes in a Signaling
Pathway: Implications for Human Cancer. Cancer therapy tradi-
tionally combines cytotoxic agents, or a cytotoxic agent with a bio-
logically active agent. Our experiments demonstrate that biologically
based therapies, which target two points within a complex signaling
cascade, may effectively cooperate in the preclinical treatment of
cancer. This cooperative effect was seen at dosages for each com-
pound that were significantly lower than that required for use as
monotherapy. These observations suggest that combinatorial therapy
using biologically targeted agents may allow the use of relatively
toxic agents at concentrations below those reported to elicit dose-
limiting side effects, and argue that inhibitors of EGFR, in combina-
tion with inhibitors of PI3 kinase may show efficacy in patients with
glioma, and with other tumors in which both EGFR and PI3 kinase
signaling are active.

The observation that both NaPP1 and ZD1839 cooperate with
LY294002 raises important clinical and scientific questions. Although
the interaction of NaPP1 with v-erbB-as1 is quite specific, the inter-
action of LY294002 with PI3 kinase is much less specific. PI3 kinases
are a family of lipid kinases that phosphorylate phosphatidylinositol at
the D3 position. The impact of PI3 kinase activation is mediated
through a complex signaling pathway (34). LY294002 inhibits a
number of PI3 kinase isoforms and also inhibits molecules with
homology to PI3 kinase, including the mTOR kinase, which signals,
in part, downstream from PI3 kinase and shares homology with the
PI3 kinases. PI3 kinase generates phosphatidylinositol 3,4,5-trisphos-
phate, resulting in 3-phosphoinositide-dependent protein kinase-1-
mediated activation of AKT, a serine-threonine protein kinase. AKT
is known to phosphorylate at least 13 substrates, including the pro-
apoptotic factors BAD and Casp9 (42–44), the growth-inhibitory
protein glycogen synthase kinase 3 � (Gsk-3�), the forkhead tran-
scription factor FKHLR1 (45–47), and the TSC2 protein, which
negatively regulates the translation regulatory protein mTOR (re-
viewed in Ref. 48). Clearly, future experiments that test inhibition of
v-erbB-as1 or EGFR in combination with selective inhibitors for
specific isoforms of PI3 kinases, and in combination with inhibitors of
individual proteins that signal downstream of PI3 kinase, will be
important to clarify the contributions of each to the cooperativity
observed in combining inhibitors of EGFR with inhibitors of PI3
kinase. In addition, animal models of glioma, based both on v-erbB,
v-erbB-as1, and on EGFR/�EGFR, will serve as important tools for
evaluating the efficacy of combination therapy against preclinical
models of glioma.
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