Original Article

ErbB2 Is Necessary for ErbB4 Ligands to
Stimulate Oncogenic Activities in Models of
Human Breast Cancer

Genes & Cancer

2(8) 792-804

©The Author(s) 201 |

Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1947601911431080
http://ganc.sagepub.com

®SAGE

Christopher P. Mill'>¢, Michael D. Zordan**, S. Michael Rothenbergs,
Jeffrey Settleman®’, James F. Leary2’3’4'8, and David J. Riese 11'>*¢

Submitted 6 Jan 201 |;accepted 4 Nov 201 |

Abstract

ErbB4 is a member of the ErbB family of receptor tyrosine kinases.This family includes ErbB2 (HER2/Neu), a validated therapeutic target in breast cancer.
Several studies indicate that ErbB4 functions as a tumor suppressor in breast cancer, whereas others indicate that ErbB4 functions as an oncogene. Here
the authors explore the context in which ErbB4 functions as an oncogene. Silencing expression of either ErbB2 or ErbB4 in breast tumor cell lines results
in reduced stimulation of anchorage independence and cell motility by the ErbB4 agonist neuregulin 23. ErbB2 tyrosine kinase activity, but not ErbB4
tyrosine kinase activity, is required for neuregulin 2f3 to stimulate cell proliferation. Moreover, sites of ErbB4 tyrosine phosphorylation, but not sites of
ErbB2 tyrosine phosphorylation, are required for neuregulin 23 to couple to cell proliferation. These data suggest that targeting ErbB2 expression or

tyrosine kinase activity may be effective in treating ErbB4-dependent breast tumors, even those tumors that lack ErbB2 overexpression.
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Introduction

ErbB4 (HER4) is a member of the ErbB family of receptor
tyrosine kinases. This family also includes the epidermal
growth factor (EGF) receptor (ErbB1/HER1), ErbB2 (Neu/
HER?2), and ErbB3 (HER3). ErbB4 contains an extracellu-
lar ligand-binding domain, a hydrophobic transmembrane
domain, an intracellular tyrosine kinase domain, and car-
boxyl-terminal tyrosine residues that serve as sites of phos-
phorylation." Ligand binding to ErbB4 stimulates ErbB4
homodimerization or heterodimerization of ErbB4 with
another ErbB receptor. Dimerization enables ErbB4 trans-
phosphorylation on tyrosine residues and coupling of the
phosphorylated tyrosine residues to signaling effectors and
biological responses.'® ErbB4 signaling is commonly
accompanied by cleavage and release of the ErbB4 cyto-
plasmic domain (4ICD) from the membrane, after which
this motif may traffic to the nucleus and mitochondria.™

A wealth of evidence indicates that ErbB4 may function
as a tumor suppressor. ErbB4 expression is typically absent
in aggressive cancers of the prostate, pancreas, and lar-
ynx.”” ErbB4 expression in breast cancers correlates with
sensitivity to endocrine therapies,'™"" and ErbB4 expres-
sion in cervical, ovarian, and breast cancers correlates with
a more favorable prognosis.*”'*'* The ErbB4 Q646C
mutant undergoes ligand-independent homodimerization
and tyrosine phosphorylation.'*'® Moreover, it inhibits clo-
nogenic colony formation by human breast, prostate, and

pancreatic tumor cell lines.'*'® Likewise, the constitutively
active ErbB4 1658Q mutant stimulates apoptosis in breast,
prostate, and ovarian tumor cell lines,'” and the cytoplasmic
domain of ErbB4 (4ICD) exhibits constitutive signaling
activity and inhibits cell proliferation in breast carcinoma
cell lines."®

However, ErbB4 also appears to possess oncogenic activ-
ities. ErbB4 is overexpressed in medulloblastomas and epen-
dymomas.' Indeed, co-(over)expression of ErbB2, ErbB4,
and the ErbB4 ligand NRG1f in medulloblastoma correlates
with increased metastasis.”” ErbB4 overexpression in
lung carcinomas correlates with increased proliferation.””’
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Table I. ErbB4 shRNA or ErbB2 shRNA Specifically Reduces Expression of the Targeted Receptor in the T47D Cell Line

ErbB2 Expression n
T47D Cell Lines Relative to Parental, %
GFP shRNA 111.4+£135 3
ErbB4 shRNA 918+ 182 3
ErbB2 shRNA 102 + 1.0° 3

ErbB4 Expression n
Relative to Parental, %
939+58 4
345+ 1.9° 4
116.5+9.7 4

GFP = green fluorescent protein.
*Marked loss of expression.

Co-(over)expression of ErbB4 with EGF receptor (EGFR)
and ErbB2 in breast cancers correlates with poor prognosis,
whereas overexpression of ErbB4 alone correlates with a
more favorable outcome.”' Similarly, silencing endogenous
ErbB4 expression in MCF7 and T47D breast tumor cell lines
reduces stimulation of anchorage-independent proliferation
by an ErbB4 ligand.” Finally, ErbB4 mutants found in mela-
nomas exhibit greater tyrosine phosphorylation and signaling
activity than does wild-type ErbB4.%

ErbB2 (HER2/Neu), another ErbB family receptor tyro-
sine kinase, may be responsible for the fact that ErbB4 pos-
sesses tumor suppressor and oncogenic activities. There are
no soluble ligands for ErbB2; however, ErbB4 ligands stim-
ulate ErbB4 crosstalk with ErbB2, particularly ErbB2 tyro-
sine phosphorylation and coupling to effectors.***
Gain-of-function ErbB2 mutants have been found in lung
carcinomas.”*® Moreover, ErbB2 is overexpressed in a vari-
ety of cancers, particularly breast carcinomas.””® Indeed,
ErbB2 is a validated target for the breast cancer chemother-
apeutics trastuzumab and lapatinib.?**’

The oncogenic activities of ErbB2 and the fact that ErbB2
can heterodimerize with ErbB4 and signal in response to
stimulation with ErbB4 ligands®** have led us to hypothe-
size that ErbB2 mediates the oncogenic activities of ErbB4
and ErbB4 ligands. We have evaluated this hypothesis by
assessing the effects of silencing endogenous ErbB2 or
ErbB4 in human breast tumor cell lines. We have also
assessed the effects of co-expressing ErbB2 and ErbB4 in a
heterologous lymphoid (BaF3) model system. Silencing
either ErbB2 or ErbB4 results in reduced stimulation of
migration and anchorage-independent growth by an ErbB4
ligand. Moreover, ErbB2 tyrosine kinase activity and the
carboxyl-terminal sites of ErbB4 tyrosine phosphorylation
are both required for an ErbB4 ligand to simulate prolifera-
tion in a heterologous lymphoid model system. Thus, our
results suggest that ErbB2 expression may define the biologi-
cal responses to ErbB4 ligands and that crosstalk between
ErbB2 and ErbB4 (even in contexts in which ErbB2 is not
overexpressed) may be a target for therapeutic intervention.

Results

Silencing expression of ErbB4 or ErbB2 reduces NRG2[
stimulation of anchorage-independent proliferation in the T47D

human breast tumor cell line. We have previously demon-
strated that the constitutively active ErbB4 Q646C mutant
possesses tumor suppressor activity in a number of human
tumor cell lines, including human breast tumor cell lines.'*"'®
However, we have also demonstrated that the expression of
wild-type ErbB4 in human pancreatic tumor cell lines
devoid of endogenous ErbB4 expression potentiates neu-
regulin stimulation of oncogenic activities, suggesting that
ErbB4 also possesses oncogenic activities.'®

To address this dichotomy, we first assessed the effect of
silencing endogenous ErbB4 transcription in the T47D
human breast tumor cell line. We generated a pooled cell
line by infecting T47D cells with the pLKO-ErbB4 4915
shRNA recombinant lentivirus, which targets the 3' UTR of
the endogenous ErbB4 transcript in T47D cells. This cell
line (ErbB4 shRNA) displays a 65.5% =+ 1.9% decrease in
ErbB4 expression (Table 1 and Fig. 1a). The ErbB4 ligand
neuregulin 2 (NRG2p) stimulates anchorage-independent
proliferation of the control T47D GFP shRNA cell line. In
contrast, NRG2p fails to stimulate anchorage-independent
proliferation of the T47D ErbB4 shRNA cell line (Fig. 1b,c).
(The control and various experimental cell lines yielded
a similar number of anchorage-independent colonies;
the differences observed appear to be restricted to the size
of the colonies.) This effect is consistent with the observa-
tion that ErbB4 possesses oncogenic activities in some
contexts. "%

Analyses of ErbB4 function in human pancreatic
tumor cell lines suggest that crosstalk between ErbB2 and
ErbB4 be necessary for NRG2 stimulation of anchorage
independence and other malignant phenotypes.'® Here we
directly tested that hypothesis by assessing the effect of
silencing endogenous ErbB2 transcription in the T47D
human breast tumor cell line. We generated a pooled cell
line by infecting T47D cells with the pLKO-ErbB2 4355
shRNA recombinant lentivirus, which targets the 3' UTR of
the endogenous ErbB2 transcript in T47D cells. This cell
line (ErbB2 shRNA) displays an 89.8% + 1.0% decrease in
ErbB2 expression (Table 1 and Fig. 1a). This decrease in
ErbB2 expression is biologically significant. NRG2f fails
to stimulate anchorage-independent proliferation of the
T47D ErbB2 shRNA cell line (Fig. 1b,c). (The control and
various experimental cell lines yielded a similar number of
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Figure 1. Silencing endogenous ErbB4 or ErbB2 transcription in the T47D human breast tumor cell
line reduces stimulation of anchorage-independent proliferation by NRG2f3. (a) ErbB2 expression
(upper panel) and ErbB4 expression (lower panel) were evaluated in T47D cell lines that express
the ErbB4 4915 shRNA (ErbB4 shRNA), the ErbB2 4355 shRNA (ErbB2 shRNA), or a control shRNA
specific for green fluorescence protein (GFP shRNA). Samples generated from parental T47D cells
were used to construct calibration curves for quantification. (b) The indicated T47D cell lines were
seeded in semisolid medium supplemented with either 10 nM NRG2f or phosphate-buffered saline
(diluent control). Fifteen days later, anchorage-independent colonies were photographed, counted, and
measured. Representative photomicrographs are provided for the samples treated with NRG2p. (c)
For each sample, we report the distribution of colonies whose diameter is less than 70 ym, 70 to 140
pm, or greater than 140 pm (upper right panel). The effect of NRG2f3 stimulation on anchorage
independence was determined using a chi-squared test. P values are reported. NS indicates not
significant. To highlight differences in anchorage independence, we also present an expanded depiction
of the percentage of colonies whose diameter is greater than 140 um (*) for each of the samples
(lower left panel).

anchorage-independent colonies; the differences observed
appear to be restricted to the size of the colonies.)

MCEF7 cells.

Silencing expression of ErbB4 or ErbB2 reduces NRG2[3

stimulation of migration in the MCF7 human breast tumor cell

line. Next, we explored whether the effects of silencing

ErbB4 or ErbB2 transcription on
T47D cells were specific to that cell
line. We generated clonal MCF7
human breast tumor cell lines that
express the ErbB4 4915 shRNA.
Relative to a pooled MCF7 cell
line that expresses a corresponding
scrambled shRNA sequence, the
most promising ErbB4 4915 shRNA
cell lines exhibited only a modest
reduction in ErbB4 expression. Con-
sequently, we reinfected the most
promising clonal ErbB4 4915
shRNA cell line with the ErbB4
4915 shRNA lentivirus and cloned
cell lines from the resulting pool.
Two resulting clonal cell lines
(ErbB4 shRNA CL 4 and ErbB4
shRNA CL 12) display a marked
decrease (89.3% = 1.4% and 86.2%
+ 4.3%, respectively) in ErbB4
expression (Table 2 and Fig. 2a).
Relative to the control MCF7 cell
lines, the MCF7 ErbB4 shRNA CL
4 and CL 12 cell lines exhibit a
modest but statistically significant
(P < 0.05) reduction in motility
(wound healing) in the absence of
exogenous ErbB4 ligand (Fig. 2b).
These results are consistent with the
observation that ErbB4 possesses
oncogenic activities"”'** and sug-
gest that MCF7 cells endogenously
express an ErbB4 ligand.

Silencing ErbB4 expression in
MCEF7 cells also reduces the effect
of an exogenous ErbB4 ligand on
motility. NRG2f stimulates motility
(wound healing) by the parental
MCF7 cell line and the MCF7
cell line (ErbB4sc shRNA) that
expresses the scrambled shRNA
sequence that corresponds to the
ErbB4 4915 shRNA (Fig. 2b-d). In
contrast, the effect of NRG2B on
motility in the MCF7 ErbB4 shRNA
CL 4 and CL 12 cell lines is reduced
(Fig. 2¢,d) to the point of being sta-

tistically insignificant (Fig. 2b). Taken together, these
results strongly indicate that ErbB4 is coupled to motility in

Next we explored the hypothesis that endogenous ErbB2
expression and ErbB2/ErbB4 crosstalk may be necessary
for stimulation of motility by NRG2p in the MCF7 breast
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Table 2. ErbB4 shRNA or ErbB2 shRNA Specifically Reduces Expression of the Targeted Receptor in the MCF7 Cell Line

ErbB2 Expression n ErbB4 Expression n
MCF7 Cell Lines Relative to Parental, % Relative to Parental, %
ErbB4sc shRNA 69.3+£20 3 42.1 £17.9 3
ErbB4 CL 4 shRNA 96.6 £ 3.6 3 10.7 £ 1.4° 5
ErbB4 CL 12 shRNA 904 +74 3 13.8 £4.3° 5
ErbB2sc shRNA 69.9 £ 3.9 3 59.6 £ 16.6 3
ErbB2 shRNA 13.0 £3.8° 3 939 +6.2 3
*Marked loss of expression.
- o tumor cell line. We generated a
A. s % % < C. T pooled cell line by infecting
£+ 0k 2 & ErbBdsc shRNA MCF7 cells with the pLKO-ErbB2
cabmon(t §5 3 & ; B eETRRERER 4355 shRNA recombinant lentivi-
kDa ..3- 2R, 58888 2 rus, which targets the 3' UTR of the
10— -*l :--- R endogenous ErbB2 transcript in
i g o - ErbB4 CL 4 shRNA MCF7 cells. This cell line (ErbB2
z Dol shRNA) displays an 87.0% + 3.8%
5 504
s ‘g n decrease in ErbB2 expression
2582 2 (Table 2 and Fig. 2a). Relative to the
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Figure 2. Silencing endogenous ErbB4 or ErbB2 transcription in the MCF7 human breast tumor
cell line reduces stimulation of motility by NRG2p. (a) ErbB2 expression (upper panel) and ErbB4
expression (lower panel) were evaluated in MCF7 cell lines that express the ErbB4 4915 shRNA
(ErbB4 shRNA CL 4 and 12), the ErbB2 4355 shRNA (ErbB2 shRNA), a scrambled ErbB4 4915 shRNA
sequence (ErbB4sc shRNA), or a scrambled ErbB2 4355 shRNA sequence (ErbB2sc shRNA). Samples
generated from parental MCF7 cells were used to construct calibration curves for quantification. (b)
Confluent monolayers of the indicated MCF7 cell lines were subjected to laser ablation to create
a roughly circular area devoid of cells. Following treatment with NRG2f or a diluent control, cell
migration into the wounded areas (wound healing) was monitored over a 96-hour period by time-lapse
microscopy. (€) Wound healing in the presence of NRG2f3 was quantified by digital image processing
and plotted as a function of recovery time. (d) Two-way analysis of variance with a Bonferroni posttest
was used to evaluate the effect of NRG2f on wound healing in each cell line at 48 hours. P values are
reported. NS indicates not significant.

reduction (P > 0.05) in motility in
the absence of an ErbB4 ligand
(Fig. 2b). In contrast, silencing
ErbB2 expression mutes NRG2B
stimulation of motility (Fig. 2b-d).
This latter result strongly indicates
that ErbB2 is required for an ErbB4
ligand to stimulate motility in MCF7
cells; thus, our studies indicate that
ErbB2 is required for ErbB4 cou-
pling to biological responses in some
contexts.

ErbB2 kinase activity and sites of
ErbB4 tyrosine phosphorylation are
required for ligand-induced heterotypic
ErbB4 signaling. These data presented
here indicate that heterotypic ErbB4
signaling (ErbB2/ErbB4 crosstalk)
is required for stimulation of
malignant phenotypes by the ErbB4
ligand NRG2B. Co-expression of
ErbB4 and ErbB2 enables NRG2p
to stimulate IL3-independent prolif-
eration of the BaF3 mouse lymphoid
cell line; expression of ErbB4 alone
does not permit NRG2f to stimu-
late IL3 independence.”® Thus, the
BaF3 model system is ideal for
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elucidating the mechanism by which

heterotypic ErbB4 signaling as a A [ ErbB4 ErbB2
result of ErbB2/ErbB4 crosstalk Extracellular
couples to proliferation. s
Stimulation of IL3 independence T b
by NRG2 is only somewhat dimin- ( a 7
ished (31% of control) in BaF3 cells >< Knae bomain ><
that stably express wild-type ErbB2 v ; 8 Carboxyl %
and an ErbB4 mutant (K751M; y Terminal
Fig. 32)"** that lacks tyrosine kinase \ . pemen j
activity (Table 3). In contrast, there is e ol B bt T
minimal stimulation of IL3 indepen-
dence by NRG2p (13% of control) in B. P AnG-ErbB4_ Anti-ErbB2 (3 P __ AntiErbB2  Anti-ErbB4
BaF3 cells that stably express wild- o B2 8 22 EEE st s § % $E8
type ErbB2 and an ErbB4 mutant NRG2B + + + + + - NRG2B + + + + + - - 4
that lacks the 9 putative sites of - —
tyrosine phosphorylation (9Y to F; h‘-‘ @ «——EmB !.-- " Emﬂ
Fig. 3a)'** within the carboxyl ter- — ——
minus (Table 3). Thus, ErbB4 phos- h.* «——ErbBd "--..' | —ErbB2
phorylation sites are required for - e B s
coupling heterotypic ErbB4 signal-

ing to proliferation in BaF3 cells, but
ErbB4 kinase activity is not.
Stimulation of IL3 independence
by NRG2p is only somewhat dimin-
ished (40% of control) in BaF3 cells
that express wild-type ErbB4 and an
ErbB2 truncation mutant (Del1001)

Figure 3. In BaF3 ErbB2/ErbB4 cells, anti-ErbB2 and anti-ErbB4 antibodies do not cross-react with
the noncognate ErbB receptor. BaF3 ErbB2/ErbB4 cells were starved and stimulated with NRG2p.
ErbB2 or ErbB4 was immunoprecipitated using ErbB2- and ErbB4-specific antibodies. (a) BaF3 cells
that express various combinations of ErbB2 and ErbB4 constructs were generated by lentiviral and
retroviral infections. (b) Immunoblotting was used to assess tyrosine phosphorylation (upper panel),
ErbB4 expression (lower panel), and ErbB4 co-precipitation with ErbB2 receptor/antibody complex
(lower panel). (c) Immunoblotting was used to assess tyrosine phosphorylation (upper panel),
ErbB2 expression (lower panel), and ErbB2 co-precipitation with ErbB4 receptor/antibody complex

. . (lower panel).
that lacks all carboxy-terminal sites of

tyrosine phosphorylation (Table 3).

Moreover, there is minimal stimulation of IL3 indepen-
dence by NRG2 (3% of control) in BaF3 cells that express
wild-type ErbB4 and an ErbB2 mutant (K753A) devoid of
tyrosine kinase activity. Thus, ErbB2 kinase activity is
required for coupling heterotypic ErbB4 signaling to prolif-
eration in BaF3 cells, but ErbB2 phosphorylation sites are
not.

These data led us to predict that ErbB2 phosphorylates
ErbB4 in the absence of ErbB4 kinase activity and in the
absence of ErbB2 sites of tyrosine phosphorylation. We first
confirmed that ErbB2 and ErbB4 antibodies do not recognize
the noncognate receptor (Fig. 3b,c). However, an ErbB4 anti-
body can precipitate ErbB2 following stimulation with
NRG2p, suggesting that the ErbB4 antibody precipitates
ErbB2/ErbB4 heterodimers that arise as a consequence of
stimulation with an ErbB4 agonist (Fig. 3c).

Consistent with our prediction, NRG2B stimulates
ErbB4 phosphorylation in the BaF3 ErbB2/ErbB4 K751M
and the BaF3 ErbB2 Del1001/ErbB4 K751M cell lines but
not in the BaF3 ErbB2 K753A/ErbB4 K751M cell line
(Fig. 4). Moreover, NRG2f fails to stimulate detectable
ErbB4 phosphorylation in the BaF3 ErbB2/ErbB4 9Y to F
cell line (Fig. 4), suggesting that the carboxyl-terminal

ErbB4 tyrosine residues are the sites of phosphorylation by
ErbB2. Finally, NRG2p fails to stimulate detectable ErbB2
phosphorylation in the BaF3 ErbB2 K753A/ErbB4 cell
line. Thus, ErbB2 appears to be capable of phosphorylating
ErbB4, but ErbB4 does not appear to be capable of phos-
phorylating ErbB2.

These data do not rule out the possibility that the inabil-
ity of the ErbB2 K753A and ErbB4 9Y to F mutants to
couple to IL3 independence is due to inadequate expression
of these mutants. The expression of the ErbB2 K753A
mutant is approximately one-fourth of that displayed by
wild-type ErbB2 in the various BaF3 cell lines (Suppl.
Fig. S1 and Suppl. Table S1). Similarly, the expression of
the ErbB4 9Y to F mutant is approximately one-fifth of that
displayed by wild-type ErbB4 in the various BaF3 cell lines
(Suppl. Fig. S1 and Suppl. Table S1). The reduction of
expression displayed by the ErbB2 K753A and ErbB4 9Y to
F mutants is comparable to that displayed by the ErbB2
Dell1001 mutant. Because the ErbB2 Dell001 mutant
retains coupling to IL3 independence, the reduction of
expression displayed by the ErbB2 K753A and ErbB4 9Y to
F mutants does not appear to be relevant to the loss of cou-
pling displayed by these mutants. Thus, these biochemical
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Table 3. NRG2[ Activity Requires ErbB2 Kinase Activity and Sites of ErbB4 Tyrosine Phosphorylation but Not ErbB4 Kinase Activity

or Sites of ErbB2 Tyrosine Phosphorylation

ErbB4 Wild-Type, %

ErbB4 K751M, %

ErbB4 9Y to F %

0.3 nM NRG2f3 - + - + - +
ErbB2 wild-type 1.8+04 100° 3.7+04 31277 63 +2.1 13+£2
ErbB2 K753A 3.1£0.5 33+£05 3.6+07 3.1+£02 73+20 69+20
ErbB2 Del 1001 44+ 1.1 40 + 5° 32+ 1.0 34+ 6° 53+ 1.1 83+26
*Partial activity.
PFull activity.
ErbB4 Wild-type ErbB4 K751M ErbB4 8Y to F enables NRG2f to stimulate IL3-
T 5 B 5 s independent proliferation of the
55 2885528385 < 8 8§ BaF3 mouse lymphoid cell ling;
§ § E E E’ é § § g E § E § § § E E E expression of ErbB4 alone does not
% 2 % P R R R P R R permit NRG2B to stimulate IL3
& @ O W W |0 W0 W0oWo|on o § o o independence.”® Thus, the BaF3
L Nl Sl el R Ml Bl el Sl il model system can be used to charac-
»1-—' . e = —ErbBd terize heterotypic ErbB4 signaling
o - 1P: Anti-ErbB4 as a result of EGFR/ErbB4
IB: Anti-pY crosstalk.

f.’ S S ——ErbB4

The patterns of IL3 independence
displayed by BaF3 cell lines that
express various combinations of
EGFR’' and ErbB4 constructs fol-
lowing stimulation with NRG2p are
identical to the patterns of IL3 inde-
pendence displayed by the BaF3
cells lines that express the corre-
sponding combinations of ErbB2
and ErbB4 constructs. Stimulation
of IL3 independence by NRG2p is

IP: Anti-ErbB4
IB: Anti-ErbB4

+——ErbB2 Full Length
IP: Anti-ErbB2

IB: Anti-pY
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=5 = m Mmoo o oo ooomoolo O M M o (=] .
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@ 4 § §e @@ 5 e el0@Q 5§ 8 8 tyrosine kinase activity (Table 4). In

e = w wj = = w wis = w w . .. .

. i W w contrast, there is minimal stimula-
ErbB4 Wild-type ErbB4 K751M ErbB4 8Y to F tion of IL3 independence by NRG2f

Figure 4. In BaF3 ErbB2/ErbB4 cells, ErbB4 tyrosine phosphorylation is abrogated by mutating 9
ErbB4 cytoplasmic tyrosine residues but not by disrupting ErbB4 kinase activity. BaF3 ErbB2/ErbB4
cell lines were starved and stimulated with NRG2[. Immunoprecipitation and immunoblotting were
used to assess ErbB4 tyrosine phosphorylation (first panel), ErbB4 expression (second panel),
ErbB2 tyrosine phosphorylation (third panel),and ErbB2 expression (fourth panel). Data shown are

(6% of control) in BaF3 cells that
express wild-type EGFR and an
ErbB4 mutant that lacks the 9 puta-
tive sites of tyrosine phosphoryla-
tion (9Y to F; Fig. 5a) within the

representative of at least 3 independent experiments.

and functional data strongly indicate that phosphorylation
of ErbB4 tyrosine residues by ErbB2 is required for ligand-
induced heterotypic ErbB4 signaling and coupling to bio-
logical responses.

EGFR kinase activity is required for ligand-induced hetero-
typic ErbB4 signaling. Co-expression of EGFR and ErbB4
has been noted in breast and meningioma tumor sam-
ples.”'?® Moreover, co-expression of ErbB4 and EGFR

carboxyl terminus (Table 4). Finally,
there is minimal stimulation of IL3
independence by NRG2 (5% of control) in BaF3 cells that
express wild-type ErbB4 and an EGFR mutant (K721A;
Fig. 5a) devoid of tyrosine kinase activity (Table 4). Taken
together, these data strongly suggest that phosphorylation
of ErbB4 tyrosine residues by EGFR is required for ligand-
induced coupling of heterotypic ErbB4 signaling to prolif-
eration in BaF3 cells.
These data led us to predict that EGFR phosphorylates
ErbB4 in the absence of ErbB4 kinase activity. We first
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the BaF3 EGFR/ErbB4 9Y to F cell

Extracellular
Ligand Binding
Domain

A/ ErbB4 EGFR line (Fig. 6). However, NRG2p fails
; to stimulate IL3 independence in this

cell line (Table 4). Thus, these data
suggest that EGFR phosphorylation

T

independence, that ErbB4 kinase

TD;"'::: P of ErbB4 carboxyl terminal residues
Kinase Domain >< is required for ErbB4 coupling to L3
. Ay

¥

o y b 4 activity is not required for ErbB4
main . .
k lj coupling to IL3 independence, and
i i R Mhetes SR that EGFR phosphorylation sites are
not sufficient to couple to IL3
B. IP___Anti-ErbB4 ___ AntiEGFR C. P __ A-EGFR  AntiErbB4 independence.

pmorldtve £ 2 2 o B 8B o aive £ 2 2 o 25 5 8 Nonetheless, these data do not
NRG2B + + + + % - - 1 NRGZB + + * 4 1+ . - rule out the possibility that the
inability of the EGFR K721A and

+—EmB - «—ErmB
.M '- ' ErbB4 9Y to F mutants to couple to

1B: Anti-pY 1B: Anti-pY

IL3 independence is due to inade-

: R - e quate expression of these mutants in
- F ' the BaF3 EGFR/ErbB4 cell lines.
IB: Anti-ErbB4 IB: Anti-EGFR

Indeed, the expression of the EGFR

Figure 5. In BaF3 epidermal growth factor receptor (EGFR)/ErbB4 cells, anti-EGFR and anti-ErbB4 K721A mutant in the various BaF3
antibodies fail to precipitate the noncognate ErbB receptor. BaF3 EGFR/ErbB4 cells were starved and EGFR/ErbB4 cell lines is markedly

stimulated with NRG2[. EGFR or ErbB4 was immunoprecipitated using EGFR- and ErbB4-specific
antibodies. (a) BaF3 cells that express various combinations of EGFR and ErbB4 constructs were
generated by lentiviral and retroviral infections. (b) Immunoblotting was used to assess tyrosine

less than the expression of wild-type
EGFR in the comparable cell lines

phosphorylation (upper panel), ErbB4 expression (lower panel), and ErbB4 co-precipitation with (Suppl. Fig. S2 and Suppl. Table
EGFR receptor/antibody complex (lower panel). (c) Immunoblotting was used to assess tyrosine S2). Likewise, the expression of the
phosphorylation (upper panel), EGFR expression (lower panel), and EGFR co-precipitation with ErbB4 9Y to F mutant in the various

ErbB4 receptor/antibody complex (lower panel).

confirmed that EGFR and ErbB4 antibodies do not recognize
the noncognate receptor (Fig. 5b,c). Consistent with our pre-
diction, NRG2f stimulates ErbB4 phosphorylation in the
BaF3 EGFR/ErbB4 K751M but not in the BaF3 EGFR
K721A/ErbB4 K751M cell line (Fig. 6). NRG2p stimulates
minimal ErbB4 phosphorylation in the BaF3 EGFR/ErbB4
9Y to F cell line, suggesting that the carboxyl-terminal ErbB4
tyrosine residues are the primary sites of phosphorylation by
EGFR (Fig. 6). NRG2p stimulates EGFR phosphorylation in

BaF3 EGFR/ErbB4 cell lines is

markedly less than the expression of

wild-type ErbB4 in the comparable
cell lines (Suppl. Fig. S2 and Suppl. Table S2). It is interest-
ing to note that the amount of ErbB4 phosphorylation
observed in the BaF3 EGFR K721A/ErbB4 cell line is
much greater.

Discussion

The work presented here grew out of our observation that
homotypic ErbB4 signaling from the constitutively

Table 4. NRG2[ Activity Requires EGFR Kinase Activity and Sites of ErbB4 Tyrosine Phosphorylation but Not ErbB4 Kinase Activity

ErbB4 Wild-Type, % ErbB4 K751M, % ErbB4 9Y to F %
0.3 nM NRG2j - + - + - +
EGFR wild-type 35213 100° 5413 30.5 +3.3° 3608 5.6 £ 0.0l
EGFR K721A 22 +0.6 50+ 1.8 — — 2305 1.9+0.8
ErbB2 wild-type 28 0.7 130 + 25° — — — —
EGFR = epidermal growth factor receptor;— = not tested.

*Partial activity.
PFull activity.
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to anchorage independence, motil-
ity, and proliferation appears to be
dependent on heterotypic ErbB4
signaling that features ErbB4 cross-
talk with either ErbB2 or EGFR.
This heterotypic ErbB4 signaling
apparently requires ErbB4 tyrosine
phosphorylation sites and either
EGFR or ErbB2 kinase activity,
suggesting that phosphorylation of

<+«——FErbB4 ErbB4 by EGFR or ErbB2 is critical
IP: Anti-ErbB4 for ligand-induced ErbB4 coupling
. IB: Anti-pY to oncogenic activities.

However, details concerning

the mechanism by which heterotypic

¢ ErbB4 ErbB4 signaling couples to onco-
genic activities remain to be eluci-

IP: Anti-ErbB4 dated. One prediction is that
IB: Anti-ErbB4 heterotypic ErbB4 signaling fea-
tures direct phosphorylation of

ErbB4 by EGFR or ErbB2 (Fig. 7).

<+«——EGFR Biochemical assessment of ErbB4/
IP- Anti-EGER EGER 'flnd Er.bB4/ErbB2 heterodi-
IB: Anti-pY mfanzatl(.)n.wﬂl be n.eeded to test
this prediction. Likewise, functional

analyses using mutants that affect

the regions of the intracellular juxta-

+—EGFR membrane and kinase domains that
IP: Anti-EGFR are responsible for ErbB dimeriza-
IB: Anti-EGFR tion” will evaluate whether ErbB

Figure 6. In BaF3 epidermal growth factor receptor (EGFR)/ErbB4 cells, ErbB4 tyrosine
phosphorylation is abrogated by mutating 9 ErbB4 cytoplasmic tyrosine residues but not by disrupting
ErbB4 kinase activity. BaF3 EGFR/ErbB4 cell lines were starved and stimulated with NRG2p.
Immunoprecipitation and immunoblotting were used to assess ErbB4 tyrosine phosphorylation (first
panel), ErbB4 expression (second panel), EGFR tyrosine phosphorylation (third panel), and EGFR
expression (fourth panel). Data shown are representative of at least 3 independent experiments.

dimerized and active ErbB4 Q646C mutant is coupled to
tumor suppressor activities in a number of different human
tumor cell lines,'*'® whereas ligand-induced ErbB4 signal-
ing is coupled to proliferation and anchorage indepen-
dence.'****? Here we present data that may help to resolve
this apparent dichotomy. Ligand-induced ErbB4 coupling

heterodimers are indeed responsible
for coupling heterotypic ErbB4 sig-
naling to oncogenic activities.
Another prediction of our model is
that heterotypic ErbB4 signaling
features phosphorylation of a set of
ErbB4 tyrosine residues that is not
identical to the set that is phosphor-
ylated as a result of homotypic
ErbB4 signaling. Indirect evidence

for such a difference in sites of
ErbB4 tyrosine phosphorylation
may be gleaned by comparing the
patterns of effector signaling as a
result of homotypic and heterotypic
ErbB4 signaling. Additional indi-
rect evidence may be obtained by
using ErbB4 phosphorylation site mutants to identify the
sites of tyrosine phosphorylation required for coupling
homotypic ErbB4 signaling to tumor suppressor activities
and the sites of tyrosine phosphorylation required for cou-
pling heterotypic ErbB4 signaling to oncogenic activities.
However, definitive analyses must include biochemical
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signaling. This hypothesis is sup-
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ported by the observation that the
ErbB4 Q646C mutant exhibits
phosphorylation of Tyr1056."*%
Regardless of these mechanistic
details, these studies shed an addi-
tional interesting insight on the roles
that ErbB4 and other ErbB receptors

may be playing in human tumori-

—5

Proliferation

genesis. The failure of EGFR and

Figure 7. Crosstalk between ErbB4 and ErbB2 may account for ErbB4 coupling to cell proliferation.
We propose that ErbB4/ErbB2 crosstalk occurs through ErbB4 phosphorylation by ErbB2.

mapping of the sites of ErbB4 tyrosine phosphorylation
resulting from homotypic and heterotypic ErbB4 signaling.

Other models have emerged that may account for differ-
ences in ErbB4 coupling to biological responses. The
ErbB4 transcript contains two sites of alternative splicing.
One affects the sequence encoding the cytoplasmic juxta-
membrane region; following agonist binding, the canonical
ErbB4 JM-a isoform undergoes cleavage, and the soluble
cytoplasmic domain of ErbB4 (commonly known as s80 or
41CD) translocates to the nucleus and the mitochondria.' In
contrast, the ErbB4 JM-b isoform is resistant to cleavage,
and the cytoplasmic domain of the JM-b isoform is not
released from the plasma membrane and does not translo-
cate to the nucleus or the mitochondria.'** This difference
in cytoplasmic domain trafficking appears to be function-
ally significant, as the s80/4ICD fragment of ErbB4 pos-
sesses tumor suppressor activities.'

The other site of alternative splicing of the ErbB4 tran-
script affects the sequence encoding the portion of the cyto-
plasmic domain distal to the tyrosine kinase domain
(Fig. 3a). The Ct-b/CYT-2 isoform lacks a 16—amino acid
sequence present in the canonical CT-a/CYT-1 isoform.
This sequence contains a putative site of tyrosine phosphor-
ylation (Tyr1056) that may enable ErbB4 binding to the p85
subunit of PI3 kinase and enable ErbB4 coupling to the P13
kinase/Akt signaling pathway.'** Moreover, the same tyro-
sine residue absent in the CT-b/CYT-2 isoform may regu-
late ErbB4 binding to the transcription factor WWOX via
the WW domain found in WWOX.>**® ErbB4 coupling to
the P13 kinase/Akt pathway and WWOX may be critical for
ErbB4 tumor suppressor activity, as the tumor suppressor
activity of the constitutively active ErbB4 Q646C mutant is
absent in the context of the Y1056F mutation or the Ct-b/
CYT-2 isoform.” Moreover, the Y1056F mutation alters
the trafficking of the cytoplasmic domain of the constitu-
tively active ErbB4 Q646C mutant. Thus, it is tempting to
hypothesize that phosphorylation of ErbB4 Tyr1056 is a
feature of homotypic ErbB4 signaling but not of hetero-
typic ErbB4 signaling, thereby accounting for the func-
tional difference between homotypic and heterotypic ErbB4

ErbB2 mutants that lack tyrosine
kinase activity to support hetero-
typic ErbB4 coupling to cell prolif-
eration indicates that blocking
EGFR and/or ErbB2 tyrosine kinase activity (using small
molecule tyrosine kinase inhibitors, for example) may be an
effective strategy for targeting ErbB4-dependent tumors.
Moreover, because MCF7 and T47D cells do not overex-
press EGFR or ErbB2, our data suggest that overexpression
of these receptors may not be necessary for the dependence
of these cells on these receptors. MCF7 and T47D cells are
not considered to be sensitive to trastuzumab, lapatinib, or
erlotinib; nonetheless, therapeutics that target EGFR and
ErbB2 may be effective against tumors other than those that
overexpress these receptors.”’** For example, pertuzumab
is effective against tumor cells with low and high amounts
of ErbB2 expression.””* Given that pertuzumab blocks
ErbB2 dimerization, including ErbB2 heterodimerization
with other ErbB receptors, we postulate that tumors depen-
dent on ErbB4 signaling via ErbB2/ErbB4 crosstalk may
comprise part of the population of tumors that respond to
pertuzumab. This hypothesis is consistent with the observa-
tion that dual-specificity EGFR/ErbB2 inhibitors, which
may be targeting the oncogenic EGFR/ErbB4 and ErbB2/
ErbB4 heterodimers, appear to be effective in contexts in
which targeting EGFR or ErbB2 alone is ineffective.’

Materials and Methods

DNA constructs. The recombinant retroviral expression
constructs pLXSN-ErbB2 and pLXSN-EGFR have been
described previously.”® We used pLXSN-ErbB2 and pLXSN-
EGEFR for site-directed mutagenesis using the QuikChange
kit (Stratagene, La Jolla, CA). We created an ErbB2 mutant
that lacks tyrosine kinase activity (K753A) by changing
Lys753 in the putative adenosine triphosphate (ATP) binding
pocket of the kinase domain to alanine. We created an ErbB2
mutant that lacks the carboxyl-terminal 255 amino acids
(Del1001) by changing the Asp1001 codon to a stop codon.
We created an EGFR mutant that lacks tyrosine kinase activ-
ity (K721A) by changing Lys721 in the putative ATP binding
pocket of the kinase domain to alanine.

The pLKO.1 recombinant lentiviral vector is a generous
gift of William Hahn (Dana-Farber Cancer Institute) and
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features an internal U6 snRNP promoter. The U6 promoter
enables us to use this plasmid for the expression of shR-
NAs. The pLKO-GFP shRNA plasmid, which encodes an
shRNA that targets the green fluorescence protein (GFP),
has been described previously.*' The sequence that encodes
the ErbB4 4915 shRNA (5-CCG GCA GTT CTC TGT
GGT TCA GGA ACT CGA GTT CCT GAA CCA CAG
AGA ACT GTT TTT G-3’) and the sequence that encodes
the ErbB2 4355 shRNA (5-CCG GTG TCA GTA TCC
AGG CTT TGT ACT CGA GTA CAA AGC CTG GAT
ACT GAC ATT TTT G-3') were subcloned using standard
techniques into pLKO. These shRNAs are specific to the 3’
untranslated region of the respective endogenous transcripts
and do not target transcripts encoded by the ErbB2 or ErbB4
cDNAs used in experiments described here. The sequence
that encodes the ErbB4 4915 shRNA was scrambled using
siRNA Wizard (InvivoGen, San Diego, CA), and this
scrambled sequence was subcloned into pLKO.1 via stan-
dard molecular biology techniques. A sequence generated
by scrambling the sequence that encodes the ErbB2 4355
shRNA was subcloned into pLKO.1 using an analogous
strategy.

Standard molecular biology techniques and the shuttle
vector pENTR1A (Invitrogen, Carlsbad, CA) were used to
subclone wild-type and mutant ErbB4 cDNAs into the
recombinant lentiviral expression vector pLenti6/VS5/DEST
(Invitrogen). Note that each of these cDNA sequences
includes a stop codon that terminates protein translation
prior to the V5 epitope tag sequence present in the expres-
sion vector. Wild-type ErbB4 was subcloned from
pCH4M2.* An ErbB4 mutant that lacks tyrosine kinase
activity (K751M) was subcloned from pLXSN-ErbB4
K751M." An ErbB4 mutant in which the 9 putative sites of
tyrosine phosphorylation in the carboxyl terminus (Tyr1022,
Tyr1150, Tyr1056, Tyr1162, Tyr1188, Tyr1202, Tyr1242,
Tyr1258, and Tyr1284) were mutated to phenylalanine
(YChg9F) was subcloned from pLXSN-ErbB4 YChg9F."

Cell lines and cell culture. Mouse y2 and PA317 recombi-
nant retrovirus packaging cell lines and the BaF3 mouse
pro-B-lymphocyte cell line are generous gifts of Daniel
DiMaio (Yale University). These cells were cultured essen-
tially as described previously.”*** MCF7 and T47D
human breast tumor cell lines were obtained from American
Type Culture Collection (Manassas, VA) and were cultured
as recommended. HEK293FT cells were obtained from
Invitrogen and cultured as recommended. Cell culture
media and supplements were obtained from Invitrogen,
Sigma Scientific (St. Louis, MO), and Mediatech (Hern-
don, VA). Fetal bovine serum, G418, and puromycin were
obtained from Gemini Bioproducts (Woodland, CA). Blas-
ticidin was obtained from Sigma Scientific. Recombinant
NRG2p was expressed and purified as previously

described.” Other biochemicals were obtained from Sigma
Scientific.

ErbB4 lentiviruses. The pLenti-ErbB4,'® pLenti-ErbB4
K751M,"® and pLenti-ErbB4 YChg9F constructs and the
pLenti6/V5/DEST vector control were packaged into
recombinant lentiviral particles by transient co-transfection
with the packaging vectors pLP1, pLP2, and pLP/VSVG
into the HEK293FT lentiviral packaging cell line (Invitro-
gen). We transfected the cells and recovered the recombi-
nant lentiviruses as recommended.

A 24-well plate was seeded with 4 x 10° BaF3 cells in
500 pL complete medium supplemented with 6 pg/mL
polybrene. A pLenti lentiviral stock (500 puL) was added to
each well, and the cells were incubated overnight at 37°C.
The cells were recovered by gentle centrifugation and were
resuspended in complete medium supplemented with 12
pg/mL blasticidin to select for stably infected, recombinant
BaF3/pLenti cell lines.

Recombinant retroviruses. Briefly, the recombinant
amphotropic retroviruses LXSN-ErbB2 (ErbB2 WT),
LXSN-ErbB2 K753A, LXSN-ErbB2 Dell001, LXSN-
EGFR (EGFR WT), and LXSN-EGFR K721A were pack-
aged using the y2 ecotropic retrovirus packaging cell line*®
and the PA317 amphotropic retrovirus packaging cell line*’
essentially as previously described.*® BaF3/pLenti cell lines
were infected with these recombinant retroviruses using
procedures essentially identical to those used to generate
the BaF3/pLenti cell lines. We used 6 pg/mL G418 to select
for stably infected, BaF3/pLenti/LXSN recombinant cell
lines.

shRNA lentiviruses. The pLKO.1, pLKO-GFP shRNA,
pLKO-ErbB4 4915 shRNA, pLKO-ErbB2 4355 shRNA,
and scrambled shRNA recombinant lentiviral constructs
were packaged by transient co-transfection with the pack-
aging vectors pCMV-dR8.91 and pMD2G-VSVG into the
HEK293FT lentiviral packaging cell line (Invitrogen).
Recombinant pLKO lentiviruses were recovered from the
conditioned medium of these transfected HEK293FT cells.
Following infection with the recombinant pLKO lentivi-
ruses, MCF7 and T47D human breast tumor cells were
incubated with 1 pg/mL puromycin to select for stably
infected, recombinant pLKO cell lines. Thereafter, MCF7
clones that express the pLKO-ErbB4 4915 shRNA were
generated via limited dilution cloning, and ErbB4 expres-
sion was analyzed in the resulting clonal cell lines. The
clone displaying the least ErbB4 expression was reinfected
with the pLKO-ErbB4 4915 shRNA recombinant lentivi-
rus, and clones of superinfected cells were selected for fur-
ther analysis. Clones 4 and 12 exhibit the least ErbB4
expression.
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Analysis of ErbB2 and ErbB4 expression and tyrosine phos-
phorylation by immunoblotting and immunprecipitation. In
experiments that featured ligand stimulation, ErbB receptor
tyrosine phosphorylation was assayed using cells starved in
basal medium for 16 hours. Cells were stimulated for 7 min-
utes on ice with 10 nM NRG2B or phosphate-buffered
saline (PBS; diluent control) and lysed. In experiments that
did not feature ligand stimulation, cells were grown to satu-
ration density in complete medium and were lysed.

ErbB receptor expression and tyrosine phosphorylation
were assayed by immunoprecipitation and immunoblotting
essentially as described.”®*** Briefly, ErbB2 was precipi-
tated using an anti-ErbB2 mouse monoclonal antibody
(OP-39; EMD Chemicals, Inc., Gibbstown, NJ); ErbB4 was
precipitated using an anti-ErbB4 mouse monoclonal anti-
body (SC-8050; Santa Cruz Biotechnology, Santa Cruz,
CA). Immunoblotting antibodies include the SC-283 rabbit
anti-ErbB2 polyclonal antibody (Santa Cruz Biotechnol-
ogy; used to assess endogenous ErbB2 expression in MCF7
and T47D cells), the AF1129 goat anti-ErbB2 polyclonal
antibody (R&D Systems, Minneapolis, MN; used to assess
ectopic ErbB2 expression in BaF3 cells), the SC-283 rabbit
anti-ErbB4 polyclonal antibody (Santa Cruz Biotechnol-
ogy; used to assess endogenous and ectopic ErbB4 expres-
sion), and the 4G10 mouse antiphosphotyrosine monoclonal
antibody (Millipore, Billerica, MA). The resulting chemilu-
migrams were digitized, and National Institutes of Health
Image J software was used to quantify receptor expression.
Statistical analyses were performed using Microsoft
Excel. The data are averages of at least 3 independent
experiments. The standard error of the mean was deter-
mined for the expression of ErbB2 and ErbB4 of each
cell line.

Anchorage independence assay. The 2 x 10* cells were
seeded in semisolid medium that consisted of Dulbecco’s
modified Eagle’s medium (DMEM) and 0.3% LMP agarose
supplemented with either 10 nM NRG2 or PBS (diluent
control). Fifteen days later, 6 microscopic fields were
selected at random and photographed. Using these photo-
micrographs, we measured the colonies and recorded the
number of colonies whose diameter was less than 70 pm, 70
to 140 um, and greater than 140 um. For each experimental
condition, approximately 225 to 350 colonies were mea-
sured. The data from 4 independent experiments were
pooled, and the effect of NRG2f stimulation on anchorage-
independent proliferation (distribution of colony size) was
determined by chi-squared analysis.

Wound-healing (migration) assay. Derivatives of the
MCF7 human breast cancer cell line were seeded into a
plastic, flat-bottom, 96-well culture plate (C-lect Stem Cell
Manager; Cyntellect, Inc., San Diego, CA) and allowed to

grow to confluence. They were then starved in basal media
for 48 hours. The plate was loaded into a LEAP instrument
(Cyntellect, Inc.), and 25% of the cell monolayer in each well
was cleared by laser ablation. The LEAP instrument fired a
series of 7-pJ laser pulses that had a 25-pm grid spacing to
form the “wound” area. These pulses killed the cells, result-
ing in wounds in which 25% of the monolayer in each well
was cleared. The wells were washed to remove the dead
cells, and fresh basal medium was added that contained 10
nM NRG2p or PBS (diluent control). The cells were incu-
bated at 37°C, and the LEAP instrument imaged each well by
bright-field microscopy every 24 hours for a 96-hour period.™

A custom MATLAB script and these images were used
to quantify the recovery (healing) of the wounded areas.
The results are expressed as a percent of wound healing
relative to the O-hour time point for each well. The data
shown represent 3 independent trials, each of which repre-
sents 5 independent wells per condition. The mean and
standard error of the mean (SEM) were calculated for each
condition and time point, and differences in wound healing
were assessed using a two-way analysis of variance with
the Bonferroni posttest.

IL3 independence assay. These experiments were per-
formed essentially as previously described.’’ Briefly, the
BaF3 cells were seeded in a 24-well plate at a density of 1
x 10° cells/mL in medium lacking IL3 but supplemented
with either 0.3 nM NRG2f or PBS (diluent control). Cells
were incubated for 96 hours, after which viable cell density
was determined by counting using a hemacytometer, and
the percent stimulation was calculated relative to mock-
stimulated cells (Prism; GraphPad Software, San Diego,
CA). The data shown are the mean and SEM for 3 indepen-
dent experiments.
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