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The activation of ErbB tyrosine kinase receptors
ErbB1, -2, -3, and -4) by ligand-induced homo- or het-
rodimerization regulates cell growth, death, and dif-
erentiation. AG1478 and PD153035 (also know as
G1517) have been adopted as specific ErbB1 inhibi-

ors based on their high specificity for ErbB1 as com-
ared to ErbB2 in in vitro kinase assays. We compared
heir ability to inhibit ErbB receptor signaling in in-
act cells to that of a novel ErbB receptor kinase in-
ibitor, BIBX1382BS. Neither AG1478 nor PD153035
isplayed any specificity for ErbB1-mediated signal-

ng induced by transforming growth factor a (TGF-a)
s compared to signaling initiated through the other
rbB kinases. In contrast, BIBX1382BS was more po-

ent at inhibiting signaling induced by TGF-a than
hat induced by neuregulin1-b1 or anti-ErbB2 agonist
ntibodies. Interestingly, this compound blocked
ntibody-induced ErbB4 homodimer activation at
ven lower concentrations than ErbB1-triggered sig-
aling. Thus, BIBX1382BS, but not AG1478 and
D153035, can be employed to differentiate between

he ErbB kinases in intact cells when used at appro-
riate concentrations. © 2001 Academic Press

Key Words: ErbB receptor kinase; EGFR; inhibitor;
euregulin; TGF-a; activating antibodies.

ErbB receptor signaling controls cellular differenti-
tion, growth, and apoptosis (1–4) e.g., during embry-
nic development and tumor progression (5). The ErbB
eceptor family comprise four receptor tyrosine kinases
RTKs): ErbB1 (the epidermal growth factor (EGF)
eceptor), ErbB2 (Neu or HER2), ErbB3 and ErbB4.
ach of these receptors has an extracellular ligand
inding domain, a transmembrane domain and an in-
racellular tyrosine kinase domain (5). ErbB3 has,
owever, no intrinsic kinase activity (6–8). The ErbB
eceptors are activated by ligand-induced receptor
imerization leading to the activation of the intrinsic

1 These authors contributed equally to this work.
25
yrosine kinases and downstream signaling molecules,
.g., phosphoinositol 39-kinase, Src, phospholipase C g
nd the extracellular regulated kinases (ERK) 1/2. The
igands for the ErbB receptors can be divided into three
roups (9). The first group of ligands, EGF, transform-
ng growth factor alpha (TGF-a) and amphiregulin,
tilize ErbB1 as the primary receptor. The second
roup binds either ErbB1 or ErbB4 and includes beta-
ellulin, heparin-binding EGF-like growth factor and
piregulin. The third group, the neuregulins (NRGs),
inds ErbB3 or ErbB4 (10–15). There is no known
igand for ErbB2, but this receptor is the preferred
imerization partner for other ligand-bound ErbB re-
eptors (16, 17).
Inhibitors of the ErbB1 kinase, AG1478 and

D153035 (also known as AG1517), have over 100-fold
igher specificity for ErbB1 as compared to ErbB2 or
nrelated tyrosine kinases in in vitro kinase assays
18, 19). It has also been suggested that they are spe-
ific for ErbB1 compared to ErbB2 in intact cells be-
ause they inhibit the ligand-induced activation of
rbB1 at lower concentrations than those required to
lock ligand-induced ErbB2 activation in cancer cell
ines overexpressing ErbB1 or ErbB2, respectively (20,
1). No attempt has, however, been made to compare
he specificity of these compounds for ErbB1 versus the
ther ErbB receptor kinases in the same cell lines. In
ddition to the ErbB signaling, these inhibitors have
een used as tools to determine the involvement of the
rbB1 kinase in signal transduction pathways initi-
ted by unrelated receptors such as the insulin growth
actor receptor (22) and G-protein-coupled-receptors
23). In this study, the specificity of AG1478, PD153035
nd the novel inhibitor BIBX1382BS for the ErbB re-
eptor kinases is addressed in intact cells. A panel of
reast cancer cells expressing endogenous or exoge-
ous ErbB receptors at variable levels was treated
ith TGF-a or NRG1-b1 as well as activating antibod-

es against ErbB2 and ErbB4. The concentrations of
he ErbB1 kinase inhibitors needed to block the acti-
ation of the ErbB receptors and the downstream sig-
0006-291X/01 $35.00
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aling molecules ERK1 and ERK2 were then deter-
ined.

ATERIALS AND METHODS

Reagents. Lyophilized recombinant human ligands (TGF-a,
igma, St. Louis, MO; NRG1-b1 EGF domain; R & D Systems,
bingdon, UK) were reconstituted in phosphate buffered saline

PBS) containing 1% BSA (TGF-a) or 0.1% BSA (NRG1-b1) at 100
g/ml and stored at 220°C. The ErbB kinase inhibitors, AG1478 (16
M, Calbiochem, La Jolla, CA) and PD153035 (10 mM, Calbiochem),
ere dissolved in dimethyl sulfoxide (DMSO) and stored at 220°C.
IBX1382BS (24) was kindly provided by Dr. van Meel (Boehringer

ngelheim, Vienna, Austria) and dissolved at 10 mM in 0.1 N HCl.

Cell lines, culture conditions, and treatments. A previously de-
cribed subclone of the MCF-7 breast carcinoma cell line (25), and
he CAMA-1, SKBR-3, T47D and MDA-MB-157 breast cancer cell
ines (kindly provided by Per Briand and Jiri Bartek, Copenhagen,
enmark) were used. MCF-7 cells stably overexpressing ErbB1 (M1-
rbB1), ErbB2 (M1-ErbB2), ErbB4 (M1-ErbB4), or transfected with
mpty vector (M1-pEBS7) have been characterized previously (26).
ells were cultured at 37°C in humidified air atmosphere with 5%
O2. RPMI 1640 medium with L-alanyl-L-glutamin (GibcoBRL, Pais-

ey, United Kingdom) supplemented with 10% heat inactivated fetal
alf serum (FCS) (BioWhittaker Europe, Verviers, Belgium) strepto-
ycin (100 mg/ml) and penicillin (100 U/ml) was used as growth
edium. The medium used for passage of T47D was supplemented
ith 250 ng/ml insulin (Roche Molecular Biochemicals, Basel, Swit-

erland). The medium used for propagation of the M1-ErbB1, M1-
rbB2, M1-ErbB4, and M1-pEBS7 cell lines was supplemented with
50 mg/ml hygromycin B (Calbiochem, La Jolla, CA).
To determine the effects of ErbB1 kinase inhibitors on ErbB re-

eptor activation, 750,000 cells/well were plated in 6-well plates 18 h
efore the start of the experiment. Cells were pretreated with indi-
ated concentration of kinase inhibitors or DMSO (0.01%) 1 h prior to
he addition of ErbB ligands or activating antibodies against ErbB2
N28, NeoMarkers, Fremont, CA) or ErbB4 (H4.77.16, NeoMarkers).
fter 5 min (ligands) or 15 min (antibodies) at 37°C, the cells were
arvested and analyzed by immunoblotting. All experiments were
onducted in medium containing 5% FCS.

Immunoblot analysis. Cells were harvested in lysis buffer (150
M NaCl, 50 mM Tris–HCl, pH 7.4, 1 mM EGTA, 1% NP-40, 0.25%

odium deoxycholate, 100 mM pefabloc, 1 mM Na3VO4, 1 mM NaF, 1
g/ml each aprotinin, leupeptin, pepstatin), equal amounts of pro-
ein were separated by sodium dodecyl sulfate (SDS)–7% polyacryl-
mide gel electrophoresis (PAGE) and transferred to hybond ECL
embrane (Amersham Pharmacia Biotech, Little Chalfont, UK).
rbB1 and ErbB2 were detected as previously described (26) employ-

ng monoclonal antibodies sc-03 and sc-284 (Santa Cruz, CA). Anti-
odies against phospho-ErbB1 (05-483, Upstate Biotechnology, Lake
lacid, NY), phospho-ErbB2 (06-229, Upstate Biotechnology),
hospho-tyrosine (4G10, Upstate Biotechnology) ERK1/2 (New En-
land Biolabs, Beverly, MA) and phospho-ERK1/2 (New England
iolabs) were all used according to the manufacturer’s instructions.
s previously described, the sc-03 antibody directed against ErbB1
ross-reacts with ErbB2 and the 05-483 antibody directed against
hosphorylated ErbB1 also recognizes phosphorylated ErbB2 and
rbB4 (26). Heat shock cognate protein 70 (Hsc70) was detected
mploying the antibody N69A (kindly provided by Dr. B. A. Margu-
is, St. Petersburg, Russia) diluted 1:4000 in PBS containing 0.5%
ow-fat milk powder and 0.1% Tween 20. Peroxidase-conjugated sec-
ndary antibodies were from DAKO (Glostrup, Denmark). The
hemiluminescence reaction was performed and the membranes ex-
osed to ECL hyperfilm according to the manufacturer’s instructions
Amersham Pharmacia Biotech, Little Chalfont, UK).
26
ESULTS AND DISCUSSION

qual Concentrations of AG1478 and PD153035 Are
Required to Block the Phosphorylation of ERK 1/2
Triggered by TGF-a or NRG1-b1

To determine the specificity of the ErbB1 kinase
nhibitors AG1478 and PD153035 for ErbB1 in intact
ells, five breast cancer cell lines with variable expres-
ion levels of the four ErbB receptors were used (Fig.
). The cells were treated with the ErbB ligands
GF-a, which almost exclusively activates ErbB1 ho-
odimers, or with NRG1-b1, which preferentially ac-

ivates ErbB2/ErbB3 or ErbB2/ErbB4 heterodimers
27). ErbB receptor activation was analyzed by immu-
oblotting with a monoclonal antibody recognizing
hosphorylated ErbB1, ErbB2 and ErbB4 or a mono-
lonal antibody specific for phosphorylated ErbB2 (26).
ctivation of the downstream signaling was detected
y employing antibodies recognizing phosphorylated

FIG. 1. Expression of ErbB receptors in a panel of breast cancer
ell lines. Protein samples (75 mg) prepared from subconfluent hu-
an breast cancer cells (MDA-MB-157, T47D, SKBR-3, CAMA-1,

nd MCF-7) were analyzed by immunoblotting using antibodies di-
ected against (A) ErbB1 or ErbB2 and (B) ErbB3 or ErbB4. The
ntibody directed against ErbB1 (sc-03) cross-reacts with ErbB2
26). Therefore, the expression of ErbB1 in SKBR-3 was partly
asked by the high expression level of ErbB2, but ErbB1 was readily

etectable at lower exposure times and by flow cytometry (not
hown). Protein samples from MCF-7 cells transfected with (A)
rbB2 (M1-ErbB2) or (B) ErbB4 (M1-ErbB4) were employed as con-

rols for the specificity of the antibodies (lanes 6). The membranes
ere probed for heat shock cognate protein 70 (Hsc70) to control
rotein loading. Similar results were obtained by flow cytometry
nalysis of non-permeabilized cells indicating that the expressed
eceptors were localized to the plasma membrane (not shown).
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RK1 and ERK2 that are activated by most ErbB
eceptor dimers.

In the CAMA-1 cell line, which expresses ErbB1
nd ErbB2 but not ErbB3 or ErbB4 (Fig. 1), TGF-a
reatment resulted in the phosphorylation of ErbB1
nd the activation of ERK1/2 (Fig. 2A). Consistent
ith the lack of ErbB3 and ErbB4 expression, this

ell line did not respond to NRG1-b1 treatment. At
oncentrations of 0.5 mM or higher, AG1478 com-
letely inhibited TGF-a-induced ERK1/2 phosphory-
ation in CAMA-1 cells. The MCF-7 cell line ex-
resses moderate levels of ErbB2, ErbB3 and ErbB4,

FIG. 2. Equal concentrations of AG1478 and PD153035 are req
RG1-b1. Subconfluent CAMA-1 (A), MCF-7 (B), MDA-MB-157 (

oncentrations of AG1478 (A–E) or PD153035 (F) for 1 h prior to the
ere left untreated (Sp). After 5 min at 37°C, the cells were harveste
nd phospho-ERK1/2. The antibody directed against phospho-ErbB
dentified based on different molecular weights (26). The membranes
MSO (0.01%) was added to all wells. The experiments were repea
D153035 for all cell lines.
27
hile the expression level of ErbB1 is barely detect-
ble (Fig. 1). In this cell line, TGF-a resulted in a
carcely measurable phosphorylation of ErbB1, but a
lear activation of ERK1/2 was, however, observed
Fig. 2B). NRG1-b1 increased the phosphorylation of
rbB2 and ERK1/2. In spite of the very low expres-
ion of ErbB1, the ErbB1 inhibitors AG1478 and
D153035 inhibited NRG1-b1-induced ErbB2 and
RK1/2 activation at 0.5 mM or higher concentra-

ions corresponding to the concentration needed to
lock TGF-a signaling in the CAMA-1 cells. The
DA-157 cell line expresses moderate levels of

ed to block the phosphorylation of ERK 1/2 triggered by TGF-a or
SKBR-3 (D) and T47D (E, F) cells were treated with indicated

dition of TGF-a or NRG1-b1 at a final concentration of 100 ng/ml or
nd analyzed by immunoblotting for phospho-ErbB1, phospho-ErbB2
05-483) cross-reacts with phospho-ErbB2 but the proteins can be
ere probed for Hsc70 to control protein loading. An equal amount of

with similar results, and comparable results were obtained with
uir
C),
ad
d a
1 (
w
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rbB1, ErbB2 and ErbB3 (Fig. 1). These cells re-
ponded to TGF-a with increased phosphorylation of
rbB1, ErbB2 and ERK1/2 and to NRG1-b1 with

ncreased phosphorylation of ErbB2 and ERK1/2
Fig. 2C). Similar inhibitor concentrations were re-
uired for the complete inhibition of the phosphory-
ation of ErbB1, ErbB2 and ERK1/2 triggered either
y TGF-a or NRG1-b1 in the MDA-MB-157 cells. The
KBR-3 cell line expresses ErbB1 and ErbB3 at mod-
rate levels (Fig. 1) and overexpresses ErbB2 result-
ng in constitutive phosphorylation of this receptor
Fig. 2D). TGF-a treatment resulted in the phosphor-
lation of ErbB1 and ERK1/2 in the SKBR-3 cells. In
ontrast, NRG1-b1 treatment did not result in the
urther activation of ErbB2 whereas ERK1/2 was
ctivated by the ligand, possibly through the activa-
ion of ErbB2/ErbB3 heterodimers (Fig. 2D). Also in
his cell line 0.5 mM of the inhibitors completely
nhibited the phosphorylation of ERK1/2 regardless
f the ligand used to stimulate the cells. The two
ntibodies detecting phosphorylated ErbB2 are
ikely to recognize different tyrosine phosphorylated
esidues on ErbB2: the phosphorylation of ErbB2
as almost completely abolished by AG1478 at 0.5
M or higher concentration when detected with the
ntibody that recognizes both phosphorylated ErbB1
nd ErbB2. In contrast, the reduction in the level of
hosphorylated ErbB2 appeared much less dramatic
hen tested with the antibody specific for phos-
hotyrosine-ErbB2. Finally, the T47D cell line,
hich expresses all four ErbB receptors at moderate

evels, were employed (Fig. 1). As for all the other
ell lines 0.5 mM of AG1478 was sufficient to block
RK1/2 activation regardless of whether the cells
ad been stimulated with TGF-a or NRG1-b1 (Fig.
E). As was observed in the SKBR-3 cell line, the
ompound inhibited TGF-a-induced phosphorylation
f ErbB1 at slightly lower concentrations than those
locking NRG1-b1-induced ErbB2 phosphorylation,
specially when visualized with the antibody specific
or phosphorylated ErbB2. For all cell lines, similar
esults were obtained when PD153035 was employed
nstead of AG1478 (Fig. 2F and data not shown) and
hen an antibody against phosphorylated tyrosine

esidues was used to detect phosphorylated ErbB
eceptors (data not shown).
Thus, there were very minor differences in the con-

entrations of AG1478 or PD153035 needed to block
rbB1 and ErbB2 phosphorylation upon treatment
ith ErbB ligands with preference for activation of
ither the ErbB1 or the ErbB2 kinases. Furthermore,
hen ERK1/2 was used as an indicator of ErbB recep-

or activation, there was no difference in the concen-
rations of the inhibitors necessary for inhibition of
GF-a- or NRG1-b1-induced signaling.
28
RG1-b1 Signaling Is Not Affected by ErbB1
Expression Levels in MCF-7 Cells

The NRG-b1-induced ERK1/2 activation was com-
letely inhibited by AG1478 and PD153035 in spite of
ome residual ErbB2 phosphorylation in the MCF-7,
KBR-3 and T47D cells. This suggests that a threshold

evel of activated ErbB2 must be reached in order to
ransduce a downstream signal. Alternatively, the
rbB1 kinase could be necessary for NRG1-b1 signal-

ng, although NRG1-b1 did not result in detectable
evels of phosphorylated ErbB1 in any of the cell lines
Fig. 2). To test if the expression level of ErbB1 influ-
nced NRG1-b1 signaling, the MCF-7 cells, which had
he lowest endogenous ErbB1 expression level among
4 breast cancer cell lines tested (data not shown) were
ransfected with ErbB1 cDNA. Overexpression of
rbB1 in the MCF-7 cells resulted in the constitutive
hosphorylation of the receptor (Fig. 3A). However,
fter NRG1-b1 treatment, ErbB2 and ERK1/2 were
hosphorylated to the same extent in the ErbB1 over-
xpressing cell line as in the vector transfected control
ell line (Fig. 3A). Thus, NRG1-b1 signaling was not

FIG. 3. Neuregulin signaling is not affected by ErbB1 expression
evels in MCF-7 cells. (A) MCF-7 cells transfected with ErbB1 (M1-
rbB1) or vector transfected control cells (M1-pEBS7) were treated
ith NRG1-b1 at indicated concentration. After 5 min treatment at
7°C, the cells were harvested and analyzed by immunoblotting as
escribed in the legend to Fig. 2. (B) M1-ErbB1 cells were pretreated
ith AG1478 at the indicated concentrations. After 1 h, TGF-a or
RG1-b1 was added to a final concentration of 100 ng/ml and after
min at 37°C, the cells were harvested and analyzed by immuno-

lotting as described in the legend to Fig. 2.
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ffected by ErbB1 expression levels. When the ErbB1
verexpressing cell line was treated with AG1478 be-
ore ligand stimulation, identical concentrations were
eeded to block TGF-a- and NRG1-b1-induced ErbB
eceptor and ERK1/2 phosphorylation (Fig. 3B). Thus,
t is unlikely that the effective inhibition of NRG1-b1-
nduced signaling by AG1478 and PD153035 was due
o the involvement of ErbB1 in this signaling pathway.

he ErbB1 Kinase Inhibitors Block the Activation of
ErbB2 and ErbB4 Homodimers

Although we did not observe any phosphorylation of
rbB1 upon NRG1-b1 simulation, it has been reported

hat this ligand is capable of activating ErbB1 contain-
ng receptor dimers (28). As we did not find an ErbB1
evoid cell line that expressed the NRG1-b1 binding
eceptors ErbB3 or ErbB4, it could not be excluded that
he low endogenous levels of ErbB1 in the MCF-7 cells
ere necessary for NRG1-b1 signaling. To directly test
hether the inhibitors could block ErbB1 independent

ignaling we then used agonist antibodies against
rbB2 or ErbB4 that specifically activate homodimers
f ErbB2 or ErbB4, respectively (29, 30). In the T47D
ells the anti-ErbB2 antibody (29) induced ErbB2 and
RK1/2 phosphorylation, which was abrogated by
G1478 at 0.5–1.0 mM (Fig. 4). Similarly, anti-ErbB4
ntibody activated ErbB4, but failed to induce ERK1/2
hosphorylation (30) (Fig. 4). Neither antibody in-
reased the phosphorylation of ErbB1 (Fig. 4). Similar
esults were obtained with PD153035 (data not
hown), and in the MCF-7 cell line with barely detect-
ble levels of ErbB1. Thus, AG1478 and PD153035 do
ot act as specific ErbB1 inhibitors in intact cells, but
ppear rather as pan-ErbB receptor tyrosine kinase
nhibitors capable of inhibiting ErbB1, ErbB2 and
rbB4 signaling at sub-micromolar concentrations.

FIG. 4. ErbB1 kinase inhibitors block the activation of ErbB2 o
G1478 at indicated concentrations for 1 h and activating antibodi
g/ml. After 15 min at 37°C, the cells were harvested and analyzed by
nd phospho-ERK1/2. The antibody directed against phospho-ErbB1
hree proteins are separable by the difference in their molecular we
29
Novel ErbB1 Kinase Inhibitor Shows Differential
Specificity for ErbB1, ErbB2, and ErbB4 in Vivo

AG1478 and PD153035 are quinazolines with a
ighly related chemical structure (18, 19). A novel
yrimido-pyrimidine derivative, BIBX1382BS, has re-
ently been developed by Boehringer Ingelheim (24).
he specificity of this compound was tested by treating
he T47D cell line with either the natural ligands
GF-a, NRG1-b1, or the homodimer activating anti-
odies against ErbB2 or ErbB4. As for AG1478 and
D153035, BIBX1382BS blocked signaling induced by
GF-a, NRG1-b1 or activating antibodies (Fig. 5).
owever, 3 mM of BIBX1382BS that was sufficient to
lock signaling by TGF-a had no effect on the phos-
horylation of ErbB2 or ERK1/2 upon stimulation with
RG1-b1 or anti-ErbB2 antibodies (Fig. 5 and data not

hown). Ten mM BIBX1382BS blocked, however, also
rbB2 activity efficiently. Also in the MCF-7 cell line,
pproximately threefold higher concentrations of
IBX1382BS were required to hinder ErbB receptor
nd ERK1/2 phosphorylation upon NRG1-b1 treat-
ent than after stimulation with TGF-a (data not

hown). Interestingly, ErbB4 homodimer activation in-
uced by the agonist antibody was inhibited by
IBX1382BS already at 1 mM. Thus contrary to
G1478 and PD153035, this compound inhibits the
rbB4, ErbB1 and ErbB2 kinases at different concen-

rations in vivo. The data further suggest that the
inase activity of ErbB4 is not necessary for NRG1-b1
ignaling in the T47D cell line.
In this study, we provide evidence that the com-
only used ErbB1 kinase inhibitors, AG1478 and
D153035, are not specific for the ErbB1 kinase when
ompared with the ErbB2 or ErbB4 kinase in intact
ells. This conclusion is based on the ability of the
nhibitors to equally well block ErbB receptor phos-
horylation and ERK1/2 activation induced by TGF-a,

rbB4 homodimers. T47D cells were grown overnight, treated with
gainst ErbB2 or ErbB4 were added to the final concentration of 2
munoblotting for phospho-ErbB1, phospho-ErbB2, phospho-tyrosine
-483) cross-reacts with phospho-ErbB2 and phospho-ErbB4, but the
ts (26).
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RG1-b1, or homodimer activating antibodies against
rbB2 or ErbB4. Furthermore, this is supported by the
otion that the same concentration of the inhibitors
as needed to block NRG1-b1 induced signaling in cell

ines with a wide variation of ErbB1 expression levels
nd that neither NRG1-b1 nor the agonist antibodies
esulted in detectable ErbB1 phosphorylation in the
ell lines tested. In contrast, the novel compound,
IBX1382BS, can be used to differentiate between
rbB4 and other ErbB receptor kinases when used at
ery low concentrations. Furthermore, in cell lines de-
oid of ErbB4, BIBX1382BS appears more suitable
han AG1478 and PD153035 for studies on the differ-
ntial role of the ErbB1 and the ErbB2 kinases.
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