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ABSTRACT

Aberrant expression or activity of epidermal growth factor receptor
(EGFr) or the closely related p185erbB2 can promote cell proliferation and
survival and thereby contribute to tumorigenesis. Specific antibodies and
low molecular-weight tyrosine kinase inhibitors of both proteins are in
clinical trials for cancer treatment. CP-654577 is a potent inhibitor selec-
tive for p185erbB2, relative to EGFr tyrosine kinase, and selectively reduces
erbB2 autophosphorylation in intact cells. Treatment of SKBr3 human
breast cancer cells with CP-654577 reduces the levels of the activated form
of mitogen-activated protein kinase, increases the levels of cyclin-depend-
ent kinase inhibitor p27kip1 and reduces expression of cyclins D and E.
These biochemical changes result in a reduced level of phosphorylated
retinoblastoma protein and an inhibition of cell-cycle progression at G1.
Apoptosis is triggered in both SKBr3 and another high erbB2-expressing
cell line, BT474, by exposure to 1 �M CP-654577, but this effect is not
observed in MCF7 cells that express low erbB2. Levels of activated Akt,
an important positive regulator of cell survival, are reduced within 2 h of
exposure to 250 nM CP-654577, and this may contribute to the increased
apoptosis. These biochemical effects are distinct from those produced by
Tarceva, a selective EGFr inhibitor. The antitumor activity of CP-654577
was investigated in athymic mice bearing s.c. tumors from Fischer rat
embryo fibroblasts transfected with erbB2. CP-654577 produced a dose-
dependent reduction of p185erbB2 autophosphorylation and inhibited the
growth of these tumors. CP-654577 warrants further evaluation in tumors
with high expression of p185erbB2 and may differ from selective EGFr
inhibitors or nonselective dual EGFr/erbB2 inhibitors in efficacy and
therapeutic index.

INTRODUCTION

The EGF2 receptor family consists of four members (EGFr, erbB2,
erbB3, and erbB4) that respond to activating ligands by homo- and
heterodimerization, activation of tyrosine kinase activity, and signal-
ing through a complex and extensively studied network of down-
stream effectors (1–3). Over-expression or inappropriate activation of
erbB2 and EGFr have been implicated in the dysregulated growth of
a wide variety of human tumors (2, 4), and this, in turn, has triggered
extensive efforts to identify inhibitors of EGFr or erbB2 for use as
antitumor agents (4–6).

The most advanced agent targeting these receptors is trastuzumab
(Herceptin) a humanized monoclonal antibody directed against
p185erbB2. Trastuzumab has activity in breast cancer as a single agent
and in combination with paclitaxel and was recently approved for the
treatment of breast cancer (7–9). An antibody, cetuximab (previously
C225), directed against the EGFr is also in clinical trial, and encour-

aging initial results have been reported (6, 10). Specific low molec-
ular-weight reversible inhibitors of the EGFr tyrosine kinase have
advanced to clinical trial (11), including Tarceva (previously desig-
nated CP-358774, erlotinib, or OSI-774; see Refs. 12–14) and ge-
fitinib (previously designated ZD-1839 or Iressa; see Refs. 15–17).
Irreversible inhibitors of EGFr and erbB2 kinase have also entered the
clinic (18, 19).

The SKBr3 human breast cancer cell line expresses high levels of
p185erbB2, and proliferation of these cells is inhibited by disruption of
erbB2 signals by specific antibodies, antisense oligonucleotides, or
trapping of p185erbB2 by expression of an intracellular antibody (20–
23). We have recently identified a novel low molecular-weight inhib-
itor of p185erbB2 kinase, with selectivity for that kinase relative to the
closely related EGFr tyrosine kinase, and report here the biochemical
and biological effects of that agent on breast cancer cells.

MATERIALS AND METHODS

Inhibitors and Growth Factors. CP-654577 (Fig. 1) was prepared by
previously published methods (24). Tarceva was prepared as described (12).
Recombinant HRG (EGF domain) was purchased from R&D Systems (Min-
neapolis, MN), and human recombinant EGF was from Sigma Chemical Co.
(St. Louis, MO).

Cells. SKBr3, BT474, and MCF7 cells were obtained from the American
Type Culture Collection (Rockville, MD). The NIH 3T3 fibroblasts transfected
with chimeric EGFr/erbB2 (25) were provided by Dr. Oreste Segatto, (Istituto
Regina Elena, Rome, Italy). NIH 3T3 cells transfected with human EGFr were
reported previously (26). FRE-erbB2 cells were generated by transfection of
Fischer rat embryo fibroblasts with human erbB2 with an activating mutation
in the transmembrane region (V664E) under the control of a cytomegalovirus
promoter. This plasmid was cotransfected with pRSV/Neo and pSV2/DHFR
for selection and amplification. BT474 cells are grown in RPMI with 2 mM

L-glutamine, 1.5 g/L sodium bicarbonate; 4.5 g/L glucose, 10 mM HEPES, 1
mM sodium pyruvate, 0.01 mg/ml bovine insulin, and 10% FBS. SKBr3 cells
were grown in McCoy’s 5A medium with 1.5 mM L-glutamine, 10% FBS. 3T3
and FRE-erbB2 cells were grown in DMEM with high glucose, 1.5 mM

L-glutamine, and 10% FBS.
Kinase Assays. The erbB2 and EGFr kinase reactions were performed in a

modified form of a previously reported assay (12). Recombinant erbB2 (amino
acid residues 675-1255) and EGFr (amino acid residues 668-1211) intracellu-
lar domains were expressed in baculovirus-infected Sf9 cells as glutathione
S-transferase fusion proteins. The proteins were purified by affinity chroma-
tography on glutathione Sepharose beads for use in the assay. Nunc MaxiSorp
96-well plates were coated by incubation overnight at 37°C with 100 �l/well
of 0.25 mg/ml poly(Glu:Tyr, 4:1), (PGT; Sigma Chemical Co.) in PBS. Excess
PGT was removed by aspiration and the plate was washed 3 times with wash
buffer (0.1% Tween 20 in PBS). The kinase reaction was performed in 50 �l
of 50 mM HEPES (pH 7.4) containing 125 mM sodium chloride, 10 mM

magnesium chloride, 0.1 mM sodium orthovanadate, 1 mM ATP, and �15 ng
of recombinant protein. Inhibitors in DMSO were added; the final DMSO
concentration was 2.5%. Phosphorylation was initiated by addition of ATP and
proceeded for 6 min at room temperature, with constant shaking. The kinase
reaction was terminated by aspiration of the reaction mixture and washing four
times with wash buffer. Phosphorylated PGT was measured after a 25-min
incubation with 50 �l/well HRP conjugated-PY54 (Oncogene Science Inc.
Pharmaceuticals, Uniondale, NY) antiphosphotyrosine antibody, diluted to 0.2
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�g/ml in blocking buffer (3% BSA, 0.05% Tween 20 in PBS). Antibody was
removed by aspiration and the plate washed four times with wash buffer. The
colorimetric signal was developed by addition of 50 �l/well Tetramethylben-
zidine Microwell Peroxidase Substrate (Kirkegaard and Perry Labs, Gaithers-
burg, MD) and stopped by the addition of 50 �l/well 0.09 M sulfuric acid. The
phosphotyrosine product formed was estimated by measurement of absorbance
at 450 nm. The signal for controls was typically A0.6–1.2, with essentially no
background in wells without ATP, kinase protein, or PGT, and was propor-
tional to the time of incubation for 6 min.

Cell Proliferation Studies. SKBr3 cells cultured in McCoys 5 A medium
with 10% FBS and 1% Penn-strep � L-glutamine were seeded at 10,000
cells/well on 96-well tissue culture plates, and, 24 h later, cells were treated as
indicated for an additional 24 h. Cell proliferation was estimated using the
Biotrak Cell Proliferation ELISA System (Amersham Pharmacia Biotech,
Arlington Heights, IL), following the manufacturer’s protocol with a 3-h
labeling period with the BrdUrd analogue at 37°C.

Cell Cycle Analysis. Flow cytometric analysis was done using the ABSO-
LUTE-S Kit (PharMingen, San Diego, CA) per the manufacturer’s instruc-
tions. This is a two color staining method for measuring cell cycle distribution
by analysis of DNA replication using BrdUrd incorporation and cellular DNA
content/cell by PI staining.

Measurements of Total Tyrosine Protein Phosphorylation in Cells.
NIH3T3 cells transfected with either human EGFr (26) or a chimeric receptor
with EGFr extracellular domain and erbB2 intracellular domain (25) were
seeded in 96-well tissue culture plates in DMEM. Inhibitors in DMSO (or
DMSO vehicle for controls) were added 24 h after plating and incubated with
the cells for 2 h at 37°C. Cells were stimulated with human recombinant EGF
(50 ng/ml final concentration) for 15 min at room temperature. The medium
was aspirated, and cells were fixed for 30 min with 100 �l cold 1:1 ethanol:

acetone containing 200 �M sodium orthovanadate. Plates were washed with
wash buffer (0.5% Tween 20 in PBS), and 100 �l of block buffer (3% BSA in
PBS � 200 �M fresh sodium orthovanadate) were added. Plates were further
incubated for 1 h at room temperature and washed twice with wash buffer.
Antiphosphotyrosine antibody (PY54) labeled with HRP was added to wells
and incubated for 1 h at room temperature. Antibody was removed by aspi-
ration, and plates were washed 4 times with wash buffer. The colorimetric
signal was developed by addition of Tetramethylbenzidine Microwell Perox-
idase Substrate (Kirkegaard and Perry Labs), 50 �l/well, and stopped by the
addition of 0.09 M sulfuric acid, 50 �l/well. Phosphotyrosine was estimated by
measurement of absorbance at 450 nm. The signal from control wells contain-
ing no compound stimulated with EGF after subtraction of the background
from wells without EGF was defined as 100% of control. EGF increased total
phosphotyrosine levels by 4.3-fold in EGFr-transfected cells and 4.6-fold in
erbB2/EGFr chimera transfected cells.

Western Blotting. SKBr3 cells were seeded in 24-well tissue culture plates
at a density of 100,000 cells/well (MAPK, Akt, cyclin D2 and D3) or 12-well
plates (p-Tyr, p27kip1, Rb, cyclin E). After 24 h for cell attachment, compound
was added to the wells as indicated. After incubation with compound, appro-
priate wells were stimulated with 10 ng/ml HRG or EGF for 5 min or
unstimulated (basal). The concentrations and duration of stimulation were
determined to provide maximal activation in a previous experiment. After
stimulation, media were aspirated and 150 �l of boiling Laemmli buffer (125
mM Tris, pH 6.8; 4% SDS, 20% Glycerol, 0.6 mM NaVO4) were added to wells
to lyse the cells. Lysates were collected and boiled for 10 min. Cellular protein
was determined using the bicinchoninic acid protein assay method (Pierce,
Rockford, IL) according to the manufacturer’s instructions. Equal amounts of
total protein (10–20 �g) were loaded onto Bis-Tris gels for SDS-PAGE
Western Blot electrophoresis and transferred to a polyvinylidene difluoride
membrane. After transfer, membranes were blocked for 1 h at room temper-
ature in either Roche Western Blocking Reagent (1921673; Indianapolis, IN)
or 5% BSA in Tris-buffered saline (Sigma Chemical Co.), 0.1% Tween 20, or
Blotto (4% dry milk in Tris Buffered Saline with 0.05% Tween 20, pH 8.0
(Sigma Chemical Co.) and incubated overnight at 4°C with antibodies specific
for phospho-MAPK (phospho- p42erk2 and phospho-p44erk1 442705; Calbio-
chem, San Diego, CA), MAPK (sc-94; Santa Cruz Biotechnology, Santa Cruz,
CA), PhosphoPlus Akt Ser473 (9270; Cell Signaling Technology, Beverly,
MA), p27kip1 (Clone 57; BD Transduction Laboratories, Lexington, KY), Rb
(G3–245; BD PharMingen), cyclin D2 C-17 (sc-181; Santa Cruz Biotechnol-
ogy), cyclin D3 C-16 (sc-182; Santa Cruz Biotechnology) phosphotyrosine
(PY54-HRP; OSIP, Nassau, NY) or cyclin E (Clone HE12; BD PharMingen,
San Diego, CA). After washing with Tris Buffered Saline with 0.05% Tween
20, pH 8.0 (Sigma Chemical Co.), the membranes were incubated with
antimouse or antirabbit HRP-conjugated secondary antibodies (554002; BD
PharMingen, San Diego, CA; NA931; Amersham, IL; 554021; BD Phar-
Mingen; sc-2004; Santa Cruz Biotechnology; Cell Signaling Technology) for
1 h at room temperature, washed again, and developed by enhanced chemilu-
minescence according to the manufacturer’s instructions (ECL; Amersham
Pharmacia Biotech, Piscataway, NJ; LumiGLO; Cell Signaling Technology)
and quantitated by densitometry using a Kodak Image Station 440CF.

Analysis of erbB Phosphorylation by Immunoprecipitation Followed by
Western Blotting. SKBr3 cells were treated with compound at the indicated
concentrate for 2 h before stimulation. The media were aspirated, and 1 ml/75
cm2 flask ice-cold immunoprecipitation lysis buffer [1.0% Triton X-100; 10
mM Tris; 5 mM EDTA; 50 mM NaCl; 30 mM Na4P2O7 with freshly added 100
�M Na3VaO4; 100 �M PMSF; and one Complete protease inhibitor tablet
(Roche Diagnostics, Indianapolis, IN)/50 ml buffer] was added. Immunopre-
cipitation was performed on 100 �l of lysate: EGFr was immunoprecipitated
using Santa Cruz SC-120 (Santa Cruz Biotechnology), 2 �g/100 �l lysate;
erbB2 using Oncogene OP15 (Oncogene Science Inc. Pharmaceuticals), 1
�g/100 �l lysate; and erbB3 with Santa Cruz SC-285 (Santa Cruz Biotech-
nology), 2 �g/100 �l lysate. All immunoprecipitations were carried out at 4°C
overnight, with rocking, in the presence of 30 �l of protein A beads. The beads
with immobilized protein were isolated by centrifugation at 14,000 rpm at 4°C
for 10 s. The supernatants were aspirated and the pellets washed three times
with PBS with 0.1% Tween 20. The samples were then resuspended in 40 �l
of Laemmli buffer with DTT and boiled for 4 min. The samples were then
loaded on a 4–12% PAGE. They were electrophoresed 1 h at 150 V using
2[N-morpholino]ethanesulfonic acid buffer. The gels were transferred to poly-

Fig. 1. Selective Inhibition of erbB2 Kinase. A, the structures of selective EGFr and
erbB2 kinase inhibitors used in these studies. B, phosphorylation of poly-GluTyr by
purified erbB2 and EGFr intracellular domains was measured by immunoassay with
anti-phosphotyrosine antibodies as described in “Materials and Methods.” CP-654577
inhibition of erbB2 (�) and EGFr (f); Tarceva inhibition of erbB2 (�) and EGFr (�).
Data points are means of two determinations from a single experiment and this study was
repeated twice with similar results.
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vinylidene difluoride in the presence of 10% methanol. The membrane was
blocked using blocking buffer (Roche Diagnostics), and the phosphotyrosine
signal was detected using anti-PY54 antibody conjugated to HRP. Chemilu-
minescence signal was generated with Amersham ECL reagents and quanti-
tated with a Lumi-imager (Roche Molecular Biochemicals, Indianapolis, IN).

Measurements of Apoptosis. BT474, SKBr3, and MCF7 cells were
seeded in cell culture medium containing 10% FBS in 4-well (60 mm) plates.
The next day the medium was replaced with fresh medium containing 0.5%
FBS and the vehicle (DMSO), CP-654577, or staurosporine (positive control).
Cells were incubated for 48 h at 37°C. Both adherent and nonadherent cells
were harvested and analyzed for apoptosis. Phosphatidylserine externalization
was measured using the ApoAlert Annexin V-FITC kit (Clontech, Palo Alto,
CA). Cells were labeled with annexin V-FITC and counterstained with PI per
the kit instructions. Disruption of the mitochondrial membrane potential
(��m) was measured using the DePsipher Kit (Trevigen, Gaithersburg, MD)
according to the kit instructions. Valinomycin- and staurosporine-treated cells
were used as positive controls. Caspase activation was measured using the
CaspaTag Fluorescein Caspase (VAD) Assay Kit (Intergen, Purchase, NY)
according to the kit instructions. Staurosporine-treated cells were used as a
positive control. DNA fragmentation was measured by terminal deoxynucle-
otidyltransferase dUTP nick end labeling using the APO-BRDU Kit (Phar-
Mingen, San Diego, CA). Positive and negative control cells supplied with the
kit were analyzed in parallel with samples. For all four assays, binding of
fluorescent probes was measured on a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA) equipped with a 488-nm argon laser. FITC and
carboxyfluorescein were detected in the FL1 channel, PI in the FL2 channel,
and JC-1 in FL1 and FL2 channels. Data were analyzed using CellQuest
software.

Determination of Tumor Xenograft erbB2 Phosphorylation and Tumor
Growth Inhibition. Three to 4-week-old female athymic mice (CD-1 Nu/Nu)
were used for tumor xenografts. Mice were obtained from Charles River
Laboratories (Wilmington, MA) and were housed in specific pathogen-free
conditions, according to the guidelines of the Association for Assessment and
Accreditation of Laboratory Animal Care (27); all studies were carried out
under approved institutional experimental animal care and use protocols.
During these studies, animals were provided pelleted food and water ad libitum
and kept in a room conditioned at 70–75°F and 50- 60% relative humidity with
�15 fresh air changes per hour. Sentinel mice were monitored routinely at
4-week intervals by serological assays and were found to be free of exposure
to the following agents: murine hepatitis virus, Sendai virus, pneumonia virus
of mice, Minute virus of mice, mouse poliovirus, type 3 reovirus, Mycoplasma
pulmonis, mouse parvovirus, and epizootic diarrhea of infant mice. In addition,
the sentinels were monitored on a quarterly basis for lymphocytic choriomen-
ingitis virus, mouse adenovirus, ectromelia, mouse pneumonitis, and polyoma-
virus. For all studies, the mice were allowed to acclimate 3 days after receipt
of shipment; test animals were randomized before commencement of treat-
ments.

For determination of erbB2 tyrosine phosphorylation, tumors were isolated
2 hours postdose and homogenized in ice-cold lysis buffer [50 mM HEPES (pH
7.4)/150 mM NaCl/1.5 mM MgCl2/1 mM EDTA/1% Glycerol/1% Triton
X-100/1.6 mM Na3VO4/50 mM NaF/Protease Inhibitor Cocktail (catalog num-
ber 1873580; Boehringer Mannheim, Germany) at 1 ml buffer/100 mg tumor
wet weight]. ErbB2 phosphorylation status was determined using a neu ELISA
Kit (Oncogene Research Products, Boston, MA) to capture the receptor and the
plate is probed with an HRP-conjugated anti-phosphotyrosine antibody
(PY54). Inhibition of erbB2 phosphorylation was measured as the decrease of
ELISA signal relative to the vehicle-treated control tumors.

For the tumor growth inhibition study, 10 days after inoculation animals
bearing tumors of �150 mm3 in size were divided into four groups. CP-
654577 was formulated in 5% Gelucire (44/14; Gattefosse Inc., Saint Priest
Cedex, France)/95% sterile water and dosed at 12.5, 25, and 50 mg/kg or with
vehicle twice daily, i.p. injection. Animal body weight and tumor measure-
ments (mm) were obtained every 2 to 3 days. Tumor volume (mm3) was
calculated using the formula: length (mm) � width (mm) � width (mm) � 0.5.

RESULTS

Selective Inhibition of erbB2 Kinase by CP-654577. The inhib-
itors characterized in this report share a 4-anilino-quinazoline as a

core structure (Fig. 1A), but differ greatly in their selectivity for the
inhibition of the highly homologous EGFr and erbB2 tyrosine kinases.
Tarceva is a selective inhibitor of the EGFr tyrosine kinase (12) with
greatly reduced potency as an inhibitor of erbB2 tyrosine kinase (Fig.
1B). In contrast, the novel compound CP-654577 selectively inhibits
the kinase activity of erbB2 as measured by phosphorylation of
immobilized poly glutamic acid tyrosine copolymer (IC50, 11 nM) and
is 60-fold less potent (IC50, 670 nM) as an inhibitor of EGFr tyrosine
kinase (Fig. 1B). CP-654577 was also evaluated as an inhibitor of
purified human c-src kinase, recombinant insulin receptor kinase,
recombinant insulin-like growth factor receptor kinase, and recombi-
nant platelet derived growth-factor receptor kinase (data not shown).
Although some inhibition was noted for each kinase at higher con-
centrations of inhibitor, the IC50 values were �5 �M, except for c-src
(IC50 � 1.8 �M). Thus, the previously reported selectivity of amino-
quinazolines for erbB family kinases is maintained in this compound
(12, 17).

This pattern of selective inhibition by these two compounds is
recapitulated in intact cells. Murine 3T3 cells transfected either with
human EGFr (26) or with a chimeric receptor consisting of the
extracellular domain of EGFr coupled with the intracellular domain
(including the tyrosine kinase domain) of erbB2 (25) were used for
these studies. Each of these cell lines respond to the addition of EGF
with robust autophosphorylation of the transfected receptor, represent-
ing EGFr or erbB2 tyrosine kinase respectively (Fig. 2). CP-645577 at
concentrations as low as 50 nM blocks erbB2 activity, but only
produces a modest inhibition of EGFr activity at 1 �M. Conversely,
Tarceva reduces EGFr phosphorylation at 50 nM and has only modest
effects on erbB2 activity at 1 �M. As an alternative more quantitative
approach, we examined the potency of the compounds in the inhibi-
tion of EGF-induced total phosphotyrosine of the transfected cells
(Table 1). Again, CP-654577 was much more potent at suppressing
the erbB2 chimera than EGFr, whereas Tarceva had the opposite
pattern, i.e., it inhibited EGFr more potently than the erbB2 chimera.
Therefore, the pattern of selectivity seen in the kinase assay was also
observed in the intact cell assay.

Inhibition of erbB Tyrosine Phosphorylation in SKBr3 Cells.
SKBr3 cells express very high levels of erbB2, elevated levels of
EGFr and lower levels of erbB3 (27, 28). In these cells, erbB proteins
of �170–185 kDa are constitutively phosphorylated on tyrosine res-
idues. Examination of erbB protein phosphorylation of SKBr3 cells by
Western blotting as described in “Materials and Methods” indicated
that addition of CP-654577 to cells in culture leads to a rapid con-
centration-dependent reduction of this erbB tyrosine phosphorylation.

Fig. 2. CP-654577 Selectively Inhibits erbB2 Kinase in Intact Cells. Murine 3T3
fibroblasts transfected with either an EGFr/erbB2 chimera or EGFr were pretreated with
the indicated concentration of inhibitors for 2 h, then EGF (50 ng/ml) was added as
indicated. After 15 min of stimulation at room temperature, lysates were prepared and
analyzed for phosphorylated receptor by Western blot with an antiphosphotyrosine anti-
body as described in “Materials and Methods.” This result is representative of three
independent experiments.
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This effect is apparent at CP-654577 concentrations as low as 50 nM

within 4 h of exposure (�50%), depletion was �75% at 1000 nM, and
persisted for 24 h (blots not shown).

To explore in detail the effects of these selective inhibitors on
receptor phosphorylation, the tyrosine phosphorylation status of
EGFr, erbB2, and erbB3 of SKBr3 cells were evaluated individu-
ally after inhibitor treatment (Fig. 3). These experiments were
conducted on cells without addition of ligand and also in cells
stimulated by the addition of the EGFr activating ligand EGF and
the erbB3 ligand HRG. The levels of tyrosine phosphorylation of
all three receptors were measured by Western blotting with anti-
phosphotyrosine antibodies after specific immunoprecipitation. In
SKBr3 cells, stimulation with EGF produces the most dramatic

change: a 17-fold increase in EGFr receptor phosphorylation, a
modest increase in erbB2 phosphorylation, and essentially no
change in erbB3 phosphorylation (Fig. 3A). HRG produces a
3.9-fold increase in erbB3 phosphorylation and slight reduction in
EGFr and erbB2 phosphorylation.

In unstimulated SKBr3 cells, both Tarceva and CP-654577 pro-
duced a concentration-dependent reduction in EGFr tyrosine phos-
phorylation (Fig. 3B), but the erbB2-selective inhibitor CP-654577
was much more potent at reducing erbB2 and erbB3 tyrosine phos-
phorylation. Despite its superior potency for reduction of erbB2
phosphorylation relative to Tarceva, CP-654577 also produced a
significant depletion of EGFr phosphorylation in these cells (Fig. 3B),
presumably because of inhibition of the transphosphorylation of EGFr
by erbB2 in heterodimers. Both inhibitors reduced EGFr phosphoryl-
ation in heregulin-stimulated cells in a concentration dependent fash-
ion (Fig. 3C). Tarceva was ineffective at reducing erbB2 phosphoryl-
ation in HRG-stimulated cells, whereas CP-654577 produced a potent
concentration-dependent reduction. The two inhibitors were similarly
effective in reduction of HRG-stimulated erbB3 phosphorylation. In
contrast, the EGFr-selective inhibitor Tarceva was strikingly more
potent than CP-654577 in reducing EGFr phosphorylation in EGF-
stimulated cells (Fig. 3D), although CP-654577 also produced a
concentration-dependent reduction in EGFr phosphorylation. This
effect of CP-654577 may result from either inhibition of erbB2-kinase
dependent EGFr phosphorylation in EGFr/erbB2 heterodimers, or
from the incomplete specificity of CP-654577 for erbB2 kinase.
Tarceva reduced both erbB2 and erbB3 phosphorylation in EGF-
stimulated cells to a similar extent at all three concentrations tested,
whereas CP-654577 was less potent but reduced EGF-stimulated

Fig. 3. Effect of Selective Inhibitors on EGF, erbB2, and erbB3 Receptor Phosphorylation in SKBr3 Cells. SKBr3 cells were treated with Tarceva or CP-654577 for 2 h. Cells were
stimulated for 5 min by addition of 10 ng/ml EGF or HRG to the medium or unstimulated (basal) as indicated. The indicated receptors were isolated by immunoprecipitation and tyrosine
phosphorylation was estimated by Western blotting with antiphosphotyrosine antibodies as described in “Materials and Methods.” The combined results of two experiments are shown
(mean � SE, n � 4). To show relative levels of stimulation, phosphotyrosine signal from each receptor type was compared with the phosphotyrosine signal of the appropriate control
as indicated. A, basal phosphotyrosine signal of immunoprecipitated EGFr, erbB2, and erbB3 from cells treated with compound were compared with receptors immunoprecipitated from
untreated cells. (B). Inhibitor effect on receptor tyrosine phosphorylation in unstimulated (basal) cells relative to untreated control cells. C, inhibitor effect on receptor phosphotyrosine
of heregulin-treated cells relative to heregulin-treated control cells. D, inhibitor effect on receptor phosphotyrosine of EGF-treated cells relative to EGF-treated control cells.

Table 1 Inhibition of EGF-induced tyrosine phosphorylation in transfected 3T3 cells

EGF-stimulated phosphotyrosine content was evaluated after a 15-min stimulation
with 50 ng/ml EGF to the indicated cell line as described in “Materials and Methods.”
Inhibitors at the indicated concentrations were pre-incubated with the cells for 2 h prior
to stimulation. Mean � SD is indicated for quadruplicate determinations.

Inhibitor Concentration (�M)

Phosphotyrosine content % of EGF-
stimulated control

EGFr transfectant
ErbB2/EGFr chimera

transfectant

None (Control) (DMSO vehicle) 100 � 4 100 � 3
Tarceva 0.1 31 � 0.5 89 � 2
Tarceva 0.3 20 � 0.4 74 � 2
Tarceva 1 7 � 0.5 46 � 2
Tarceva 3 	5 7 � 5
CP-654577 0.1 101 � 1 23 � 0.5
CP-654577 0.3 74 � 6 6 � 1
CP-654577 1 31 � 12 	5
CP-654577 3 14 � 2 	5
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erbB2 and erbB3 phosphorylation in a concentration-dependent man-
ner and to a greater extent than Tarceva at the highest concentration.

The overall pattern of inhibition observed is complex, but consist-
ent with the selectivity pattern indicated by the kinase and 3T3 cell
results. Tarceva is a much more potent inhibitor of EGF-induced
EGFr phosphorylation, whereas CP-654577 is more potent in reduc-
tion of basal erbB2 and erbB3 phosphorylation.

Effect of erbB2 Inhibition on Cell Proliferation. CP-654577
inhibits SKBr3 cell proliferation after 24-h exposure as measured by
bromodeoxyuridine incorporation (see “Materials and Methods”) with
an IC50 of 55 � 20 nM (mean � SE, n � 5 independent experiments),
whereas the EGFr-selective inhibitor Tarceva was much less potent:
IC50s of 800 nM and �1000 nM were observed in two independent
titrations. To better characterize this antiproliferative effect, we ex-
amined the effect of CP-654577 on SKBr3 cell cycle distribution (Fig.
4). No change in SKBr3 cell cycle phase distribution was seen after a
2-h treatment with CP-654577, but after 12 h, the G1 cell population
increased from 62% to 84% in cells treated with 250 nM CP-654577.
Cells in S phase decreased from 24% to 4%, with no change in the
percent of cells in G2/M phase. The cell-cycle effects were concen-
tration-dependent, with marked and sustained effects at 250 nM and 1
�M. Thus a G1 cell-cycle arrest is rapidly produced by inhibition of
the erbB2 receptor in SKBr3 cells treated with CP-654577.

Biochemical Basis of the Cell Cycle Blockade. To evaluate the
basis of the CP-654577-induced cell-cycle block, we examined some
of the key mediators of erbB2 signal transduction and cell cycle
regulation. The phosphorylation of Rb protein regulates the G1 to
S-phase transition at the restriction point and is tightly controlled by
cyclin/cdk complexes, particularly the cyclin D/cdk4 and cyclin
E/cdk2 complexes (29). SKBr3 cells normally contain primarily phos-
phorylated Rb protein (Fig. 5A, upper band), but SKBr3 cells treated
with CP-654577 showed a gradual loss of the more highly phospho-
rylated (ppRb) form and a corresponding increase in the lower hy-
pophosphorylated form (pRb) after a 4-h treatment (Fig. 5A). At 24-h

exposure to 1 �M CP-654577, the ppRb form is virtually absent:
�88% reduced by densitometric analysis of the autoradiograms.
These observations are consistent with the ability of CP-654577 to
arrest SKBr3 cells in the G1 phase.

Several effects of CP-654577 on proteins that regulate Rb phos-
phorylation were observed. A key regulator of cyclin dependent
kinase and entry into S phase is p27kip1, an inhibitor of cdk2. Inhibi-
tion of the erbB2 receptor by CP-654577 (250 nM) induces �3-fold
p27kip1 protein accumulation by 12 h of treatment as estimated by
densitometry (Fig. 5B). Cyclin E expression decreased within 4 h of
exposure to the erbB2 inhibitor (Fig. 5C), with marked decreases upon
12 h exposure to 250 nM CP-654577 and nearly complete disappear-
ance after 12 h exposure to 1 �M inhibitor. Cyclin D2 and cyclin D3
regulate the transition between phases of the cell cycle by modulating
cdk activity. CP-654577 induced a decrease of 40% in cyclin D2
levels within 2 h of exposure at 250 nM and 1 �M (Fig. 5D). This
decrease was more pronounced at 12 h at 250 nM (70% inhibition) and
1 �M (90% inhibition). Cyclin D2 levels were also depressed in the
250 nM (60% inhibition) and 1 �M (85% inhibition) groups at 24 h
postdose. Our efforts to monitor changes in cyclin D3 expression were
impeded by relatively low signals in Western blots (not shown). It was
clear, however, that after 24 h of exposure to 250 nM or 1 �M

CP-654577 cyclin D3 levels were reduced by �75%.
Comparative Evaluation of Tarceva and CP-654577 Effects on

MAPK and Akt Activation. The MAPKs ERK1 and ERK2 are part
of a protein kinase cascade that plays a critical role in the regulation
of cell growth, survival, and differentiation, in part, through effects on
cyclins and cyclin-dependent kinases (30). Phosphorylation of
MAPKs at threonine 202 and tyrosine 204 activates the kinase, and
antibodies to the phosphorylated form can be used to monitor the
activation state of the enzyme in cell lysates. As early as 2 h after
exposure to CP-654577, the level of phosphorylated MAPK was
reduced in a concentration-dependent manner (Fig. 6A), and this
reduction persisted at 12 and 24 h of exposure. The reduction of

Fig. 4. Analysis of the cell cycle distribution
after treatment of SKBr3 cells with CP-654577.
SKBr3 cells were treated as indicated and cell
cycle analyzed by flow cytometry as described in
“Materials and Methods.” The numbers over each
bar indicate the percentage of cells in that phase of
the cell cycle. This pattern was observed in three
independent experiments.
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phosphorylated MAPK was most pronounced at 2 h, 70% at 50 nM

CP-654577 and 90% at concentrations of 250 nM and 1 �M. By 24 h,
reduction of phosphorylated MAPK was less pronounced, but was still
80% at 1 �M. In these experiments the overall level of MAPK protein
was unaffected (Fig. 6A); thus, the effect of CP-654577 is primarily
on protein activation by phosphorylation.

To further evaluate the erbB2 and EGFr selectivity of Tarceva and
CP-654577 in SKBr3 cells, we treated cells with inhibitors and
examined the effects on basal MAPK activation or in cells stimulated
with either HRG or EGF. Stimulation of SKBr3 cells by HRG or EGF
resulted in a large increase (7–10 fold by densitometric analysis) in
p-MAPK (Fig. 6B). In nonstimulated cells (basal), erbB2 selective
CP-654577 was more effective in reducing basal levels of p-MAPK
than EGFr selective Tarceva (Fig. 6, B and C). CP-654577 at 50 nM

reduced basal p-MAPK by 90% whereas reduction by Tarceva was
20%. CP-654577 and Tarceva were comparable in their efficacy in
reduction of HRG-stimulated MAPK activation. As expected, the
EGFr-selective inhibitor Tarceva effectively reduced EGF-stimulated
activation of MAPK (90% inhibition at 1 �M, Fig. 6C), but the erbB2
selective inhibitor CP-654577 only slightly inhibited MAPK activa-
tion by EGF.

In addition to mitogenic signals, erbB proteins provide survival
signals in some cells, in part by activation of the Akt kinase secondary
to activation of PI-3-kinase (31–34). The activation of Akt is mediated
by phosphorylation of Akt at Ser473. The activity/phosphorylation of
Akt was analyzed using a phospho-specific anti-Akt antibody. SKBr3
cells have a substantial basal level of activated Akt, but CP-654577
treatment leads to transient reduction in the levels of activated Akt

even at 50 nM within 2 h (Fig. 7A). Some reactivation of Akt occurs
at later times in the presence of 50 nM inhibitor, but inactivation is
sustained at higher concentrations. Activated Akt levels increase
sharply upon addition of EGF or HRG (Fig. 7B, compare Lanes 10
and 11 to Lanes 1 and 5). In unstimulated cells, CP-654577 is more
potent at reducing p-Akt than Tarceva (Fig. 7, B and C); the former
was effective at 50 nM, the latter had no effect. As expected, Tarceva
is more effective in blocking EGF-induced activation of p-Akt than
CP-654577 (Fig. 7C).

Induction of Apoptosis by CP-654577. To further characterize
the effects of erbB2 inhibition by CP-654577, we examined its effect
on induction of apoptosis. As a measure of apoptotic cells, we exam-
ined externalization of plasma membrane phosphatidylserine by flow
cytometry. By this measure a 48 h incubation with CP-654577 in-
duced a concentration-dependent increase in apoptosis in the high

Fig. 5. Analysis of Key Cell Cycle Regulators. A, Western Blot analysis of Rb
phosphorylation in SKBr3 cells after treatment with CP-654577 for 4 h (Lanes 2–4), 12 h
(Lanes 6–8), 24 h (Lanes 10–12). Lanes 1, 5 and 9 are untreated controls. Lanes 2, 6 and
10 were treated with 50 nM. Lanes 3, 7 and 11 with 250 nM and Lanes 4, 8 and 12 with
1 �M. B, Western Blot Analysis of p27kip1 in SKBr3 cells after treatment with CP-654577
for 2 h (Lanes 12–4), 12 h (Lanes 6–8) and 24 h (Lanes 10–12). Untreated controls are
on Lanes 1, 5 and 9; 50 nM CP-654577, Lanes 2, 6 and 10; 250 nM, Lanes 3, 7 and 11;
1 �M, Lanes 4, 8 and 12. C, Western Blot analysis of cyclin E inhibition by CP-654577
after 4 h (Lanes 2–4), 12 h (Lanes 6–8), 24 h (Lanes 10–12). Lanes 1, 5 and 9 are
untreated controls. Lanes 2, 6 and 10 were treated with 50 nM. Lanes 3, 7 and 11 with 250
nM and Lanes 4, 8 and 12 with 1 �M. D, depletion of cyclin D2 by CP-654577. Western
Blot analysis of cyclin D2 in SKBr3 cells treated with CP-654577 and cyclin D2 levels
measured by Western blotting. Cells were exposed to compound for 2 h (Lanes 2–4), 12 h
(Lanes 6–8) and 24 h (Lanes 10–12) respectively. Lanes 1, 5 and 9 are untreated controls.
CP-654577 concentrations were 50 nM, Lanes 2, 6 and 10; 250 nM, Lanes 3, 7 and 11; or
1 �M, Lanes 4, 8, and 12 respectively. All blots are representative of results seen in at least
two independent experiments.

Fig. 6. Effect of erbB2 Inhibition on Activation of MAPK. For these studies, SKBr3
cells were seeded in 24-well plates at a density of 100,000 cells/well and used the next
day. A, SKBr3 cells were untreated (Lanes 1, 5, and 9) or treated with CP-654577 for 2 h
(Lanes 2–4), 12 h (Lanes 6–8) and 24 h (Lanes 10–12). CP-654577 concentrations were
50 nM, Lanes 2, 6, and 10; 250 nM, Lanes 3, 7 and 11 and 1 �M Lanes 4, 8, and 12
respectively. Lysates were examined for phosphorylated MAPK (upper blot) and total
MAPK (lower blot) as described in Methods. B, inhibition of MAPK activation in
unstimulated SKBr3 cells. Inhibitor was added to the wells at concentrations of 50 (Lanes
2 and 6), 250 (Lanes 3 and 7) or 1 �M (Lanes 4 and 8). Lanes 1 and 5 are of lysates from
untreated controls. After 2 h exposure to inhibitor, cell lysates were prepared and
phosphorylated MAPK in the lysates was visualized by Western blotting as described in
Methods. Similarly, control cells (unexposed to inhibitor) were stimulated with 10 ng/ml
HRG (Lane 9) or EGF (Lane 10) for 5 min and lysates prepared and examined. The
concentrations and duration of stimulation were determined to provide maximal activation
in a previous experiment. C, Cells were treated with the indicated concentration of
inhibitors for 2 h, then either lysed immediately (Basal) or stimulated for 5 min with 10
ng/ml HRG or EGF as indicated before preparation of lysates. Phospho-MAPK content of
the lysates was analyzed by Western blotting and quantitated by densitometry, relative to
the corresponding controls without inhibitor as described in Materials and Methods. The
mean � SE is indicated, n � 3.
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erbB2-expressing BT474 and SKBr3 cells but not in MCF7 cells
which express low levels of erbB2 (Fig. 8).

As a second measure of induction of apoptosis, we examined the
collapse of the mitochondrial membrane potential. By this measure,
48 h exposure to CP-654577 induced apoptosis in BT474 cells in a
concentration dependent manner, but did not induce apoptosis in
MCF7 cells (Table 2). The direct mitochondrial depolarization reagent
valinomycin induced massive depolarization in both cell types (Table
2). Additional measures of apoptosis (DNA fragmentation measured
by deoxynucleotidyltransferase dUTP nick end labeling and caspase
activation) also confirmed the induction of apoptosis by CP-654577 in
BT474 but not MCF7 cells (data not shown).

In summary, the pro-apoptotic effects of CP-654577 were demon-
strated using four independent methods and shown to be selective for
erbB2-overexpressing SKBr3 and BT474 cells, as compared with
MCF7 cells, which express low levels of erbB2.

Effect of CP-654577 on Tumor Xenografts. Studies were con-
ducted to establish whether CP-654577 could inhibit erbB2 activity

and tumor growth in tumor xenografts. Unfortunately, SKBr3 cells are
poorly tumorigenic in athymic mice, thus we turned to an alternative
mechanistically defined model; FRE cells transformed by transfection
of constitutively activated erbB2. CP-654577 treatment reduced the

Fig. 7. CP-654577 Produces Rapid Inactivation of Akt. For these studies, SKBr3 cells
were seeded in 24-well plates at a density of 100,000 cells/well and used the next day. A,
SKBr3 cells were untreated (Lanes 1, 5, and 9) or treated with CP-654577 for 2 h (Lanes
2–4), 12 h (Lanes 6–8) and 24 h (Lanes 10–12). CP-654577 concentrations were 50 nM,
Lanes 2, 6, and 10; 250 nM, Lanes 3, 7, and 11 and 1 �M Lanes 4, 8, and 12 respectively.
Phosphorylated Akt (Ser 473) is visualized by Western blotting as described in Methods.
B, inhibition of p-Akt in unstimulated SKBr3 cells. Inhibitor was added to the wells at
concentrations of 50 nM (Lanes 2 and 6), 250 nM (Lanes 3 and 7) or 1 �M (Lanes 4 and
8). Lanes 1 and 5 are untreated controls. After 2 h cell lysates were prepared and
phosphorylated Akt (Ser 473) was visualized by Western blotting as described in Meth-
ods. Similarly, control cells (unexposed to inhibitor) were stimulated with 10 ng/ml HRG
(Lane 10) or EGF (Lane 11) for 5 min and lysates prepared and examined. The concen-
trations and duration of stimulation were determined to provide maximal activation in a
previous experiment. C, cells were treated with the indicated concentration of inhibitors
for 2 h, then either lysed immediately (Basal) or stimulated for 5 min with 10 ng/ml HRG
or EGF as indicated. Lysates were then prepared and p-Akt was analyzed by Western
blotting and quantitated by densitometry, relative to the corresponding controls without
inhibitor as described in Materials and Methods. The mean � SE is indicated, n � 3.

Fig. 8. Induction of Apoptosis by CP-654577. Cells were incubated with CP-654577 or
vehicle for 48 h and labeled with annexin V-FITC and PI as described in “Materials and
Methods.” Data were acquired on a FACSCalibur flow cytometer and analyzed by dot plots
of PI fluorescence (FL2) versus FITC fluorescence (FL1). Cells which were AV�/PI- were
scored as apoptotic and are shown in the bar graph above. All determinations were performed
in duplicate and the results are representative of three independent experiments.

Fig. 9. CP-654577 Produces a Dose-dependent Reduction of erbB2 Tyrosine Phos-
phorylation (PY) in FRE-erbB2 Tumors. Briefly, 5 � 105 FRE erbB2 cells were injected
s.c. into athymic mice. When the tumors reached �300 mm3 (15–18 days) in volume,
CP-654577 was administered i.p. in 5% Gelucire (44/14; Gattefosse Inc.)/95% sterile
water at doses of 25, 37.5, 50, 75, and 100 mg/kg. Tumors were collected 2 h postdose.
The tumor lysates were analyzed for reduction of erbB2 phosphorylation as described in
“Materials and Methods.” The values are the average � SE, n � 4.

Table 2 Induction of Apoptosis by CP-654577

BT474 cells or MCF7 cells in growth medium were treated as indicated for 48 h and
apoptosis was estimated by depolarization of the mitochondrial membrane (��m) as
described in Materials and Methods. After incubation with CP-654577 for 48 h, BT474
and MCF7 cells were stained with JC-1. Healthy and apoptotic cells were visualized
simultaneously by flow cytometry using the FL2 (propidium iodide) channel to detect
JC-1 red aggregates and the FL1 (fluorescein) channel to detect JC-1 green monomers.
Red
/green� cells were scored as apoptotic and were easily distinguished from non-
apoptotic (red�/green�) cells. The ionophore valinomycin (100 nM) was used as a
positive control and caused loss of JC-1 red fluorescence in both BT474 and MCF7 cells.
Determinations were performed in duplicate and the results are representative of two
independent experiments.

Cell Treatment % apoptotic cells

BT474 Vehicle (DMSO) 5
BT474 CP-654577 100 nM 8
BT474 CP-654577 300 nM 18
BT474 CP-654577 1000 nM 31
BT474 Valinomycin 100 nM 66
MCF7 Vehicle (DMSO) 9
MCF7 CP-654577 1000 nM 11
MCF7 Valinomycin 100 nM 91
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levels of phosphorylated erbB2 receptor in tumors in a dose-depen-
dent manner within 2 h of administration (Fig. 9). The dose that
caused 50% reduction in the level of erbB2 phosphorylation relative
to vehicle-treated controls was calculated to be 43 mg/kg.

The FRE/erbB2 tumor model was also used to evaluate the antitu-
mor efficacy of CP-654577 (Fig. 10). CP-654577 produced a dose-
dependent inhibition of FRE/erbB2 tumor growth with efficacy ob-
served within two days of dosing at the two higher doses. On Day 7,
we observed 40%, 58%, and 65% inhibition of growth (relative to
vehicle-treated controls) at 12.5, 25, and 50 mg/kg, IP, BID, respec-
tively. Thus CP-654577 is a potent inhibitor of erbB2 phosphorylation
in tumor xenografts and this inhibition translates into antitumor effi-
cacy against erbB2-driven tumor growth.

DISCUSSION

Many tyrosine kinases are important in the regulation of cell
proliferation, and thus have been targeted for antiproliferative drug
discovery. This approach has met with considerable success; both
therapeutic antibodies and low molecular weight kinase inhibitors
have been approved for use. Most of the tyrosine kinase inhibitors
reported to date have been competitive inhibitors with respect to ATP
and are presumed to bind at the ATP site of the kinases. Despite the
high conservation of sequence in the kinase domains of tyrosine
kinases, considerable selectivity of inhibitors has been obtained. For
example, Tarceva is �1000-fold more potent versus EGFr than
against c-src or v-abl tyrosine kinases (12) and PKI166 is �1000-fold
selective for EGFr relative to flk, c-met, or Tek kinases (35). The
problem of identifying selective inhibitors for very closely related
proteins such as EGFr and erbB2 would be expected to be more
difficult because of the very high (82%) amino acid sequence identity
in the kinase domains (3).

Contrary to that expectation, the EGFr inhibitor Tarceva is �100-
fold selective for EGFr kinase versus erbB2 kinase in assays compar-
ing activity of their intracellular domains (Fig. 1; see Ref. 36) and
considerable selectivity is also seen in cellular assays (Figs. 2 and 3;
Table 1). Through an extensive medicinal chemistry effort we have
identified structural modifications that reduce EGFr kinase inhibition

while enhancing erbB2 inhibition.3 This process has identified new
inhibitors that have an opposite selectivity relative to Tarceva, i.e.,
erbB2 selective inhibitors, exemplified here by CP-654577. This
compound is �60-fold selective for erbB2 relative to EGFr in assays
of isolated kinase (Fig. 1) and this selectivity is also apparent in
cell-based assays (Figs. 2 and 3; Table 1).

The distinct selectivity of Tarceva and CP-654577 result in mark-
edly different patterns of biochemical effects upon treatment of cells
that express both EGFr and erbB2 such as SKBr3 cells. Analysis of
tyrosine phosphorylation of the erbB proteins in these cells show that
CP-654577 is markedly more potent than Tarceva in reducing erbB2
and erbB3 phosphorylation (Fig. 3B). SKBr3 cells express high levels
of erbB2 and the basal erbB2 tyrosine phosphorylation presumably
results from erbB2 transphosphorylation within homodimers, whereas
the phosphorylation of the kinase inactive erbB3 results from
transphosphorylation by erbB2 in erbB2/erbB3 heterodimers. Con-
versely, Tarceva is markedly more potent in the suppression of EGF-
induced EGFr tyrosine phosphorylation (Fig. 3D). This phosphoryl-
ation results from EGFr transphosphorylation in EGFr homodimers.
The distinct selectivity of Tarceva and CP-654577 is also clear from
the analysis of “downstream” signaling events. CP-654577 reduces
MAPK activation (Fig. 6C) and Akt activation (Fig. 7C) at lower
concentrations than Tarceva. Conversely, Tarceva is a more potent
inhibitor of EGF-induced activation of MAPK (Fig. 6C) and Akt
(Fig. 7C).

A recent study of selectivity of anilino-quinazoline inhibitors also
found that low molecular weight substitutions on the aniline resulted
in inhibitors with selectivity for EGFr relative to erbB2 kinase, and
that this differential was reduced by aromatic substitutions in the
anilino moiety. The resulting inhibitors were approximately equipo-
tent for EGFr and erbB2 (37). In addition, this group has identified
pyrido-pyrimidine-based inhibitors, ex. GW2974, that are also equi-
potent erbB2/EGFr inhibitors (36).

The selectivity of CP-654577 for erbB2 relative to EGFr distin-
guishes it not only from Tarceva and GW2974, but also from other
published reversible EGFr inhibitors such as Iressa (�100-fold EGFr-
selective, Ref. 17) or PKI166 (� 11-fold EGFr-selective, Ref. 35).
Irreversible inhibitors active against both EGFr and erbB2 have also
been reported, and appear to have only limited selectivity between the
two kinases (18, 19). A study of two EGFr kinase inhibitors,
PD153035 and BIBX1382BS, in whole cell assays found little selec-
tivity for the former and a modest (�3-fold) selectivity of the latter for
EGFr (38). CP-654577 therefore is a novel inhibitor with considerable
selectivity for erbB2 relative to EGFr.

A model for the biological and biochemical effects of CP-654577
demonstrated by these studies is provided as Fig. 11. Treatment of
SKBr3 cells leads to decreased phosphorylation of erbB2 and erbB3,
resulting in decreased levels of activated MAPK and Akt. This in turn
results in decreased cyclin D and increased p27kip1, impeding phos-
phorylation of RB and entry into S phase. Apoptosis also contributes
to the overall reduction in rate of tumor cell increase.

CP-654577 inhibits SKBr3 proliferation by blocking cell cycle
progression in the G1 phase (Fig. 5). Reduction of erbB2 activity by
antisense (33), antibodies targeting erbB2 to the endoplasmic reticu-
lum (23), AG1478 an EGFr-selective kinase inhibitor with lower
potency against erbB2 kinase (39) or anti-p185erbB2 antibodies, in-
cluding the clinical agent trastuzumab, also produce a G1 block
(40–42). Cell-cycle progression past the G1 “restriction point” re-
quires phosphorylation of Rb protein, initiated by cyclin D/cdk2 and

3 S. K. Bhattacharya, E. D. Cox, J. C. Kath, A. M. Mathiowetz, J. Morris, J. D. Moyer,
L. R. Pustilnik, K. Rafidi, D. T. Richter, C. Su, and M. D. Wessel, manuscript in
preparation.

Fig. 10. CP-654577 Produces a Dose-dependent Inhibition of erbB2-driven Tumor
Growth. Mice bearing FRE-erbB2 tumors of �150 mm3 in size (10 days after inoculation
as described in “Materials and Methods”) were treated with vehicle or CP-654577 in 5%
Gelucire at 12.5, 25, and 50 mg/kg twice daily by i.p. injection for 7 days. Tumor volume
(mm3) was calculated as described under “Materials and Methods” on days 2, 4, and 7.
Each group contained nine or ten mice. Values are provided as mean � SE. Significance
compared with vehicle-treated controls (�, P 	 0.05; ��, P 	 0.01) was determined by
Students t test. No mortality of the animals was noted in any groups. Furthermore, no
weight loss was observed in any group; the average mouse weight in the highest dose
group (50 mg/kg) was 21.50 g at the outset of the experiment and was 21.53 at the
conclusion of the study.
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then accelerated by cyclin E/cdk2 as cyclin E levels climb in late G1

(29). The cyclinD/cdk2 activity is further regulated by the inhibitory
effect of p27kip1. Inhibition of erbB2 kinase by CP-654577 leads to a
reduction in levels of the permissive (hyper-phosphorylated) form of
Rb (Fig. 5A) possibly as a consequence of loss of cyclin D (Fig. 5D)
and cyclin E (Fig. 5C), and an increase in p27kip1 (Fig. 5B). Reduction
of erbB2 activity by the other approaches noted above also reduced
RB phosphorylation (23, 41), cyclin D (23, 42, 43), and cyclin E
kinase activity (23), and increased p27kip1 (40, 41, 43). An under-
standing of the relative contributions of these biochemical effects of
erbB2 inhibition to the cell cycle block produced by CP-654577
requires further study.

Signals from erbB2 can activate the MAPK pathway and the
PI-3-kinase pathway (1). SKBr3 cells have both activated MAPK and
Akt (Figs. 6 and 7) that are greatly reduced by CP-654577 exposure.
The levels of cyclin D can be positively regulated by both transcrip-
tional effects of MAPK activation (1) and by stabilization of cyclin D
protein by activity of the Akt pathway (44). Thus the decreased levels
of cyclin D upon treatment with CP-654577 may be mediated by the
resulting decreased activity of MAPK and Akt. Recent studies by
Yakes et al. (43) implicate the effect on Akt as crucial in trastuzumab
induced cell cycle blockade and cyclin D depletion. Enforced high
expression of cyclin D reverses the antiproliferative effects of the
EGFr/erbB2 inhibitor AG1478 in BT474 cells (39); this suggests that
depletion of cyclin D may be the crucial mediator of the antiprolif-
erative effect of erbB2 inhibition.

In addition to the role of erbB2 in cell proliferation, signals origi-
nating from erbB2 promote cell survival (31–33) and the erbB2/erbB3
heterodimer has been shown to have particularly strong anti-apoptotic
activity (45). Inhibition of erbB2 by CP-654577 induced apoptosis in
SKBr3 and BT474 cells at sub-micromolar concentrations, but did not
induce apoptosis in MCF7 cells, a line that expresses much lower
levels of erbB2 (Fig. 8; Table 2). The degree of induction of apoptosis
in SKBr3 cells by CP-654577 was �3-fold at 1 �M, somewhat higher
or similar to the induction reported for trastuzumab (34, 43). The
induction of apoptosis by trastuzumab in SKBr3 cells was shown to be
reversed by transfection of an activated form of Akt, thus identifying
the indirect inhibition of Akt as the key mechanism of induction of
apoptosis in these cells (43). Inhibition of erbB2 by antisense or

anti-erbB2 antibodies enhances induction of apoptosis by doxorubicin
(23) and TRAIL (34); thus, combinations of an erbB2 inhibitor such
as CP-654577 and other chemotherapeutic agents may enhance tumor
cell death.

The selectivity of CP-654577 for erbB2 versus EGFr distinguishes
it from other reported inhibitors selective for EGFr or similarly active
against both EGFr and erbB2. A selective erbB2 inhibitor with re-
duced activity against EGFr such as CP-654577 may avoid some of
the toxicity observed with EGFr inhibitors, notably the acneiform skin
rash produced by the EGFr inhibitors Tarceva, gefitinib, and C225 (5,
15), but not observed with the anti-erbB2 antibody trastuzumab (7, 8).
Although the current experiments demonstrate that CP-654577 has
antitumor activity in an erbB2-driven tumor (Fig. 10), we have not yet
evaluated it against a panel of tumors with diverse expression of EGFr
and erbB2 to demonstrate that this biochemical selectivity translates
to a distinct pattern of therapeutic efficacy relative to EGFr selective
inhibitors. This question is further complicated by the coexpression of
the various erbB proteins at diverse ratios in human clinical tumors.
However, the observed biochemical selectivity, together with its po-
tent antiproliferative effects on erbB2-dependent cells in vitro (SKBr3
cells) and in vivo (FRE-ErbB2 tumors), makes this class of erbB2-
selective inhibitors attractive for further development as potential
antitumor agents.
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