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Cancer drugs targeting ErbB receptors, such as epidermal
growth factor receptor and ErbB2, are currently in clinical use.
However, the role of ErbB4 as a potential cancer drug target has
remained controversial. Recently, somatic mutations altering
the coding region of ErbB4 were described in patients with
breast, gastric, colorectal, or non-small cell lung cancer, but the
functional significance of these mutations is unknown. Here we
demonstrate that 2 of 10 of the cancer-associated mutations of
ErbB4 lead to loss of ErbB4 kinase activity due to disruption of
functionally important structural features. Interestingly, the
kinase-dead ErbB4 mutants were as efficient as wild-type ErbB4 in
forming a heterodimeric neuregulin receptor with ErbB2 and
promoting phosphorylation of Erkl/2 and Akt in an ErbB2
kinase-dependent manner. However, the mutant ErbB4 receptors
failed to phosphorylate STAT5 and suppressed differentiation of
MDA-MB-468 mammary carcinoma cells. These findings suggest
that the somatic ErbB4 mutations have functional consequences
and lead to selective changes in ErbB4 signaling.

The ErbB/epidermal growth factor receptor (EGFR)?>/HER
receptor-tyrosine kinase subfamily includes EGFR, ErbB2,
ErbB3, and ErbB4. ErbB receptors bind several EGF-like growth
factors including the neuregulins (NRG). Ligand-induced
extracellular homo- or heterodimerization of ErbB receptors is
followed by autophosphorylation at intracellular tyrosine resi-
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dues by juxtaposed tyrosine kinase domains. The phosphoryla-
ted tyrosines in the cytoplasmic receptor tail serve as binding
sites for various intracellular signal transduction molecules that
mediate the cellular responses to ErbB stimulation (1, 2).

Recent crystallographic and biochemical analyses have indi-
cated that intracellular tyrosine kinases of EGFR and ErbB4 are
activated allosterically in an asymmetrical fashion (3, 4). In the
activated dimer the C-terminal lobe of one kinase domain con-
tacts with the N-terminal lobe of another kinase domain,
thereby breaking its intrinsic autoinhibited conformation and
facilitating catalysis (3, 4). Activation mechanisms of protein
kinases have shared features, and the relative spatial orientation
of certain residues that are highly conserved within the eukary-
otic protein kinome is essential for successful catalysis (5).
These include residues that participate in nucleotide binding
and transfer of the y-phosphate group of adenosine triphos-
phate (ATP) to the hydroxyl oxygen atom of a substrate. Con-
served regulatory elements of protein kinases include the acti-
vation (A)-loop, aC-helix, phosphate binding (P)-loop, and
catalytic (C)-loop. The A-loop is involved in stabilizing the
inactive conformation, whereas the aC-helix, located in the
N-terminal lobe, mediates conformational changes within
the catalytic center that activate the kinase. The aspartate-phe-
nylalanine-glycine (DFG) motif at the base of the A-loop and
the P-loop participate in binding and coordination of ATP,
whereas the C-loop contains the catalytic aspartate residue
(Asp-843 in ErbB4), which processes the substrate tyrosine
for catalysis (5).

Although EGFR and ErbB2 are well characterized oncogenes
and targets for cancer therapeutics (2), the relevance of ErbB4 as a
cancer drug target is poorly understood. Indeed, both roles as a
human oncogene as well as a tumor suppressor gene have been
proposed (6, 7). Lack of knowledge of tumor-associated genetic
changes in ErbB4 has precluded addressing their potential loss-
of-function or gain-of-function phenotypes. Recently, nine dif-
ferent somatic mutations targeting the ErbB4 kinase domain
were reported in patients with either breast, gastric, colorectal,
or non-small cell lung cancer (8). In EGFR, similar mutations
targeting the kinase domain sensitize patients to treatment
with tyrosine kinase inhibitors (9, 10). In addition, one somatic
mutation targeting the cytoplasmic tail of ErbB4 has been
reported in a colorectal cancer patient (11). However, the func-
tional effect of the cancer-associated mutations on ErbB4 activ-
ity has not been addressed.
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Here, we exploited the recently reported crystal structure of
ErbB4 kinase domain (4) to predict the functionality of 9
somatic ErbB4 kinase domain mutants (8). In addition, we ana-
lyzed the basal and ligand-induced phosphotyrosine content of
the 9-kinase domain and 1-cytoplasmic domain mutations (8,
11) in different cell backgrounds. Our data demonstrate that 2
of the 10 mutations disrupt the catalytic activity of the ErbB4
tyrosine kinase, and there are clear structural reasons for the
observed effects. Intriguingly, despite loss of kinase activity, the
two mutant receptors were able to form a functional het-
erodimer with ErbB2 and activate mitogen-activated protein
kinase Erk and phosphoinositide 3-kinase/Akt pathways. How-
ever, kinase activity of ErbB4 was required for NRG-induced
activation of signal transducer and activator of transcription 5
(STATS5), resulting in a failure of ErbB4 mutants to activate
STATS. Interestingly, when overexpressed in a breast cancer
cell line, the two kinase-dead mutants gained an ability to sup-
press the formation of differentiated acinar structures, unlike
the wild-type ErbB4, which promoted differentiation. Thus,
although most of the ErbB4 mutations are surface mutations
and are not located either near the binding/active site or near
the dimerization surface and, hence, appear to be innocuous,
for two of the mutants that occur within the binding/active site,
the structural and experimental data suggest that the mutations
affect kinase activity but not dimerization. These alterations
also associate with a selective loss-of-function phenotype
affecting specific signal transduction pathways and cellular
responses in cancer cells.

EXPERIMENTAL PROCEDURES

Structural Analysis and Molecular Modeling of ErbB4—The
crystal structure of the ErbB4 kinase domain reported by Qiu et
al. (4) (Protein Data Bank (PDB) (12) ID code: 3BCE) was used
as a template for the structural models of ErbB4 with the muta-
tions G802dup and D861Y. The model of ErbB4 with the point
mutation D861Y was created with the Bodil modeling environ-
ment (13). To investigate the structural consequences of the
D861Y mutation on the function and ATP binding properties of
ErbB4, the crystal structure of the EGFR kinase domain in com-
plex with the non-hydrolyzable ATP analog AMP-PNP (PDB
ID 2ITX) (14) was used to position the ligand in the structure of
ErbB4. The two kinase structures were first superimposed with
Vertaa (15) implemented in Bodil, and then AMP-PNP and a
conserved water molecule important for ATP binding were
copied into the “mutated” model structure of ErbB4. Where
necessary, new rotamers for side chains within the ATP-bind-
ing site were selected from the rotamer library (16) imple-
mented in Bodil. The structural model of ErbB4 with the inser-
tion G802dup was produced with Modeler Version 9.4 (17).
The model was energy-minimized with Gromacs Version 3.3.3
(18) using the steepest descent algorithm and OPLS_AA/L all-
atom force field until the potential energy change between two
steps was less than 2000 k] mol ' nm ', Thereafter, the model
was visually analyzed, and if necessary for docking purposes,
new rotamers for side chains within the ATP-binding site were
introduced using Bodil. The ATP analog AMP-PNP was
docked into the G802dup model with GOLD Version 3.2 (19)
by imposing a hydrogen-bonding constraint between the main-
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chain nitrogen atom of Met-799 and the N1 atom of AMP-PNP.
The active site radius was set to 10 A centered on the Hy atom
of Val-732. The most appropriate docking pose of AMP-PNP to
the ErbB4 model was chosen based on visual analysis of the
docked conformations. Although ATP binds to ErbB4 and
EGFR complexed with a metal cation (20), we decided to con-
struct the models without the addition of the cations because
there were no Mg>* atoms in the EGFR structure that was used
as a template in the docking of AMP-PNP. Figures (Fig. 1 and
Fig. 3) of the models were produced with Pymol Version 1.1
(21).

Cell Culture, Expression Plasmids, and Transfection—
COS-7, MCF-7, and 32D cells were cultured as described (22,
23). MDA-MB-468 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (Invitrogen) supplemented with 10% fetal
calf serum (Promocell), 50 wg/ml streptomycin (Sigma), and
100 IU/ml penicillin (Sigma). Mutations targeting the tyrosine
kinase or cytoplasmic domains of ErbB4 reported by Soung et
al. (8) and Parsons et al. (11) were introduced into
pcDNA3.1ErbB4JM-aCYT-1, pcDNA3.1ErbB4JM-aCYT-2, or
pBABE-puroErbB4JM-aCYT-2 using the QuikChange site-di-
rected mutagenesis kit (Stratagene). Similarly, a conserved
lysine residue (Lys-751) within the ATP-binding site of ErbB4
was mutated to arginine in pcDNA3.1ErbB4JM-aCYT-2-HA to
generate kinase-dead pcDNA3.1ErbB4JM-aCYT-2K751R-HA.
All mutations were confirmed by sequencing. pcDNA3.1ErbB2
was generated by cloning a 4.2-kilobase insert of human ErbB2
(24) into the HindIII site of pcDNA3.1(—) vector (Invitrogen).
pME18S-STAT5a has been described (25).

COS-7 and MCE-7 cells were transfected with pcDNA3.
1ErbB4JM-aCYT-2 wild type and mutants using the FuGENE 6
Transfection Reagent (Roche Applied Science) according to
the manufacturer’s recommendations. To generate stable
32D or MDA-MB-468 cell lines expressing wild-type ErbB4
JM-a CYT-2 or its G802dup or D861Y mutants, Phoenix
Ampho HEK293 cells were transfected with the correspond-
ing pBABE-puroErbB4JM-aCYT-2 mutant constructs and
used for retrovirus production. Subsequently, 32D and MDA-
MB-468 cells were infected with retroviral supernatants, and
stable pools were selected with puromycin (Sigma).

Immunoprecipitation and Western Blotting—To analyze
ErbB4 tyrosine phosphorylation in MCF-7 transfectants, cells
were starved overnight, stimulated for 10 min with 25 ng/ml
NRG-1 (R&D Systems, Inc.), and lysed. ErbB4 was immunopre-
cipitated from lysates with anti-ErbB4 antibodies (sc-283; Santa
Cruz Biotechnology, Inc.) and analyzed for phosphotyrosine
content by Western blotting with anti-phosphotyrosine anti-
bodies (4G10; Upstate Biotechnology Inc.). ErbB4 loading was
controlled by Western blotting with the sc-283 antibody.

To analyze ErbB4 tyrosine phosphorylation in the MDA-
MB-468 background, cells were starved overnight and stimu-
lated for 15 min with 50 ng/ml NRG-1. Cell lysates were ana-
lyzed by Western blotting using a phospho-specific antibody
against Tyr-1284 of ErbB4 (Cell Signaling). Loading was con-
trolled by Western blotting with anti-ErbB4 (E-200; Abcam)
and anti-actin (sc-1616; Santa Cruz) antibodies.

COS-7 transfectants transiently expressing the indicated
ErbB4 constructs with or without ErbB2 or STAT5a were
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starved overnight in the absence of serum and stimulated for 10
min with 25 ng/ml NRG-1. Cell lysates were analyzed for ErbB4,
Erk1/2, Akt, and STAT5 phosphorylation by Western blotting
using phospho-specific antibodies (Cell Signaling). Loading
was controlled by Western blotting with antibodies recognizing
total ErbB4 (sc-283), Erk1/2 (Cell Signaling), Akt (sc-1618;
Santa Cruz), or STATS5 (sc-835; Santa Cruz). ErbB2 was immu-
noprecipitated with anti-ErbB2 antibodies trastuzumab
(Roche Applied Science) or sc-284 (Santa Cruz) and analyzed
for phosphorylation by Western blotting with an anti-phos-
photyrosine antibody (4G10). ErbB2 loading was controlled
by Western blotting with an anti-ErbB2 antibody (sc-284).
To inhibit tyrosine kinase activity, cells were incubated for 1 h
in the presence of 1 um gefitinib (AstraZeneca) or M578440
(AZ10398863; AstraZeneca) before stimulation with or with-
out NRG-1.

In Vitro Kinase Assay—32D cells stably expressing wild-
type ErbB4 JM-a CYT-2 or its engineered G802dup or
D861Y mutants were analyzed for ErbB4 in vitro kinase
activity in the presence and absence of 10 um ATP (Roche
Applied Science) as described (23). ErbB4 was immunopre-
cipitated with anti-ErbB4 antibodies (sc-283) and analyzed for
phosphotyrosine content by Western blotting with anti-phos-
photyrosine antibodies (4G10). ErbB4 loading was controlled
by Western blotting with the sc-283 antibody.

Three-dimensional Cultures—2 X 10* MDA-MB-468 trans-
fectants in 20 pul of Dulbecco’s modified Eagle’s medium + 10%
fetal calf serum were suspended into 180 ul of cold Matrigel
(BD Biosciences) supplemented with or without 50 ng/ml
NRG-1. The cell-Matrigel suspension was divided to dupli-
cate 96-well plate wells, and the Matrigel was allowed to poly-
merize at 37 °C for 30 min. One hundred ul of Dulbecco’s mod-
ified Eagle’s medium + 10% fetal calf serum containing 0 or 50
ng/ml NRG-1 was added on top of the polymerized Matrigel.
The cells were maintained in Matrigel at 37 °C for 6 days, after
which formed colonies were counted using Olympus CK40
light microscope. From each well the colonies were counted
from 4 individual views through the whole thickness of the
Matrigel using 200X magnification.

MTT Proliferation Assay—To analyze the proliferation of
MDA-MB-468 transfectants, 3 X 10> cells were plated onto
96-well plate wells in triplicates in 100 ul of Dulbecco’s modi-
fied Eagle’s medium + 10% fetal calf serum containing 0 or 50
ng/ml NRG-1. At the indicated time points, the number of via-
ble cells was estimated using a CellTiter 96 nonradioactive cell
proliferation assay (MTT; Promega) following the manufactur-
er’s recommendations.

RESULTS

Nine of the recently reported somatic mutations of ErbB4
target the tyrosine kinase domain (8), whereas a missense muta-
tion, I1030M, targets the cytoplasmic tail of ErbB4 (11) (Fig.
1A). To systematically analyze the location and model signifi-
cance of the nine kinase domain mutations, we exploited the
recently reported structure of the ErbB4 kinase domain (4). In
the case of four of the mutations in ErbB4, R782Q, G802dup,
P854Q), and D861Y, the targeted amino acids are conserved
within the human ErbB receptor family (26); three other
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FIGURE 1. Schematic and structural presentation of cancer-associated
somatic mutations of the ErbB4 tyrosine kinase domain. A, ErbB4 con-
sists of a ligand binding extracellular domain with two cysteine-rich
regions (Cys), a hydrophobic transmembrane domain (black rectangle)
and an intracellular domain that contains the tyrosine kinase. The regions
in ErbB4 kinase domain equivalent to the P-loop, aC-helix, C-loop, and
A-loop (shaded boxes) were located after aligning the ErbB4 sequence
with the EGFR sequence and identifying the corresponding regions (49).
Arrows indicate the individual mutations within the ErbB4 kinase domain
(8) and cytoplasmic tail (11). B, sites of somatic kinase domain mutations
are shown for the crystal structure of the monomer of the wild-type ErbB4
kinase domain (PDB ID 3BCE) (4). The general secondary structure of
the backbone is shown in green (helices, coil ribbons; strands, elongated
ribbons; loops, thin ropes), and the location and side chains of the wild-
type residues where somatic mutations take place are shown as a
stick representation with orange carbon, red oxygen, and blue nitrogen
atoms.

mutated positions, Ala-773, Glu-810, and Glu-872, are con-
served in all family members except for the weak kinase ErbB3,
whereas Val-721 varies as leucine and isoleucine, and Thr-926
varies as alanine and leucine.

In Fig. 1B the mutated amino acids are mapped to the struc-
ture of a monomer of the wild-type ErbB4 kinase domain,
showing their positioning relative to important structural and
functional features of the ErbB4 structure. The mutation V7211
is located in close proximity to the asymmetrical dimer inter-
face, but the equivalent position in the wild-type EGFR kinase
domain is isoleucine, and in the structure of the asymmetric
dimer this position is not involved in forming the dimer inter-
face (3). The mutations A773S and R782Q are located close to
each other on the surface of the kinase domain at the C-termi-
nal end of the aC-helix (A773S) and within the loop connecting
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FIGURE 2. Tyrosine phosphorylation and kinase activity of ErbB4 mutants. A, MCF-7 transfectants expressing vector, wild-type (wt) ErbB4 JM-a CYT-2, or the
indicated ErbB4 mutants were analyzed for ErbB4 tyrosine phosphorylation after stimulating cells with or without NRG-1. /P, immunoprecipitation. B, 32D cells
stably expressing wild-type ErbB4 JM-a CYT-2 or its engineered G802dup or D861Y mutants were analyzed for ErbB4 in vitro kinase activity in the presence and
absence of 10 um ATP. In both A and B ErbB4 was immunoprecipitated with anti-ErbB4 antibodies and analyzed for phosphotyrosine content by Western
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blotting with anti-phosphotyrosine antibodies. ErbB4 loading was controlled by Western blotting.

the aC-helix to the B-sheet of the N-terminal lobe of the kinase
domain (R782Q). G802dup is located on the surface of the
kinase domain, in a loop connecting the N-terminal and C-ter-
minal lobes, also called the hinge region, whereas D861Y is
located at the base of the A-loop. E810K, P854Q), E872K, and
T926M are located on the surface of the kinase domain. Glu-
810 is at the C-terminal end of helix 3, Pro-854 is within a loop
connecting the two strands within the small B-sheet of the
C-terminal lobe, Glu-872 is within the A-loop, and Thr-926 is
located at the beginning of helix 9.

Toaddress their function in vivo, the somatic mutations were
engineered by site-directed mutagenesis to one of the ErbB4
isoforms expressed in cancer, ErbB4 JM-a CYT-2 (27). Unex-
pectedly, none of the 10 mutations demonstrated enhanced
basal or ligand-induced tyrosine phosphorylation in MCE-7
breast cancer or COS-7 cells compared with wild-type ErbB4
(Fig. 2A; data not shown). Moreover, sensitivity of the ErbB4
mutants to inhibition by the tyrosine kinase inhibitor gefitinib
was not different from wild-type ErbB4 in COS-7 cells (IC, for
ErbB4 ~ 0.5 uMm). In contrast, two mutants, G802dup and
D861Y, showed clearly reduced tyrosine phosphorylation in
vivo (Fig. 2A). Moreover, results of an in vitro kinase assay dem-
onstrate that in 32D cells devoid of endogenous ErbB expres-
sion, both G802dup and D861Y mutants had markedly reduced
tyrosine kinase activity (Fig. 2B). Even after a maximal exposure
time, only a weak phosphotyrosine signal was detected in the
G802dup mutant, whereas the D861Y mutant was completely
kinase-dead (data not shown). The findings were reproduced by
analyzing the mutants in the context of the other cancer-asso-
ciated isoform, ErbB4 JM-a CYT-1 (27) (supplemental Fig. 1),
as well as in the context of stable transfections into NIH 3T3
cells (data not shown). These data indicate that 2 of 10 ErbB4
mutants, G802dup and D861Y, have lost their kinase activity.

The D861Y mutation is located in the DFG motif, a highly
conserved triplet at the base of the activation loop of eukaryotic
protein kinases that is crucial for successful phosphotransfer
(28). In ErbB4, the DFG motif consists of Asp-861, Phe-862, and
Gly-863. To investigate the structural consequences of intro-
ducing a tyrosine residue at amino acid position 861, we gener-
ated a model as described under “Experimental Procedures,”
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replacing the side chain of aspartate by tyrosine in the ErbB4
crystal structure. Based on our model of wild-type ErbB4 bound
to the non-hydrolyzable ATP analog, AMP-PNP, it is likely that
upon ATP binding, Asp-861 is hydrogen-bonded to a con-
served water molecule (w1 in Fig. 3A4). This water molecule
would additionally be coordinated by two key residues con-
served throughout the family; that is, the side chains of Asp-843
and Asn-848 from the C-loop (Fig. 34). Furthermore, Asp-843
is thought to act as a catalytic base, removing the hydrogen
atom from the hydroxyl group of the substrate tyrosine residue
(29). Thus, introduction of a bulky tyrosine residue into the
DFG motif by mutation of Asp-861 not only disrupts the hydro-
gen bonding network that functions to properly position the
ATP terminal phosphate and the side chain of the catalytic
Asp-843 (Fig. 3A4), but the mutation may also directly interfere
with the binding of the substrate. Moreover, a compensatory
hydrogen bond cannot be formed between the hydroxyl group of
tyrosine at position 861 and the side chain of Asp-843 due to steric
hindrance (replacing the Asp-861-w1l—-Asp-843 interactions by
direct hydrogen bonding of D861Y to Asp-843). Furthermore, the
size difference, tyrosine versus aspartate, is sufficient to expect
some alterations of the local structure, too. These observations
indicate that D861Y mutation disrupts the functionally important
DFG motif, resulting in catalytic incompetence.

To investigate the structural consequences of the insertion of
an additional glycine residue adjacent to Gly-802 in the hinge
region of the kinase domain, we generated a model of ErbB4
G802dup. Because Gly-802 forms part of the ATP-binding site
and is located in close proximity to the adenine ring, the ATP
analog AMP-PNP was docked into the model to assess how the
insertion of a glycine adjacent to Gly-802 could affect ATP
binding. The structural model suggests that the insertion of a
glycine would lead to increased flexibility of the main chain (a
typical property of glycine) as well as to the positional displace-
ment of Gly-802 and Cys-803 relative to each other (Fig. 3, B
versus C). As a consequence, these changes could affect binding
to ATP as well as other residues lining the ATP binding pocket,
altering both the size and shape of the pocket.

In our docking studies with the model structure of the ErbB4
G802dup (Fig. 3C), not only are residues within the pocket
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FIGURE 3. Structural models of ErbB4 D861Y and G802dup mutations.
The structural models of the mutated proteins were generated as described
under “Experimental Procedures.” The docked ATP analog, AMP-PNP, is
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shifted from their wild-type positions seen in the x-ray struc-
ture (Fig. 3B), but we also observed that the ribose ring of AMP-
PNP was shifted ~1.5 A toward the N-terminal lobe of the
kinase. Consequently, the phosphate groups of AMP-PNP were
also shifted (Fig. 3C) in comparison to the complex proposed
for wild-type ErbB4 (Fig. 3B). This suggests that for ErbB4
G802dup, interactions of ATP with the important functional
residues may no longer be optimally positioned for binding and
catalysis. These docking results were obtained by implementing
a hydrogen-bonding constraint in the docking run, which
forces AMP-PNP to the ATP binding pocket and does not
explore the possibility that AMP-PNP would not bind to ErbB4
G802dup atall. In an early computational study on EGFR, Liu et
al. (30) suggested that the size of the hydrophobic slot formed
by Leu-718 (Leu-699 in ErbB4) and Gly-796 (Gly-802 in ErbB4)
is important for proper binding of an inhibitor, gefitinib. The
insertion of glycine in G802dup ErbB4 would affect the size and
shape of the hydrophobic slot (Fig. 3, B and C), and therefore,
the G802dup insertion might exert its effect entirely through its
effects on ATP binding. Taken together, our docking studies
suggest two possibilities for the experimentally observed
reduced kinase activity of ErbB4 G802dup; 1) ATP cannot bind
to G802dup mutant, or 2) ATP can still bind to the mutant but
in a conformation where the interactions important for the
phosphotransfer reaction are no longer optimal and, hence,
kinase activity is severely reduced.

To analyze the ability of G802dup and D861Y mutants to
activate different signal transduction pathways, mutant recep-
tors were overexpressed in COS-7 cells, and phosphorylation of
different signaling proteins was analyzed by Western blotting.
Intriguingly, the kinase-dead mutants were as efficient as wild-
type ErbB4 in their ability to activate Erk or Akt kinases, both in
the context of JM-a CYT-2 (Fig. 4, A and B) and JM-a CYT-1
(supplemental Fig. 1) isoforms. Although there was a tendency
for slightly attenuated promotion of Erk activity, in particular
with the completely kinase-dead D861Y mutant (Fig. 4B), the
difference when compared with wild-type ErbB4 did not reach
statistical significance in three independent experiments (p =
0.17). The ErbB4 mutants also efficiently mediated ligand-acti-
vated tyrosine phosphorylation of endogenously expressed
ErbB2 (Fig. 4C). Moreover, overexpression of ErbB4 mutants
together with ErbB2 was more efficient than overexpression of
ErbB2 alone in stimulating Erk and Akt phosphorylation (Fig.
5). Neither mutants nor the wild-type ErbB4 significantly pro-
moted tyrosine phosphorylation of either EGFR or ErbB3 that
were expressed in low levels in the COS-7 cells (data not

shown as stick representations with green carbon, blue nitrogen, red oxygen,
and orange phosphate atoms. In A, the active site of the ErbB4 kinase domain
is shown in detail with the aC-helix highlighted in a light brown color (right
side, center). The amino acids important for the function of ErbB4 are labeled,
and their side chains are shown as stick representations, putative hydrogen
bonds with dashed yellow lines and the conserved water molecule with a red
sphere (w1). At position 861, the side chains of both the aspartate of wild-type
ErbB4 (centrally located and hydrogen-bonded to w1) and tyrosine of the
mutant (oriented to the left; carbon atoms in magenta) are shown. AMP-PNP
docked to the wild-type ErbB4 crystal structure (cyan; B) and to the G802dup
model structure (pink; C); the Connolly surface, generated with the program
Pymol, is shown. The location of important side chains is labeled and indi-
cated with yellow surface color.
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overnightin the absence of serum and stimulated for 10 min with NRG-1. A, cell lysates were analyzed for ErbB4, Erk1/2, and Akt phosphorylation (p) by Western
blotting using phospho-specific antibodies. Loading was controlled by Western blotting with antibodies recognizing total ErbB4, Erk1/2, and Akt. wt, wild type.
B, Erk and Akt phosphorylation was analyzed as in A, and signals from Western films were quantified by densitometry from three independent experiments.
Quantities of phospho-specific signals were normalized by quantities of corresponding total proteins in the same sample. Mean and S.D. are shown. C, ErbB2
was immunoprecipitated (/P) with anti-ErbB2 antibody, and phosphorylated ErbB2 was detected by Western blotting with an anti-phosphotyrosine antibody.
Total ErbB2 was analyzed by Western blotting using an anti-ErbB2 antibody. ErbB4 E810K was analyzed in A and C as a control representing a somatic mutation

that did not decrease ErbB4 kinase activity.

shown). These data indicate that despite the lack of kinase
activity, both G802dup and D861Y mutants were able to form a
functional heterodimer with ErbB2 and activate both Erk and
phosphoinositide 3-kinase/Akt signaling pathways.

Besides activating Erk and phosphoinositide 3-kinase/Akt
signal transduction pathways, ErbB4 has previously been
shown to bind to and activate STATS5 signaling (31, 32). Inter-
estingly, in contrast to activation of Erk, Akt, or ErbB2, the
kinase-dead ErbB4 mutants had lost their ability to activate
STATS5 (Fig. 6A), suggesting that the G802dup and D861Y
mutations render ErbB4 selectively unable to activate down-
stream signaling pathways. Similar to the naturally occurring
somatic kinase-dead mutants, also a previously characterized
engineered ErbB4 mutant K751R (33) with a disrupted ATP-
binding site was unable to mediate STAT5 phosphorylation
(Fig. 6B). Taken together, these findings indicate that the loss of
STATS5 activation by the two somatic ErbB4 mutants was due to
the loss of ErbB4 kinase activity rather than secondary to a
concomitant structural change that altered the substrate spec-
ificity or the pattern of ErbB4 tyrosine phosphorylation.

Stimulation of neuregulin-dependent ErbB2 phosphoryla-
tion by the mutant ErbB4 receptors (Fig. 4C) as well as stimu-
lation of ErbB4 mutant phosphorylation by ErbB2 overexpres-
sion (Fig. 5 versus Fig. 4A) suggested that the kinase-dead ErbB4
mutants can activate and heterodimerize with ErbB2. This
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mechanism resembles that previously reported for the naturally
kinase-impaired ErbB3 (34, 35). To test whether the activation
of downstream signaling pathways was dependent on the acti-
vation of ErbB2 kinase by heterodimerizing with ErbB4
mutants, tyrosine kinase inhibitors (TKI) with different selec-
tivities for ErbB2 and ErbB4 were analyzed for their effects on
signaling cascades downstream of ErbBs in COS-7 transfec-
tants. Both of the kinase inhibitors that were used, gefitinib
(TKI “2/4”) and the M578440 compound (TKI “2”), efficiently
blocked phosphorylation of endogenously expressed ErbB2
(Fig. 7A), whereas only gefitinib was active in blocking phos-
phorylation of transfected ErbB4 as well as the kinase activity-
dependent cleavage of the full-length 180-kDa ErbB4 into the
80-kDa C-terminal fragment (Fig. 7B) at the inhibitor concen-
trations that were used. Both TKIs that blocked ErbB2 activity
also suppressed both Erk and Akt activation (Fig. 7C). In con-
trast, phosphorylation of STAT5 was only down-regulated
when gefitinib with selectivity for ErbB4 was tested (Fig. 7B).
These findings suggest that although Erk and Akt pathways can
be stimulated in the absence of ErbB4 kinase activity via indi-
rect activation of ErbB2, stimulation of STAT5 requires the
kinase activity of ErbB4 itself.

ErbB4 has previously been shown to induce differentiation of
mammary carcinoma cells in three-dimensional cultures involv-
ing STAT5a activation induced by ligand-activated ErbB4 (36).
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stimulated for 10 min with NRG-1. Cell lysates were analyzed for ErbB4 and STAT5 phosphorylation (p) by
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ATP-binding site. wt, wild type.
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To address the functional consequences of the differences in
cellular signaling induced by the ErbB4 kinase domain mutants,
stable transfectants of human MDA-MB-468 breast cancer
cells were generated (Fig. 84) and analyzed for growth in two
(Fig. 8B) and three dimensions (Fig. 8, C and D). The two
kinase-dead ErbB4 mutants did not significantly differ from
wild-type ErbB4 in their ability to promote two-dimensional
growth when assessed by MTT proliferation assays measuring
the number of viable cells (Fig. 8B). Under three-dimensional
conditions in Matrigel, most MDA-MB-468 cells grew as dis-
organized colonies (Fig. 8C, right), with less than 20% of colo-
nies organizing into acinar structures (Fig. 8C, left). Upon
ligand activation of an overexpressed wild-type ErbB4, the per-
centage of differentiated acinar structures exceeded 30% (Fig.
8D). Interestingly, ligand stimulation of both kinase-dead
ErbB4 mutants induced a significant reduction rather than
induction in the percentage of differentiated acinar colonies
(Fig. 8D). These data suggest that the lack of kinase activity and
STATS5 activation by ErbB4 G802dup and D861Y mutants asso-
ciates with a reduced potency to promote breast cancer cell
differentiation. Taken together our results show that somatic
kinase domain mutations of ErbB4 may result in a loss of kinase
activity but only selective inability to activate specific signal
transduction pathways (Fig. 9).

DISCUSSION

The protein kinase domain is the most frequently
observed domain structure among reported cancer genes
(37). Gain-of-function mutations in the kinase domains typ-
ically confer sensitivity of tumors to targeted drugs, suggesting
that tumors are dependent on the signaling by the mutant
kinases. For example, lung cancer patients with somatic kinase
domain mutations of EGFR are sensitive to the treatment with
EGER tyrosine kinase inhibitors such as gefitinib and erlotinib
(9, 10). In the absence of inhibitors,
several of the mutated EGFRs dem-
onstrate enhanced phosphorylation
and kinase activity. Moreover, acti-
vating mutations of the ErbB2 tyro-
sine kinase domain have been
reported in lung cancer (38, 39). The
- positioning of the ErbB4 mutations
within the tyrosine kinase domain is
similar to the localization of the
described EGFR and ErbB2 muta-
tions, implying that they conferred
a gain-of-function oncogenic phe-

wt
+

kinase-dead
+

— pSTATS

SBEBEBER ST

— — pErbB4
notype for ErbB4. However, none of
the 10 somatic cancer-associated
Is mutations of ErbB4 demonstrated
| b ErbB4 increased catalytic activity or sensi-
tivity to the TKI gefitinib. Instead,
1 2 3 4

two of the ErbB4 mutants had lost
their kinase activity.

Of all the 10 ErbB4 mutations,
only 2 (G802dup and D861Y)
resulted in aberrant kinase activ-
ity. D861Y disrupts the catalyti-
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FIGURE 7. The role of ErbB2 and ErbB4 kinase activity on ErbB4 mutant signaling. COS-7 cells were transfected either with an empty vector or a construct
encoding the D861Y ErbB4 JM-a CYT-2 mutant in the presence (B) or absence (A and C) of STAT5a. Cells were starved overnight in the absence of serum,
incubated for 1 hin the presence of 1 um of TKI, and treated for 10 min with NRG-1.TKIs 2/4 and 2 refer to gefitinib and M578440 (AZ10398863) blocking activity
of both ErbB2 and ErbB4 or of ErbB2 only, respectively, at the 1 um concentration used. wt, wild type. A, ErbB2 was immunoprecipitated (/P) with anti-ErbB2
antibodies and analyzed for phosphorylation by Western blotting with anti-phosphotyrosine antibody. Loading was controlled by Western blotting with an
anti-ErbB2 antibody. Band C, phosphorylation of STAT5, ErbB4, Erk1/2, and Akt was analyzed by Western blotting using phospho-specific antibodies. Loading

was controlled by antibodies recognizing total Erk1/2, Akt, STAT5, and ErbB4.

cally important DFG motif. Mutation at the corresponding
site of EGFR also yields a functionally inactivated kinase
domain (40). According to our structural modeling, the
G802dup insertional mutation occurs where it would alter the
ATP binding pocket, leading to hindered ATP binding and/or
forcing ATP into a conformation unsuitable for catalysis. How-
ever, other mutations also targeted structurally interesting
locations, including R782Q, P854Q), and E872K. In the active
conformation of ErbB4, the side chain of Arg-782 is fully
extended and hydrogen-bonded to the main-chain carbonyl
group of Ala-773 in the aC-helix, but in the inactive structures
of ErbB4, the side chain of Arg-782 is positioned so that a
hydrogen bond is not possible. Thus, it seems likely that this
hydrogen bond assists in positioning the aC helix into the
active conformation, and therefore, the R782Q mutation would
affect this key interaction as the side chain of glutamine is con-
siderably shorter. Pro-854, in turn, is located in a tight loop
where the main chain of the residue adopts a cis conformation.
A glutamine at this position, as in the case with the P854Q
mutation, would be expected to have a trans conformation and
likely disrupt the wild-type conformation of the loop. As for
E872K, it is located on the surface of the receptor in the A-loop.
In EGFR, the mutation of the corresponding residue Glu-842 to
serine decreases the iz vitro kinetics of phosphate transfer (41).
Despite the possibility that the E872K, R782Q, and P854K
mutants would lead to structural alterations, the level of auto-
phosphorylation was at the level of wild-type ErbB4. The
remaining four mutations, V7211, A773S, E810K, and T926M,
are located at positions on the structure where they are exposed
to solvent or are involved in main-chain interactions (i.e.
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A773S), and thus, these sites can more readily accept changes
than elsewhere.

Tyrosine kinase activity is thought to be indispensable for
the function of several receptor-tyrosine kinases, and drugs
inhibiting the kinase activity have been developed to block their
signaling (42). However, ErbB receptors devoid of intrinsic
kinase activity can form a functional signaling unit with another
ErbB receptor with intact tyrosine kinase activity. For example,
catalytically incompetent ErbB3 is a functional NRG receptor
in a heterodimeric complex with any other catalytically active
ErbB receptor (34, 35). In addition, EGFR may also signal via
mechanisms that are not dependent on intact tyrosine kinase
activity (43). Furthermore, intact kinase activity of ErbB4 ICD is
not required for its ability to bind to Eto2 and regulate Eto2-
mediated transcriptional repression (44).

In support of only a partial loss-of-function, the two kinase-
dead ErbB4 mutants demonstrated a selective inability to trig-
ger downstream signaling pathways. The mutant receptors
were able to activate Erk and phosphoinositide 3-kinase/Akt
signaling pathways to a similar extent as wild-type ErbB4. How-
ever, unlike wild-type ErbB4, the mutant receptors failed to
activate STAT5 signaling. Whereas Erk and phosphoinositide
3-kinase/Akt signaling pathways have been implicated in sur-
vival and proliferation of cancer cells, the role for STATS5 sig-
naling in cancer is not yet fully understood, although increased
STATS5 signaling has been associated with transformation (45).
However, a recent study has demonstrated that STAT5a
expression is epigenetically silenced by overexpression of an
oncogenic tyrosine kinase and suggests a tumor-suppressive
function for STAT5a (46). In the context of ErbB4, STATS5 has
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ErbB4 JM-a CYT-2 or the indicated ErbB4 mutants and the vector control cells. Cells were starved overnight in
the absence of serum and stimulated for 15 min with 50 ng/ml NRG-1. ErbB4 tyrosine phosphorylation was
analyzed from the cell lysates by Western blotting with a phospho-specific anti-ErbB4 antibody. Loading was
controlled by antibodies recognizing ErbB4 and actin. B, to analyze proliferation of MDA-MB-468 transfectants,
3 X 10° cells/96-well plate well were grown in triplicate in the presence or absence of 50 ng/ml NRG-1. At days
1and 5, the number of viable cells was determined by MTT assays. The number of cells on day 5 was divided by
the number of cells on day 1 to normalize cell proliferation to the original cell number. The mean and S.D. are
shown. C and D, to analyze differentiation of MDA-MB-468 transfectants, cells were suspended into Matrigel
and grown for 6 days in the presence or absence of 50 ng/ml NRG-1. The colonies were counted, and the
percentage of differentiated colonies (acini) of all formed colonies (differentiated and undifferentiated) was
calculated. Representative images of a differentiated acinus and an undifferentiated colony are shown in C. D shows
the mean and S.D. of the data from three experiments. The p values were calculated using Student’s t test.

ErbB2 ErbB4 wt ErbB2 ErbB4 mutant
Erk STATS Erk
Akt Akt

FIGURE 9. Schematic model of the signaling by ErbB2/ErbB4 heterodimer
including either a wild-type (left) or a kinase-dead mutant (right) ErbB4.

been suggested to mediate differentiation downstream of
ErbB4 (32, 47). These latter observations are also consistent
with our findings that the kinase-dead ErbB4 mutants that
failed to activate STATS5 also had lost their ability to promote
breast cancer cell differentiation in a three-dimensional in vitro
model. Significantly, in our analyses the mutants had not only
lost their ability to promote differentiation but had gained an
ability to actively suppress differentiation. These data may indi-
cate that mutations leading to loss of kinase activity in ErbB4
may lead to a qualitative shift in the balance between tumori-
genic and suppressive pathways, favoring cancer cell prolifera-
tion and survival over differentiation.
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mutants that affect kinase activity
are positioned where they could
exert their effects on the internal
binding/active site at the adenine
(G802dup) and the +vy-phosphate
(D861Y) ends of the bound ATP
analog. They are not surface muta-
tions (although Gly-802 is surface-
exposed, it has no side chain, and
the addition of another glycine
would effect the relative positioning of nearby residues within
the binding cavity). Thus, the location of these mutants would
not be expected to interfere with either ErbB4 homodimeriza-
tion or ErbB4/ErbB2 heterodimerization while dramatically
affecting ErbB4 intrinsic kinase function. While this manu-
script was under review, The Sequencing Project reported an
identification of nine novel somatic ErbB4 mutations that tar-
geted either the extracellular (7 mutations) or the kinase (2
mutations) domain in lung adenocarcinoma samples (48).
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