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Abstract

We have previously demonstrated that the constitutively active Q646C mutant of the ErbB4 receptor tyrosine kinase inhibits colony
formation by human prostate tumor cell lines. Here we use ErbB4 mutants to identify ErbB4 functions critical for inhibiting colony for-
mation. A derivative of ErbB4 Q646 that lacks kinase activity fails to inhibit colony formation by prostate tumor cells. Likewise, an
ErbB4 Q646C mutant in the context of the CT-b splicing isoform fails to inhibit colony formation. Mutation of tyrosine 1056 to phen-
ylalanine abrogates inhibition of colony formation whereas an ErbB4 mutant that lacks all of the putative sites of tyrosine phosphor-
ylation except for tyrosine 1056 still inhibits colony formation. Given that tyrosine 1056 is missing in the CT-b isoform, these results
suggest that phosphorylation of tyrosine 1056 is critical for function. Indeed, an ErbB4 mutant that lacks kinase activity but has a glu-
tamate phosphomimic residue substituted for tyrosine 1056 inhibits colony formation. Finally, 1-dimensional phosphopeptide mapping
indicates that ErbB4 Q646C is phosphorylated on tyrosine 1056. These data suggest that phosphorylation of ErbB4 tyrosine 1056 is crit-
ical for coupling ErbB4 to prostate tumor suppression.
� 2006 Elsevier Inc. All rights reserved.
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ErbB4 (HER4) is a member of the ErbB family of recep-
tor tyrosine kinases. Other family members include the epi-
dermal growth factor receptor (EGFR/ErbB1), ErbB2
(HER2/Neu), and ErbB3 (HER3) [1]. ErbB family recep-
tors share several structural features. They contain an
extracellular ligand-binding domain, a single-pass a-helical
transmembrane region, and an intracellular tyrosine kinase
domain. Carboxyl terminal to the kinase domain are tyro-
sine residues that are phosphorylated upon ligand binding.
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q Abbreviations: BH3, Bcl-2 homology 3; CFU, colony forming units;
CT, carboxy-terminal; ECL, enhanced chemiluminescence; EGFR, epi-
dermal growth factor receptor; JM, juxtamembrane; Kin�, kinase
deficient; PTB, phosphotyrosine binding; PVP-360, polyvinylpyrrolidone,
Mr 360,000; SH2, src-homology 2; STAT, signal transducer and activator
of transcription; TACE, tumor necrosis factor-a converting enzyme;
TBST, Tris-buffered saline with Tween 20; WT, wild type; YAP, Yes
associated protein; YChg#, the number of tyrosines that have been
mutated to phenylalanine.

* Corresponding author. Fax: +1 765 496 3601.
E-mail address: driese@purdue.edu (D.J. Riese II).
The peptide hormones of the epidermal growth factor
(EGF) family are agonists for ErbB family receptors. There
are approximately 20 different EGF-like peptides involved
in ErbB receptor signaling [1,2]. Several of these ligands
can bind more than one receptor. For example, some mem-
bers of the Neuregulin subfamily of ErbB4 ligands also
bind EGFR or ErbB3 [1,2]. Likewise, Betacellulin and Epi-
regulin bind both ErbB4 and EGFR [1,2].

Ligand binding causes receptor dimerization, trans-
phosphorylation of receptor tyrosine residues, and cou-
pling to downstream signaling events. A liganded ErbB
receptor can homodimerize with another liganded ErbB
receptor or heterodimerize with an unliganded ErbB recep-
tor [1]. For example, ErbB4 ligands stimulate signaling by
EGFR, ErbB2, and ErbB3 via heterodimerization with
ErbB4 [1]. Consequently, use of ErbB4 ligands to study sig-
naling events specific for ErbB4 may be problematic.

There are several transcriptional splicing isoforms of
ErbB4 that differ in the extracellular juxtamembrane region
and in a cytoplasmic region contained within the sites of
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tyrosine phosphorylation [3]. The canonical JM-a juxta-
membrane isoform can be proteolytically cleaved in a
two-step process that features the cleavage and release of
the ErbB4 extracellular ligand-binding domain by TACE
and the subsequent cleavage and release of the ErbB4
intracellular domain by c-secretase [4,5]. In contrast, the
JM-b isoform is resistant to cleavage by TACE and the
intracellular domain of this isoform cannot be generated
and released from the cell plasma membrane [5]. The phys-
iological significance of ErbB4 cleavage is that the ErbB4
intracellular domain can translocate to the nucleus. In
MCF-7B cells, translocation of the ErbB4 intracellular
domain facilitates STAT5a translocation to the nucleus
and stimulation of STAT5a-dependent gene transcription
[6]. However, this particular ErbB4 activity has not yet
been observed in prostate cells.

The cytoplasmic or carboxyl-terminal isoforms differ in
the presence (CT-a) or absence (CT-b) of a 16 amino acid
sequence that includes Ser1046 through Gly1061. This
region includes a putative WW domain binding sequence
that begins at Pro1053 (PPAY) as well as a putative ErbB4
phosphorylation site (Tyr1056) that has been reported to
bind the SH2 domain of the regulatory subunit of PI3
kinase [7–9]. Thus, the CT-a and CT-b isoforms may be
quite different with respect to coupling to downstream sig-
naling events and biological responses.

Overexpression, mutation, or deregulated signaling by
ErbB1 and ErbB2 in tumor cells correlates with lesions that
are more proliferative, invasive, chemoresistant, and are
associated with a poorer patient prognosis [10]. The role
that ErbB4 plays in tumorigenesis has yet to be well
defined. ErbB4 is expressed in normal prostate tissue but
most prostate tumors lack ErbB4 expression [11–13]. In
several tumor types, ErbB4 expression correlates with less
aggressive behavior and better patient prognosis [5,14].
Thus, several groups have hypothesized that ErbB4 may
be an epithelial tumor suppressor.

As stated earlier, one challenge in using ErbB4 ligands
to test this hypothesis is that most ligands that activate
ErbB4 also stimulate signaling by another ErbB receptor.
Our laboratory has addressed this challenge by substitut-
ing a single cysteine residue for Gln646, His647, or
Ala648 in the ErbB4 extracellular juxtamembrane region
(Q646C, H647C, and A648C mutants). These mutants
form disulfide-linked homodimers that exhibit constitu-
tive, ligand-independent tyrosine phosphorylation [15].
Moreover, the ErbB4 Q646C mutant inhibits drug-resis-
tant colony formation in plastic dishes by the DU-145
and PC-3 human prostate cancer cell lines [16]. This sug-
gests that ErbB4 is a bona fide prostate tumor suppres-
sor. Our laboratory as well as others have also
reported that constitutively active mutants of ErbB4
are capable of inhibiting breast cancer cell proliferation
[17,18]. This suggests that ErbB4 may be able to sup-
press growth of multiple types of epithelial cancers. Here
we demonstrate that ErbB4 kinase activity is required for
coupling of the ErbB4 Q646C mutant to inhibition of
colony formation. Moreover, in the context of the
CT-b splicing isoform, the ErbB4 Q646C mutant fails
to inhibit colony formation. Indeed, the Tyr1056 residue
that is absent in the CT-b is critical for inhibition of col-
ony formation by the ErbB4 Q646C mutant. Finally, the
ErbB4 Q646C mutant is indeed phosphorylated on
Tyr1056. Collectively, these data indicate that phosphor-
ylation of Tyr1056 is critical for ErbB4 coupling to inhi-
bition of colony formation.

Materials and methods

Plasmids. The pLXSN retroviral expression vector is a generous gift
from Daniel DiMaio (Yale University). Construction of the pLXSN-
ErbB4, pLXSN-ErbB4 Q646C, pLXSN-ErbB4 H647C, and pLXSN-
ErbB4 A648C plasmids has been described previously [15]. The
pLXSN-ErbB4 WT CT-b plasmid consists of the ErbB4 CT-b isoform
[9] in the context of pLXSN. The pLXSN-ErbB4 Q646C CT-b plasmid
consists of the Q646C mutant in the context of pLXSN-ErbB4 WT
CT-b. The pLXSN-ErbB4 Q646C Kin� plasmid consists of an ErbB4
mutant lacking kinase activity (K751M) in the context of pLXSN-
ErbB4 Q646C [17]. The LXSN-ErbB4 Q646C YChg1 plasmid consists
of an ErbB4 mutant in which a phenylalanine residue is substituted for
Tyr1056 in the context of pLXSN-ErbB4 Q646C. The LXSN-ErbB4
Q646C YChg8 plasmid consists of an ErbB4 mutant in which a
phenylalanine residue is substituted for Tyr1022, Tyr1150, Tyr1162,
Tyr1188, Tyr1202, Tyr1242, Tyr1258, and Tyr1284 in the context of
pLXSN-ErbB4 Q646C. The pLXSN-ErbB4 Q646C YChg9 plasmid
consists of an ErbB4 mutant in which a phenylalanine residue is
substituted for Tyr1056 in the context of pLXSN-ErbB4 Q646C YChg8
[17]. The pLXSN-ErbB4 Q646C Kin� Y1056E plasmid consists of an
ErbB4 mutant in which a glutamate residue is substituted for Tyr1056
in the context of pLXSN-ErbB4 Q646C Kin�.

All mutants were created by site-directed mutagenesis (QuikChange,
Stratagene). Primer sequences are available upon request. All plasmids
were sequenced and loss-of-function mutants were subjected to marker
rescue analysis.

Cell lines. DU-145 and PC-3 human prostate cancer cells were pur-
chased from American Type Culture Collection. W2, PA317, and C127 cell
lines are a generous gift from Daniel DiMaio (Yale University). Cell lines
were cultured as described [15,16,19,20] or according to vendor recom-
mendations with the exception that W2 cells were propagated in 10% Fetal
Clone III (Hyclone) instead of fetal bovine serum.

Retrovirus production. High titer amphotropic retrovirus stocks were
generated as previously described [15,16,20,21].

Colony formation assay. Inhibition of prostate tumor cell line colony
formation on plastic by ErbB4 mutants was assayed essentially as previ-
ously described [15,16,19,20]. Briefly, we infected C127, DU-145, and PC-
3 cells with the recombinant amphotropic retrovirus stocks, selected for
infected cells using 400–1100 lg/mL G418, and stained the emergent drug-
resistant (G418-resistant) colonies using Giemsa. We digitized the tissue
culture plates using an Epson flatbed scanner set for 600 dpi. We cropped,
annotated, manipulated, and combined the digital images using Adobe
Photoshop Elements (San Jose, CA).

Using the actual stained tissue culture dishes we counted drug-resistant
(G418-resistant) colonies and calculated the titer of each retroviral stock
in each cell line. To calculate the relative efficiency of each retrovirus stock
at inducing drug-resistant colony formation in the DU-145 cell line, the
titer of each retrovirus stock in the DU-145 cell line was divided by the
titer of the same retrovirus stock in the C127 cell line. These values are
expressed as mean percentages calculated from at least four independent
sets of infections. Analogous calculations were performed using data
collected from infections of the PC-3 cell line.

To calculate inhibition of drug-resistant (G418-resistant) colony for-
mation of DU-145 cells by infection with an experimental retrovirus stock,
we divided the colony formation efficiency of the experimental retrovirus
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stocks in DU-145 cells by the colony formation efficiency of the LXSN-
ErbB4 retrovirus stock in DU-145 cells; we subtracted these values from
100%. We performed analogous calculations for all of the experimental
retrovirus stocks following infection of the PC-3 cell line. These values are
reported as mean percentages calculated from at least four independent
sets of infections. The standard error is also reported.

Immunoprecipitation and Western blotting. ErbB4 expression and
phosphorylation were analyzed essentially as previously described [15,16].
Briefly, W2 cells were cultured in 100 mm dishes and were starved over-
night in basal medium once the cells reached 80% confluence. Cells were
lysed in an isotonic lysis buffer supplemented with a nonionic detergent.
Cell debris and nuclear material were removed by centrifugation. The
protein concentration of the lysates was determined using a modified
Bradford assay (Pierce). ErbB4 was immunoprecipitated from 1 mg of
each sample using an anti-ErbB4 rabbit polyclonal antibody (SC-283,
Santa Cruz) and Protein-A sepharose beads. Immunocomplexes were
washed and ErbB4 was eluted from the immunocomplexes by boiling in a
reducing SDS sample buffer. The eluates were resolved by SDS–PAGE
and electrotransferred to nitrocellulose. We probed the resulting blots
using the 4G10 anti-phosphotyrosine mouse monoclonal antibody
(Upstate) to assess ErbB4 tyrosine phosphorylation. We assessed ErbB4
expression by probing blots with the SC-283 anti-ErbB4 rabbit polyclonal
antibody. Blots were probed with an appropriate HRP-conjugated sec-
ondary antibody (Pierce) and antibody binding was visualized by ECL
(Amersham).

In vitro kinase assays. We lysed W2 cells and isolated ErbB4 as
described above. We assayed ErbB4 kinase activity using a modification of
a published procedure [15]. Briefly, ErbB4 immune complexes were
washed in the lysis buffer and the kinase assay buffer. The immune com-
plexes were suspended in 25 lL of kinase buffer. We incubated each
sample with Redivue 5 0-adenosine[c-32P]triphosphate (50 lCi – Amer-
sham) for 10 min at 30 �C. The immunocomplexes were washed and
ErbB4 was eluted by boiling in a reducing SDS sample buffer. The eluates
were resolved by SDS–PAGE and electrotransferred to nitrocellulose.
Radiolabeled ErbB4 was visualized by autoradiography.

Phosphopeptide mapping. We performed 1-dimensional phospho-
peptide mapping as described [22,23]. Each section of nitrocellulose
corresponding to radiolabeled ErbB4 was excised from the blot and
incubated in 500 lL of 0.5% PVP-360 in 100 mM acetic acid for
30 min at 37 �C with shaking. We washed the nitrocellulose in deion-
ized water and 50 mM NH4HCO3. We added 300 lL of 50 mM
NH4HCO3 and 10 lL of 1 mg/mL trypsin in 50 mM NH4HCO3 to
each sample. We incubated the samples at 37 �C for 2 h and then
incubated the samples for two more hours with an additional 10 lL of
the trypsin solution. We added deionized water to each sample and
transferred the liquid to a fresh tube. Samples were vacuum dried and
the radioactivity was quantified by Cerenkov counting. We dissolved
the dried samples in 10 lL of sample loading buffer and resolved the
samples by PAGE using an alkaline gel containing 40% acrylamide.
We dried the gel and visualized the radiolabeled tryptic peptides by
autoradiography.

Anchorage independence assay. We infected PC-3 cells as described
above with the ErbB4 WT and LXSN retroviruses. Drug-resistant
infected cells were selected and pooled. This resulted in the generation
of the PC-3 ErbB4 and PC-3 LXSN stable cell lines. We added 2 mL of
complete medium containing 0.3% low melting point agarose to 60 mm
dishes and placed at 4 �C until the medium solidified. Plates were
warmed in a 37 �C cell culture incubator. We added 1 mL of complete
medium containing 0.3% low melting point agarose and 2 · 104 cells to
the solidified layer in each 60 mm dish. The dishes were incubated for
1 h at 4 �C and then transferred to a 37 �C incubator containing 5%
CO2. Every 3 days 0.75 mL of fresh medium containing 0.3% low
melting point agarose was added to each plate and solidified for 1 h at
4 �C. After allowing cells to grow for 13 days, we photographed eight
random fields from each plate using a Nikon Coolpix 4500 digital
camera attached to a Zeiss Axiovert 25 microscope. The number of
single cells and colonies was counted in each field. We calculated the
percentage of cells that formed colonies for the PC-3 ErbB4 and PC-3
LXSN cell lines. We used a t-test to calculate significant difference
between the two cell lines.

Results

ErbB4 kinase activity is essential for the biological activity of

the ErbB4 Q646C mutant

We have previously reported that infection of the DU-
145 and PC-3 human prostate tumor cell lines with a
recombinant retrovirus that expresses both wild-type
ErbB4 and the neomycin resistance gene results in abun-
dant G418-resistant (drug-resistant) colonies. In contrast,
infection with a recombinant retrovirus that expresses the
constitutively active Q646C ErbB4 mutant and the neo-
mycin resistance gene results in far fewer G418-resistant
(drug-resistant) colonies [16]. Control infections indicate
that this difference in drug-resistant colony formation is
not due to a difference in viral titers, suggesting that
the ErbB4 Q646C mutant actively inhibits drug-resistant
colony formation by coupling to growth arrest or apop-
tosis. Thus, the ErbB4 Q646C mutant appears to behave
as a tumor suppressor in the DU-145 and PC-3 human
prostate tumor cell lines [16].

Here we have sought to decipher the mechanism by
which the Q646C mutant is coupled to this biological activ-
ity. Given that ErbB4 is a member of the ErbB family of
receptor tyrosine kinases, we hypothesized that ErbB4
tyrosine kinase activity is required for inhibition of colony
formation. We tested this hypothesis by assaying the activ-
ity of ErbB4 Q646C Kin�, a mutant in the context of
ErbB4 Q646C that lacks tyrosine kinase activity
(K751M) [17].

Fig. 1 indicates that infection of DU-145 and PC-3
cells with the ErbB4 Q646C retrovirus results in fewer
G418-resistant (drug-resistant) colonies than observed
following infection with the wild-type ErbB4 retrovirus
(ErbB4 WT). We have performed control infections of
C127 cells, which do not respond to ErbB4 signaling
[16], to account for the potential effects of differences
in viral titer. The results of these experiments indicate
that the ErbB4 Q646C retrovirus inhibits drug-resistant
colony formation by DU-145 and PC-3 cells by greater
than 85% relative to the wild-type ErbB4 retrovirus
(Table 1), in close agreement with previously published
results [16]. We have chosen to compare the activity of
the ErbB4 mutants to that of wild-type ErbB4 rather
than a vector control in order to account for any effects
of ligand-independent signaling by wild-type ErbB4.
Nonetheless, it should be noted that drug-resistant colo-
ny formation following infection with the wild-type
ErbB4 retrovirus is equivalent to drug-resistant colony
formation following infection with the vector control
ErbB4 retrovirus [16].

Infection of DU-145 and PC-3 cells with the ErbB4
Q646C Kin� mutant results in abundant G418-resistant
colonies (Fig. 1). Control infections to account for the



Fig. 1. Tyrosine 1056 of ErbB4 Q646C is necessary and may be sufficient to inhibit colony formation by prostate cancer cell lines. Prostate cancer cell lines
were infected with recombinant retroviruses that express the ErbB4 Q646C constitutively active mutant, the kinase deficient ErbB4 Q646C Kin� mutant,
ErbB4 Q646C YChg1, ErbB4 Q646C YChg9, ErbB4 Q646C YChg8, or ErbB4 Q646C Kin� Y1056E. Drug-resistant colonies were fixed, stained, and
counted. (A) DU-145; (B) PC-3.
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potential effects of differences in viral titer indicate that the
Q646C Kin� mutant fails to display any detectable inhibi-
tion of drug-resistant colony formation (Table 1). Thus,
these results indicate that kinase activity is required for
inhibition of colony formation by the ErbB4 Q646C
mutant.

The ErbB4 CT-b splicing isoform fails to support the

biological activity of the ErbB4 Q646C mutant

There are multiple splicing isoforms of ErbB4. The
cytoplasmic or carboxyl-terminal (CT) isoforms differ
in the presence (CT-a) or absence (CT-b) of a 16 amino
acid sequence that includes Ser1046 through Gly1061.
The ErbB4 Q646C mutant characterized in our pub-
lished work [16] and up to this point of the present
study was generated in the context of the CT-a isoform
[15]. Published data suggest that the ErbB4 CT-b iso-
form fails to couple to growth inhibition and tumor sup-
pression [5]. Thus, we assayed the activity of the ErbB4
Q646C mutant in the context of the CT-b isoform.
Infection of DU-145 cells with the ErbB4 Q646C CT-b
mutant results in abundant drug-resistant colonies
(Fig. 2). Control infections indicate that this mutant fails
to inhibit colony formation by the DU-145 cell line
(Table 2). Likewise, the ErbB4 Q646C CT-b mutant
inhibits colony formation by the PC-3 cell line to a
much lesser extent than does the ErbB4 Q646C mutant
(Table 2). This result suggests that some or all of the
16 amino acids absent in the CT-b isoform are essential
for inhibition of colony formation by the ErbB4 Q646C
mutant.



Table 1
The ErbB4 Q646C, Q646C YChg8, and Q646C Kin� Y1056E mutants inhibit colony formation by DU-145 and PC-3 prostate tumor cell lines, but other
ErbB4 mutants do not

Cell line/virus Retrovirus titer
(CFU/mL)

Colony formation
efficiency (% of C127)

Specific inhibition
of colony formation
(% Relative to ErbB4 WT)

C127
ErbB4 WT 2.3 · 105 100
ErbB4 Q646C 5.4 · 105 100
ErbB4 Q646C YChg1 6.4 · 105 100
ErbB4 Q646C YChg8 7.6 · 105 100
ErbB4 Q646C YChg9 9.4 · 105 100
ErbB4 Q646C Kin� 3.9 · 105 100
ErbB4 Q646C Kin� Y1056E 5.4 · 106 100

DU-145
ErbB4 WT 1.4 · 104 6.44 (N = 4)
ErbB4 Q646C 9.8 · 102 0.19 (N = 4) 97.5 ± 0.7 (N = 4)
ErbB4 Q646C YChg1 6.6 · 104 11.39 (N = 4) None (N = 4)
ErbB4 Q646C YChg8 1.5 · 103 0.22 (N = 4) 96.1 ± 1.0 (N = 4)
ErbB4 Q646C YChg9 6.2 · 104 7.71 (N = 4) None (N = 4)
ErbB4 Q646C Kin� 2.7 · 104 7.43 (N = 4) None (N = 4)
ErbB4 Q646C Kin� Y1056E 1.4 · 105 2.75 (N = 4) 50.9 ± 11.3 (N = 4)

PC-3
ErbB4 WT 2.4 · 104 12.00 (N = 4)
ErbB4 Q646C 8.0 · 103 1.65 (N = 4) 87.0 ± 4.1 (N = 4)
ErbB4 Q646C YChg1 8.8 · 104 14.17 (N = 4) None (N = 4)
ErbB4 Q646C YChg8 9.7 · 104 1.10 (N = 4) 90.4 ± 1.5 (N = 4)
ErbB4 Q646C YChg9 9.0 · 104 12.48 (N = 4) None (N = 4)
ErbB4 Q646C Kin� 4.9 · 104 14.58 (N = 4) None (N = 4)
ErbB4 Q646C Kin� Y1056E 2.8 · 105 5.59 (N = 4) 54.9 ± 3.9 (N = 4)
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ErbB4 Tyr1056 is critical for the biological activity of the

ErbB4 Q646C mutant

Since ErbB4 tyrosine kinase activity is necessary for
the activity of the ErbB4 Q646C mutant, we speculated
that ErbB4 tyrosine autophosphorylation might also be
necessary for the activity of the ErbB4 Q646C mutant.
Tyrosine residues at 1022, 1056, 1150, 1162, 1188,
1202, 1242, 1258, and 1284 were identified as candidate
autophosphorylation sites [9,24]. All nine of these sites
were mutated to phenylalanine to produce the ErbB4
Q646C YChg9 mutant [17]. Infection of DU-145 and
PC-3 cells with this mutant results in abundant drug-re-
sistant colonies (Fig. 1). Control infections indicate that
this mutant fails to inhibit drug-resistant colony forma-
tion by either prostate cancer cell line (Table 1). These
data suggest that phosphorylation of one or more of
these tyrosines is necessary for inhibition of colony for-
mation by the ErbB4 Q646C mutant.

One difference between the ErbB4 CT-a and CT-b splic-
ing isoforms is that the CT-b isoform lacks Tyr1056 [3,9].
Because the CT-b isoform fails to support inhibition of
drug-resistant colony formation by the ErbB4 Q646C
mutant, we speculated that Tyr1056 may be critical for this
biological activity of the ErbB4 Q646C mutant. We tested
this hypothesis by changing Tyr1056 to phenylalanine in
the context of the ErbB4 Q646C mutant, resulting in the
ErbB4 Q646C YChg1 mutant [17]. Infection of DU-145
and PC-3 cells with this mutant results in abundant drug-
resistant colonies (Fig. 1). Control infections indicate that
this mutant fails to inhibit drug-resistant colony formation
by either prostate cancer cell line (Table 1), suggesting that
Tyr1056 is necessary for the biological activity of the
ErbB4 Q646C mutant.

Next we reintroduced Tyr1056 into the ErbB4 Q646C
YChg9 mutant, resulting in the ErbB4 Q646C YChg8
mutant [17]. Infection of DU-145 and PC-3 cells with this
mutant results in fewer drug-resistant colonies than does
infection with the YChg9 mutant (Fig. 1). Indeed, control
infections indicate that the YChg8 mutant inhibits colony
formation by both prostate cancer cell lines (Table 1).
The extent of this inhibition is similar to that displayed
by the ErbB4 Q646C mutant (Table 1). Thus, with respect
to sites of ErbB4 tyrosine phosphorylation, phosphoryla-
tion of Tyr1056 may be sufficient for the biological activity
of the ErbB4 Q646C mutant.

However, these results do not rule out the possibility
that additional sites of ErbB4 tyrosine autophosphoryla-
tion present in the YChg8 or YChg9 mutants may mediate
the biological activity of the ErbB4 Q646C mutant. To
address this issue we substituted a phosphomimic gluta-
mate residue for Tyr1056 in the context of the kinase-defi-
cient ErbB4 Q646C Kin� mutant, generating the ErbB4
Q646C Kin� Y1056E mutant. Infection of DU-145 and



Fig. 2. The ability of ErbB4 Q646C to inhibit colony formation by prostate cancer cells is isoform dependent. A prostate cancer cell line (DU-145) was
infected with recombinant retroviruses that express the CT-b mutant in the context of wild type ErbB4 (ErbB4 WT CT-b) or of the ErbB4 Q646C mutant
(ErbB4 Q646C CT-b). Cells were infected with the appropriate control retroviruses. Drug-resistant colonies were fixed, stained, and counted.

Table 2
In the context of the CT-b isoform the ErbB4 Q646C mutant fails to inhibit colony formation by DU-145 and PC-3 prostate tumor cell lines

Cell line/virus Retrovirus titer
(CFU/mL)

Colony formation
efficiency (% of C127)

Specific inhibition
of colony formation
(% Relative to ErbB4 WT)

C127
ErbB4 WT 1.94 · 105 100
ErbB4 Q646C 4.55 · 105 100
ErbB4 WT CT-b 1.05 · 105 100
ErbB4 Q646C CT-b 1.06 · 105 100

DU-145
ErbB4 WT 1.4 · 104 8.58 (N = 7)
ErbB4 Q646C 7.7 · 102 0.25 (N = 7) 97.0 ± 1.0 (N = 7)
ErbB4 WT CT-b 7.6 · 103 9.06 (N = 7) None (N = 7)
ErbB4 Q646C CT-b 6.9 · 103 8.24 (N = 7) None (N = 7)

PC-3
ErbB4 WT 6.4 · 104 52.67 (N = 4)
ErbB4 Q646C 1.7 · 104 7.06 (N = 4) 89.0 ± 3.7 (N = 4)
ErbB4 WT CT-b 4.0 · 104 65.26 (N = 4) �11.3 ± 23.2 (N = 4)
ErbB4 Q646C CT-b 2.9 · 104 43.93 (N = 4) 17.1 ± 13.7 (N = 4)
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PC-3 cells with this mutant results in far fewer drug-resis-
tant colonies than does infection with the ErbB4 Q646C
Kin� mutant (Fig. 1). Analyses of control infections indi-
cates that this mutant inhibits drug-resistant colony forma-
tion to a slightly lesser extent than does the ErbB4 Q646C
mutant (Table 1). Nonetheless, these data suggest that



Fig. 3. ErbB4 mutants are expressed and appropriately tyrosine phos-
phorylated in W2 cells. ErbB4 tyrosine phosphorylation (upper panel) and
expression (lower panel) in engineered W2 cells were analyzed as described
elsewhere.
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phosphorylation of Tyr1056 is indeed sufficient for at least
some of the biological activity of the ErbB4 Q646C
mutant.

The failure of ErbB4 mutants to inhibit colony formation is

not due to reduced expression

One potential mechanism underlying the failure of the
ErbB4 Q646C Kin�, YChg1, and YChg9 mutants to
inhibit colony formation is that these mutants may not
be stably expressed. We have addressed this possibility
by evaluating the expression of these mutants. Ideally
we would demonstrate that the ErbB4 mutants that fail
to inhibit colony formation are stably expressed at equal
or higher levels in DU-145 and PC-3 cells than those
that do inhibit colony formation. This would suggest
that the reduced biological activity of these mutants is
not due to inadequate expression. Unfortunately, efforts
to detect the expression of the ErbB4 mutants in stably
infected DU-145 and PC-3 cells have failed (unpublished
data). In the case of the ErbB4 Q646C, Q646C YChg8,
and Q646C Kin� Y1056E mutants this may be due to
the fact that the growth inhibitory effects of these
mutants are quite potent and may preclude high levels
of stable expression. However, even the mutants that
do not inhibit colony formation are not expressed at
detectable levels in stably infected DU-145 and PC-3 cell
lines and a comparison of expression in these cells is not
possible.

Thus, we have evaluated the expression of the ErbB4
mutants using W2 ecotropic retrovirus packaging cells
stably transfected with the various ErbB4 constructs.
The ErbB4 Q646C CT-b, YChg1, and YChg9 mutants
display varying amounts of expression (Fig. 3, lower
panel). However, all three of these loss-of-function
mutants are expressed to a greater extent than the ErbB4
Q646C YChg8 mutant. Because the YChg8 mutant effec-
tively inhibits colony formation by the DU-145 and PC-3
cell lines, the failure of the CT-b, YChg1, and YChg9
mutants to inhibit colony formation does not appear to
be due to reduced expression. In contrast, the ErbB4
Q646C Kin� mutant is expressed at a lower level than
is the ErbB4 Q646C YChg8 mutant (Fig. 3, lower panel).
Thus, we cannot rule out the possibility that the reduced
expression of the ErbB4 Q646C Kin� mutant is respon-
sible for the reduced biological activity of this mutant.
The level of expression of the ErbB4 Q646C Kin�

mutant is similar to that displayed by the ErbB4
Q646C Kin� Y1056E. Although the latter mutant does
inhibit colony formation, it is not nearly as effective as
the ErbB4 Q646C mutant. Thus, the failure of the ErbB4
Q646C Kin� and ErbB4 Q646C Kin� Y1056E mutants
to fully inhibit colony formation could be due to reduced
expression.

As expected, the ErbB4 Q646C, Q646C CT-b, and
Q646C YChg1 mutants all display abundant tyrosine phos-
phorylation (Fig. 3, upper panel). Surprisingly, wild-type
ErbB4 and the ErbB4 WT CT-b mutants display ligand-in-
dependent tyrosine phosphorylation. Apparently the high
levels of ErbB4 expression observed in the transfected W2
cell lines are sufficient for stochastic ErbB4 dimerization
and ligand-independent signaling. We were also surprised
to note that the YChg8 and YChg9 mutants display signif-
icant tyrosine phosphorylation. Either there are additional
bona fide sites of ErbB4 tyrosine phosphorylation or
mutating the bona fide sites of ErbB4 tyrosine phosphory-
lation permits ErbB4 tyrosine phosphorylation at cryptic
sites.

ErbB4 phosphorylation at Tyr1056 correlates with the

biological activity of the ErbB4 mutants

The mutational analyses of the putative sites of ErbB4
tyrosine phosphorylation suggest that ErbB4 phosphoryla-
tion at Tyr1056 is critical for inhibition of colony forma-
tion by the ErbB4 Q646C mutant. However, these
analyses do not rule out the possibility that Tyr1056 plays
a critical role independent of its phosphorylation. We have
addressed this issue by mapping sites of ErbB4 tyrosine
phosphorylation.

We performed in vitro kinase assays using ErbB4 immu-
noprecipitates and radiolabeled ATP. Radiolabeled phos-
pho-ErbB4 was resolved by SDS–PAGE, isolated, and
digested with trypsin. The tryptic fragments were resolved



Fig. 4. Tyrosine 1056 appears to be a bona fide site of in vitro
phosphorylation in the ErbB4 Q646C mutant. Sites of ErbB4 tyrosine
phosphorylation were mapped using in vitro kinase assays, tryptic peptide
digestion, and 1-dimensional gel electrophoresis as described elsewhere.
Shown is a representative autoradiogram comparing the patterns of
tyrosine phosphorylation for ErbB4 Q646C, ErbB4 Q646C YChg1, ErbB4
Q646C CT-b, ErbB4 H647C, and ErbB4 A648C. The arrow indicates the
band corresponding to the phosphopeptide that includes phosphotyrosine
1056.

Fig. 5. ErbB4 inhibits PC-3 anchorage independent growth. PC-3 ErbB4
and PC-3 LXSN cells were seeded in semisolid medium and incubated for
13 days. (A) Representative photomicrographs of these cells are shown.
(B) Average percentage of cells that formed colonies in the two cell
lines ± SEM. n = 3; P < 0.005.
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using an alkaline acrylamide gel. The arrow in Fig. 4 indi-
cates an ErbB4 tryptic phosphopeptide that is present in
the ErbB4 Q646C mutant and absent in the ErbB4
Q646C YChg1 and ErbB4 Q646C CT-b mutants. An
ErbB4 tryptic phosphopeptide with identical mobility is
present in the ErbB4 Q646C YChg8 mutant and absent
in the ErbB4 Q646C YChg9 mutant (data not shown).
Comparison of the ErbB4 phosphopeptide maps with the
predicted sequence of the ErbB4 tryptic phosphopeptides
suggests that this phosphopeptide is SEI-
GHSPPPApYTPMS GNQFVYR, in which the phosphor-
ylated tyrosine residue is Tyr1056. Thus, these data
indicate that Tyr1056 is indeed a bona fide site of in vitro
ErbB4 tyrosine phosphorylation.

It could be argued that Tyr1056 is not the actual or only
site of in vitro phosphorylation within the tryptic phospho-
peptide SEIGHSPPPAYTPMSGNQFVYR. Indeed, this
tryptic phosphopeptide contains several serine and threo-
nine residues as well as an additional tyrosine residue
(Tyr1066). However, Tyr1066 is not a putative site of phos-
phorylation [9,24]. Furthermore, given that the phosphory-
lation of this peptide is expected to be catalyzed by the
ErbB4 tyrosine kinase domain, it seems implausible to pre-
dict that this peptide is phosphorylated on a serine or thre-
onine residue. (Indeed, unpublished data indicate that
in vitro kinase assays performed using the ErbB4 Q646C
Kin� mutant fail to yield detectable ErbB4 phosphoryla-
tion.) Finally, the absence of phosphorylation of this tryp-
tic peptide in the Q646C YChg1 and YChg9 mutants
would suggest that the phosphorylation of residues other
than Tyr1056 within the tryptic peptide must be dependent
upon phosphorylation at Tyr1056. Thus, the most plausi-
ble explanation is that Tyr1056 is a bona fide site of in vitro
phosphorylation and that phosphorylation of Tyr1056 is
critical for the biological activity of the ErbB4 mutant.

We have extended these findings by comparing the pat-
tern of ErbB4 tyrosine phosphorylation displayed by the
Q646C, H647C, and A648C mutants. Despite the fact that
all three of these mutants display ligand-independent tyro-
sine phosphorylation [15], only the Q646C mutant inhibits
colony formation by the DU-145 and PC-3 cell lines [16].
Surprisingly, like the ErbB4 Q646C mutant, the H647C
and A648C mutants are phosphorylated on Tyr1056
(Fig. 4). Apparently the H647C and A648C mutants lack
some other activity necessary for coupling ErbB4 to inhibi-
tion of colony formation.

ErbB4 inhibits anchorage independent growth of PC-3 cells

To confirm that the ErbB4 Q646C mutant does indeed
model signaling by wild-type ErbB4, we evaluated
whether signaling by wild-type ErbB4 modulates the
behavior of PC-3 cells. We infected PC-3 cells with a vec-
tor control (LXSN) retrovirus or a retrovirus that directs
expression of wild-type ErbB4 (ErbB4) and selected for
infected cells using G418. We pooled drug-resistant cells
to generate the PC-3 LXSN and PC-3 ErbB4 stable cell
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lines. We seeded these infected cell lines in a semisolid
medium and assayed anchorage independent proliferation.
After incubation for thirteen days, eight random fields
representing each cell line were photographed. We count-
ed the number of cells that formed colonies or remained
as single cells. Representative photomicrographs and the
quantification of results obtained from three independent
experiments are shown in Fig. 5. These results clearly
show that wild-type ErbB4 significantly inhibited the
anchorage-independent proliferation of PC-3 cells by
approximately 50%. These results suggest that wild-type
ErbB4 inhibits the proliferation of prostate cancer cells
and that our ErbB4 Q646C mutant is an appropriate
model for signaling by wild-type ErbB4.

Discussion

Phosphorylation of ErbB4 tyrosine 1056 is critical for the

biological activity of the Q646C mutant

Here we demonstrate that phosphorylation of ErbB4
Tyr1056 is necessary for the ErbB4 Q646C mutant to
inhibit formation of colonies on plastic by prostate cancer
cell lines. We propose that although the H647C and A648C
mutants contain pTyr1056 they lack the ability to couple to
the required signaling events that are necessary for inhibi-
tion of colony formation. We hypothesize that the struc-
ture of the ErbB4 dimers determines whether Tyr1056 is
accessible to a critical signaling effector. The H647C and
A648C dimers could sterically block an effector from bind-
ing to pTyr1056. It is also possible that the conformation
of the H647C and A648C dimers prevents proper process-
ing of the receptors. As discussed later, cleavage of ErbB4
and release from the membrane may be necessary for bio-
logical function. The H647C and A648C dimers may not
permit proper cleavage. Studies are underway to address
these two possibilities.
Fig. 6. Possible mechanisms of ErbB4 signaling. TM
Mechanisms of ErbB4 tumor suppression

There are several potential mechanisms by which phos-
phorylation of Tyr1056 could couple to inhibition of colony
formation by prostate cancer cell lines (Fig. 6). One mecha-
nism is that phosphorylation of Tyr1056 couples to a signal-
ing pathway that results in the growth arrest or apoptosis of
prostate cancer cells. Tyr1056 resides in a region that con-
tains a PI3K SH2 binding motif as well as a WW binding
motif. ErbB4 may be coupled to prostate tumor suppression
through stimulation or inhibition of signaling through one of
these pathways. It is possible that ErbB4 could activate PI3K
through its binding to the phosphorylated receptor. Tradi-
tionally it has been thought that PI3K is a pro-survival pro-
tein and that PI3K signaling prevents apoptosis. However, a
recent report suggests that the exact cellular response to
PI3K activation may be isoform dependent and cell type spe-
cific [25]. Moreover, reports indicate that Neuregulin stimu-
lation of growth arrest requires PI3K activity [26,27].
Alternatively, phosphorylation of Tyr1056 may recruit
PI3K but may instead sequester or otherwise inactivate
PI3K, thereby preventing PI3K signaling and resulting in
apoptosis. Experiments are underway to probe the roles that
PI3K may play in coupling the ErbB4 Q646C mutant to inhi-
bition of colony formation.

Phosphorylation of Tyr1056 may also regulate the bind-
ing of proteins through the WW domain binding motif.
ErbB4 contains three WW domain binding motifs, including
one that contains Tyr1056. ErbB4 binds the WW domain of
the transcriptional co-activator YAP proteins [7,8]. It is pos-
sible that phosphorylation of Tyr1056 determines the stoi-
chiometry of the ErbB4-YAP complex, localization of the
complex, association with other transcriptional control pro-
teins, or activity.

Another potential mechanism is that phosphorylation of
Tyr1056 regulates localization and trafficking of ErbB4.
Phosphorylation of Tyr1056 may result in the cleavage of
, transmembrane domain; K, kinase domain.
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ErbB4 and subsequent release of the cytoplasmic domain
from the plasma membrane. This would allow the translo-
cation of the cytoplasmic domain to different intracellular
regions, whereupon the cytoplasmic domain could induce
growth arrest or apoptosis. Indeed, following ligand stimu-
lation the ErbB4 cytoplasmic domain is cleaved, associates
with STAT5, translocates to the nucleus, and modulates
gene expression [6]. This binding to STAT5 and transloca-
tion to the nucleus may result in the transcription of genes
that cause cell cycle arrest or apoptosis. The hypothesis
that translocation of the ErbB4 cytoplasmic domain to
the nucleus is critical for ErbB4 function is supported by
the fact that the ErbB4 cytoplasmic domain contains two
nuclear hormone receptor binding motifs (LXXLL). The
ErbB4 cytoplasmic domain also contains a BH3 motif,
which has been hypothesized to mediate interactions
between ErbB4 and apoptotic proteins. Indeed, the BH3
motif regulates the biological activity of ErbB4 in breast
cancer cells [28,29]. Thus, the ErbB4 cytoplasmic domain
may translocate to mitochondria and interact with proteins
that modulate apoptosis [28,29]. By coupling to ErbB4
cleavage, the phosphorylation of ErbB4 Tyr1056 may be
critical for ErbB4 coupling to growth arrest or apoptosis.
Experiments to evaluate this hypothesis are underway.
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