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The epidermal growth factor receptor (EGFR) is a member of the ErbB family that can promote the migration
andproliferationofbreast cancer cells. Therapies that targetEGFRcanpromote thedimerizationofEGFRwith
other ErbB receptors, which is associatedwith the development of drug resistance. Understanding how inter-
actions among ErbB receptors alter EGFR biology could provide avenues for improving cancer therapy. We
found that EGFR interacted directly with the CYT1 and CYT2 variants of ErbB4 and the membrane-anchored
intracellular domain (mICD). TheCYT2 variant, but not theCYT1 variant, protected EGFR from ligand-induced
degradationbycompetingwithEGFR for binding toa complexcontaining theE3ubiquitin ligasec-Cbl and the
adaptor Grb2. Cultured breast cancer cells overexpressing both EGFR and ErbB4 CYT2 mICD exhibited
increasedmigration. Withmolecular modeling, we identified residues involved in stabilizing the EGFR dimer.
Mutation of these residues in the dimer interface destabilized the complex in cells and abrogated growth
factor–stimulated cell migration. An exon array analysis of 155 breast tumors revealed that the relativemRNA
abundance of the ErbB4 CYT2 variant was increased in ER+ HER2– breast cancer patients, suggesting that
our findings could be clinically relevant.Wepropose amechanismwhereby competition for binding to c-Cbl
in an ErbB signaling heterodimer promotes migration in response to a growth factor gradient.
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INTRODUCTION

The ErbB tyrosine kinase receptor family comprises four members: EGFR
[epidermal growth factor receptor; also known as ErbB1 or HER1 (human
epidermal growth factor receptor 1)], ErbB2 (HER2), ErbB3 (HER3), and
ErbB4 (HER4). At a systems biology level, this receptor signaling network
has been described to have a bow-tie architecture (1), which integrates
diverse sources of input from the diverse receptor homo- and heterodimers
that form in response to EGF and EGF-like growth factor stimulation (2),
and channels the resulting signal into several biological outputs through dif-
ferent activation-dependent control loops.

Although the complex ErbB signaling pathways have been therapeuti-
cally targeted, the translation of our fundamental biological knowledge into
clinically applicable assays for predicting drug response and/or resistance
has met considerable challenges that limit the overall therapeutic efficacy
(3–6). In breast cancers, detection of increased abundance of EGFR or
HER2 by immunostaining does not completely predict clinical outcome
of EGFR or HER2-targeted treatments (7, 8). On the other hand, both clin-
ical and preclinical studies have suggested that there is a subpopulation
(around a quarter) of EGFR or HER2 normal (not amplified; sometimes
labeled as negative) breast cancers that will benefit from these receptor-
targeted agents (9, 10). Additional biological mechanisms that may influ-
ence the response to EGFRorHER2 targeting treatments therefore need to
be elucidated.

Previous studies have shown that cell proliferation and tumorigenesis
are enhanced in tumor xenografts coexpressing EGFR with HER2,
EGFRwith ErbB4, and HER2with ErbB4 compared to those expressing
single ErbB receptors (11–14). These data indicate that in addition to the
well-characterized EGFR:HER2 complex, EGFR:ErbB4 could potentially
www.SCIENCESIGNALING.org 19 August 2014 Vol 7 Issue 339 ra78 1
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be another important heterodimer that influences the efficacy of EGFR-
targeted therapy, although the physical existence of such a dimer has not
so far been demonstrated.

In addition to dimer formation, EGFR signaling is also regulated through
endocytosis of ubiquitinated receptor cargo, which then undergoes lyso-
somal degradation (15, 16). A refinement of this mechanism led to the ob-
servation of a switch-like behavior, which refers to the sharp increase in
ubiquitination followed by subsequent degradation of receptors in cells
treated with a ligand concentration above a certain threshold amount that is
preset in cells (17). EGF-enhanced EGFR ubiquitination is mediated by the
E3 ubiquitin ligase c-Cbl (18), and there is a corresponding threshold-
controlled increase in the interaction between EGFR and Cbl [but not with
the adaptor proteins Grb2 or Shc (17)]. Furthermore, Grb2 is required for
generating the ubiquitinated EGFR threshold. Regulation of the efficient
recruitment of the Cbl:Grb2 complex to EGFR is therefore a key node
for the activation of ubiquitination and degradation of EGFR and its signal
termination.

Our previous work on basal-like breast cancer patient tissues using flu-
orescence lifetime imagingmicroscopy (FLIM) histology techniques shows
that resistance to EGFR therapy is linked to an increase in EGFR:ErbB3
dimer formation upon treatment (19). Here, we now demonstrate the ex-
istence of the EGFR:ErbB4 dimer in breast cancer cells using Förster
resonance energy transfer (FRET)measured byFLIM.Using single-particle
tracking (SPT) techniques, we measured the rate of change of the in situ
concentration of this ErbB heterodimer in response to growth factor stimu-
lation. Moreover, we provide evidence that ErbB4 (as the EGFR:ErbB4
JMa CYT2 protein complex) suppressed ligand-induced EGFR down-
regulation by sequestering the Cbl:Grb2 component from EGFR. We also
identified a differential increase in the relative abundance of the ErbB4 JMa
CYT2 splice variant in tumors derived from estrogen receptor–positive
(ER+) HER2– breast cancer patients [relative to other intrinsic breast cancer
subtypes (20)]. ErbB4 JMa CYT2 promoted cell migration in response to
soluble ErbB ligands by maintaining a higher steady-state concentration
of EGFR for sensing extracellular signals in tumor cells, thus suggesting
the pathophysiological importance of this finding. Finally, we showed that
dimerization-incompetent EGFR mutants dissociated more rapidly from
ErbB4, and the proportion of these EGFR mutants that interacted with
ErbB4was reduced. Thesemutantswere defective in promotingmigration
in response to growth factor, lending further credence to the promigratory
role of this EGFR:ErbB4 heterodimer.
 2014
RESULTS

Imaging and biochemical analyses of EGFR
heterodimerization with ErbB4 isoforms
The human ERBB4 gene encodes four alternative splice variants compris-
ing differing extracellular juxtamembrane (JMa and JMb) and cytoplasmic
(CYT1 and CYT2) domains (21). The CYT1 isoform has a different cy-
toplasmic tail from the CYT2 isoform, which contains an additional
16–amino acid stretch that encompasses binding sites for phosphoinosi-
tide 3-kinase (22, 23) and for WW domain–containing proteins such as
Nedd-like ubiquitin ligases (24–27). JMa is the predominant variant in hu-
man breast cancers, with both the CYT1 and CYT2 splice variants present
in tumor samples (28). Given the differing biochemical properties of these
isoforms, we sought to investigate the spatial distribution of the EGFR:ErbB4
complex in situ. We coexpressed EGFR–enhanced green fluorescent pro-
tein (EGFP) with full-length ErbB4-HA [JMaCYT1 or JMaCYT2; stained
with anti-hemagglutinin (HA) immunoglobulinG (IgG) conjugated toCy3]
in MCF-7 breast carcinoma cells and determined receptor interactions by
ww
FRET. FRETwasmonitored using FLIM, which can typically measure pro-
tein proximity within the <10-nm range (29–37). Fluorescence lifetime
imaging showed that the EGFR-EGFP lifetime values were decreased by
ErbB4 coexpression and staining with the acceptor fluorophore-labeled
anti-HA IgG, indicating that FREToccurred. The mean FRETefficiency
was higher in ErbB4 CYT2 coexpressing cells than in ErbB4 CYT1 co-
expressing cells, an effect that was independent of exogenously added EGF
(Fig. 1A). Additionally, ErbB4 CYT2 variant–expressing cells had low
lifetime (namely, high FRET efficiency) pixels at their periphery, corre-
sponding to an increase in EGFR–ErbB4 CYT2 interaction at the plasma
membrane. Unlike EGF, which did not modulate the EGFR–ErbB4 CYT2
association, heparin-binding EGF-like growth factor (HB-EGF), a ligand
that binds to both EGFR and ErbB4 (38), caused the dissociation of the
EGFR:ErbB4 CYT2 complex (Fig. 1B). Colocalization experiments con-
firmed that tagged ErbB4 isoforms demonstrated the same pattern of local-
ization as their corresponding untagged forms (fig. S1).

Immunoprecipitation analysis revealed that ectopically expressed
EGFR bound not only to full-length ErbB4 CYT1 and CYT2 but also to
the membrane-anchored intracellular domain (mICD) of ErbB4 CYT2
(39), as previously reported (40), in the presence or absence of EGF stim-
ulation (Fig. 1C). The lower amount of detectable ErbB4 CYT1mICD is
likely due to the rapid degradation of this truncated form (27, 41). The
amount of full-length ErbB4CYT1 immunoprecipitated with EGFRwas
less than that observed for either full-length ErbB4 CYT2 or ErbB4 CYT2
mICD (Fig. 1C). Whereas the absence of a baseline reference (nonspecific
IgG for instance) makes it difficult to unequivocally confirm the EGFR:
ErbB4 CYT1 association in this experiment, these biochemical data further
support the observations from our FLIM/FRET (Fig. 1A) studies that dem-
onstrate a constitutive association between these two receptors before and
after EGF stimulation. These results suggest that the EGFR:ErbB4 hetero-
dimers in MCF-7 cells are predominantly composed of EGFR and either
full-length ErbB4 CYT1, full-length ErbB4 CYT2, or ErbB4 CYT2mICD.
The differing stoichiometryof the interaction betweenEGFRand theErbB4
CYT1 and CYT2 isoforms likely explains why the FRETefficiency was
higher in cells coexpressing EGFR and ErbB4 CYT2 than in those co-
expressing EGFR and ErbB4CYT1. For the ErbB4CYT2 isoform, there
is a higher acceptor fluorophore-labeled ErbB4 (both full-length and
mICD)/EGFR-GFP ratio, whereas for the ErbB4 CYT1 isoform, there
is less ErbB4 CYT1mICD available for labeling with acceptor fluorophore
because of degradation. Immunoprecipitation studies confirmed the exis-
tence of an endogenous EGFR:ErbB4 heterodimer in T47D cells, which
are ER+ HER2– breast cancer cells (Fig. 1D).

To determine the functional importance of EGFR:ErbB4 CYT1 and
EGFR:ErbB4CYT2 receptor pairing, we next examined the effects of these
heterodimers on EGF-dependent EGFR degradation. In MCF-7 cells coex-
pressing EGFR and either one of the full-length CYT1 or CYT2 ErbB4 iso-
forms, expression of theCYT2 isoform of ErbB4, but not CYT1, attenuated
EGF-induced degradation of EGFR (Fig. 1E). Therefore, our data suggest
that ErbB4 JMa CYT2 is the major ErbB4 isoform that contributes to
EGFR:ErbB4 heterodimerization in MCF-7 cells and that this heterodimer
confers protection against EGF-dependent EGFR degradation.

Determination of the EGFR:ErbB4 CYT2 dissociation
constant by single-molecule imaging
Given the protective effect conferred specifically by the ErbB4 CYT2 iso-
form on EGFR, we sought to examine in greater detail the signaling and
molecular properties of this ErbB4 isoform within the context of EGFR
signaling. FRET imaging can be used to spatially map the proportion of
interacting and noninteracting components within a cell. When FRET is
combinedwith single-molecule imaging techniques, which enable an in situ
w.SCIENCESIGNALING.org 19 August 2014 Vol 7 Issue 339 ra78 2
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analysis of the stability of the interaction be-
tween individual components, insights into
protein-protein associations can be gained
because both the stoichiometry (namely,
proportion of ErbB4 molecules interacting
with EGFR) and the stability of a molecular
interaction can be evaluated together. To
this end,we next performed single-molecule
imaging to determine the rate of change of
the concentration of the EGFR:ErbB4
CYT2 heterodimer in situ in response to
EGF stimulation. For live cell imaging, we
labeled the extracellular sites of these re-
ceptors using Atto 647–labeled EGF and
an Alexa 546–labeled anti-ErbB4 DAR-
Pin (designed ankyrin repeat protein, an
antibody-like monovalent molecule with
an affinity of 100 pM for ErbB4) (42). By
creating a histogram of coincidence times
for single molecules of EGF–Atto 647 or
DARPin–Alexa 546, we could fit a single
exponential decay and determine the koff
for EGFR and ErbB4 CYT2 as a measure
of the stability of the dimer. The koff for the
interaction between wild-type EGFR and
full-length ErbB4 CYT2 was 1.33 ±
0.09 s–1 (Fig. 1F).

Differential increase in the
expression of the ERBB4 CYT2
splice variant in ER+ HER2–

breast tumors according to exon
array analysis
To examine the relative abundance of the
ErbB4 JMa CYT1 and CYT2 variants in
breast cancer tumor samples, we used exon
array analysis. The relative contribution of
each variant to the total ERBB4 expression
in a tumor sample can be discerned from the
relative abundance of this CYT1-specific
exon (Fig. 2A, green box) in comparison
to the abundance of other exons shared by
both variants. The absolute expression of
theCYT1 variant was relatively constant be-
tween tumor samples irrespective of ER and
HER2 status [Fig. 2, A (green box) and B
(lower panel)], indicating that the variations
in total ERBB4 expression between tumor
subtypes were due to differences in the ex-
pression of theCYT2variant (Fig. 2C). There-
fore, we concluded fromour analysis of 155
tumors from breast cancer patients that there
was a differential increase in the relative ex-
pression of theERBB4CYT2 variant specif-
ically among ER+ HER2– patients, which
highlights the relevance of the EGFR:ErbB4
CYT2 heterodimer in breast tumors. In
addition, we analyzed a set of RNA se-
quencing data from 404 cases of ER+ breast
cancer patients. Comparison of median total
Fig. 1. Analysis of the interaction between EGFR and ErbB4 isoforms by immunoprecipitation and FLIM/FRET

combined with live cell SPT. (A) Spatial distribution of EGFR and ErbB4 splice variant heterodimers using
FLIM-based FRET measurements. MCF-7 cells expressing EGFR-EGFP plus empty vector or HA-tagged
ErbB4 CYT1 or CYT2 variant were stimulated with EGF and stained with anti-HA conjugated to Cy3. Scale bar,
20 mm. Lifetime images are presented in a blue-to-red pseudocolor scale, with red indicating short lifetime.
Bottom: FRET efficiency histograms. Data aremeans of 10 (EGFR-EGFP alone) or 15 to 21 (EGFR-EGFP and
ErbB4-HAwith orwithout EGF) cells (n=3 independent experiments). (B)MCF-7cells expressingEGFR-EGFP
plus empty vector orHA-taggedErbB4CYT1 variant or CYT2 variant were stimulatedwithHB-EGFand stained
with anti-HA conjugated to Cy3. Scale bar, 20 mm. Bottom: FRET efficiency histograms. Data are means of
15 (EGFR-EGFPalone)or 12 to16 (EGFR-EGFPandErbB4-HAwithorwithoutHB-EGF)cells (n=3 independent
experiments). (C) Coimmunoprecipitation analysis of heterodimerization between EGFR and ErbB4 splice
variants inMCF-7 cells stimulated or not with EGF (representative blot from three independent experiments).
(D) Coimmunoprecipitation of endogenous ErbB4 with endogenous EGFR in T47D cells (representative blot
from three independent experiments). (E) Western blot analysis of EGF-dependent degradation of EGFR in
MCF-7 cells expressing EGFR plus empty EGFP vector or EGFP-tagged fusions of the ErbB4 CYT1 or CYT2
isoform.Quantification of expression for both EGFRandErbB4normalized to tubulin is shown (n=3 indepen-
dent experiments, *P < 0.05). (F) Single-molecule imaging to determine the dissociation constant of the
EGFR:ErbB4 complex. MCF-7 cells expressing EGFR and ErbB4 CYT2 were incubated live with EGF-Atto
647Nandanti-ErbB4DARPin conjugated toAlexa 546 (scalebar, 10 mm). Thegraphshows thedistributionof
EGFR:ErbB4CYT2heterodimer lifetimes in cells forall accumulateddata (n=2 independent experimentsper
experimental group; the distribution of more than 2000 dimerization events was fitted to amonoexponential).
9 August 2014 Vol 7 Issue 339 ra78 3
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(CYT1 +CYT2) expression and medianCYT1 expression showed that there
is an overall increase in relative CYT2 expression in the ER+ HER2– sam-
ples (fig. S2), consistent with our exon array–based analysis of 155 tumors.

We carried out a similar ERBB4 exon array analysis for 16 breast cancer
cell lines. Most of the cell lines had high expression of the ERBB4 CYT2
variant (Fig. 2D), including the T47D cell line, which we used for EGFR:
ErbB4 coimmunoprecipitation assays (Fig. 1D).

Functional importance of the endogenous EGFR:ErbB4
CYT2 heterodimer
We next determined the effects of endogenous ErbB4 knockdown on the
stability of exogenously expressedEGFR inMCF-7 cells (because the abun-
dance of EGFR in these cells is low). After EGF stimulation, the amount of
exogenously expressed EGFR was reduced in MCF-7 cells with ErbB4
knockdown compared to control cells (Fig. 3A). To check that this protective
effect on EGFRwas ErbB4-specific, we performed the same experiment
using cell lines in which ErbB2, ErbB3, or ErbB4 had been stably
knocked down (fig. S3).We found that only ErbB4 knockdown produced
an EGF-dependent reduction in the amount of EGFR (Fig. 3B). In ErbB4
knockdown cells, EGFR ubiquitination (which is required for EGFR deg-
radation) was increased both before and after EGF stimulation, compared to
control cells (Fig. 3C). The recruitment of c-Cbl to EGFR was increased in
both the resting state and after ligand stimulation in ErbB4 knockdown cells
(Fig. 3C). Therefore, these results suggest that ErbB4, specifically the
CYT2 variant, inhibits EGFR ubiquitination and degradation by suppres-
sing c-Cbl binding to EGFR.

Molecular characterization of the binding of c-Cbl to
ErbB4 CYT2 mICD
To further investigate the molecular mechanism underlying the effect of
the EGFR:ErbB4 heterodimer on the down-regulation of EGFR, we ana-
lyzed whether the ErbB4 splice variants differentially associated with
endogenous c-Cbl before and after EGF stimulation. Coimmunoprecipi-
tation assays showed that c-Cbl bound to the ErbB4 CYT2 variant but
not the CYT1 variant before and after EGF stimulation (Fig. 3D).

Because regulation of the efficient recruitment of the c-Cbl:Grb2
complex to EGFR is a key node for activating the threshold-controlled
ubiquitination and clathrin-independent endocytosis of EGFR (17), we
sought to identify the region of the ErbB4 intracellular domain that
competes with EGFR for c-Cbl binding within the EGFR:ErbB4 dimer.
From a sequence homology search comparing ErbB4with EGFR, we iden-
tified a putative direct c-Cbl binding site (Tyr1124) and several potential
indirect Cbl sites (through Grb2 binding; Tyr1188, Tyr1202, and Tyr1242)
within the intracellular domain of ErbB4 (43). We constructed a series of
C-terminal truncation mutants of EGFP-tagged ErbB4 mICD that termi-
nated at the residue N-terminal to each of these potential c-Cbl–binding
tyrosine residues (fig. S4). Coimmunoprecipitation assays indicated that
c-Cbl bound to both wild-type and D1242 ErbB4 CYT2 mICD, but not
the D1188, D1124, and D1202 truncation mutants (Fig. 3E), indicating
that the major c-Cbl binding site(s) lies within the C-terminal region of
the intracellular domain between residues 1202 and 1242. Loss of c-Cbl
binding correlated with a reduction of Grb2 binding to ErbB4 CYT2mICD
(Fig. 3E), indicating that c-Cbl recruitment is probably indirect and medi-
ated by the Grb2 adaptor. Finally, wewanted to see the importance of this
c-Cbl interaction in the ErbB4 CYT2mICD–dependent protection of EGFR
after ligand binding.Western blot analysis revealed that, unlike ErbB4 CYT2
mICD,which binds to c-Cbl, the ErbB4CYT2mICDD1202mutant did not
protect exogenously expressed EGFR from degradation after EGF stimula-
tion (Fig. 3F). Expression of ErbB4 CYT2 mICD protected EGFR from
degradation after treatment with EGF but not with HB-EGF.
Fig. 2. Transcript abundance of ErbB4 and its variants in human breast cancer

samplesand inbreast cancercell lines.Transcript abundanceofErbB4variants,
groupedaccording to immunostainingsignals for ERandHER2.ER+HER2–,n=
16 breast tumor samples; ER– HER2+, n = 19 samples; ER– HER2–, n = 120
samples. (A) Trends for the median intensity values of individual exons across
the three cancer groups. Each box shows the expression of an ErbB4 exon–
relatedprobesetanddisplays the trendacross the three tumor types.Theprobe
set referring to the CYT1-specific exon is highlighted (green box). (B) Top:
median intensity values of combinedCYT1/2 variants, as inferred from the anal-
ysis of common exons. Bottom: median intensity values of CYT1, as inferred
from the analysis of the CYT1-specific exon. (C) Relative scores for the CYT1
and CYT2 variants, indicating the relative contribution of CYT2 (top) and
CYT1 (bottom) to overall ErbB4 transcript abundance across the three cancer
groups. (D)Summaryof themedian-centeredErbB4CYT2scoreacrossapanel
of different breast cancer cell lines. The CYT2 score is measured as the
difference between transcript abundance and CYT1-specific exon expression.
w.SCIENCESIGNALING.org 19 August 2014 Vol 7 Issue 339 ra78 4
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Effect of ErbB4 CYT2 mICD
overexpression on
EGFR-dependent cell migration
Because Cbl ubiquitin ligase activity corre-
lates withmammary epithelial cell migration
(44), we tested the effect of ErbB4 CYT2
mICD expression (whichwould be expected
to sequester c-Cbl) on EGFR-driven cell mi-
gration. We performed time-lapse microscopy
of MCF-7 cells in the Dunn direct-viewing
chemotaxis chamber (45) containing gradients
of either EGForHB-EGF, twoEGFR ligands
that promote migration in various cell types.
Endogenous EGFR is low in abundance in
MCF-7 cells, andwhen exposed to a gradient
of either EGF or HB-EGF, these cells did not
migrate in the chemotaxis chamber (Fig. 4, A
and B). However, after microinjection and
overexpression of EGFR, MCF-7 cells mi-
grated in response to either EGF or HB-EGF,
as indicatedbyan increase in cell speed (Fig. 4,
A and B), peripheral membrane ruffling, and
the extension of lamellipodia (Fig. 4C and
movie S1). Although microinjection and ex-
pression of ErbB4 CYT2 mICD alone did
not affect MCF-7 cell migration (Fig. 4, A
and B, and movie S2), cells microinjected
with both EGFR and ErbB4 CYT2 mICD
migrated significantly faster than cells micro-
injectedwithEGFRalone in response to stim-
ulation with either EGF or HB-EGF (Fig. 4,
A to C, andmovies S3 and S4). Collectively,
these findings demonstrate that coexpression
of ErbB4 CYT2 with EGFR inMCF-7 cells
enhances EGFR-driven cell migration through
an increase in cell motility.

Although both EGF and HB-EGF pro-
motedmigration inMCF-7 cells overexpres-
sing EGFR and ErbB4 CYT2 mICD, the
directional response induced by the growth
factor gradient was more pronounced for
HB-EGF as shown by the clustering of cell
trajectories in the direction of increasing lig-
and concentration (Fig. 4B). Analysis of the
forward migration index (FMI), which pro-
vides a measure of chemotaxis (46), con-
firmed that the directional response of these
cells toHB-EGFwas significantly greater than
the directional response to EGF (Fig. 4B).
These data demonstrate that, in our cell sys-
tem, although EGF and HB-EGF have simi-
lar chemokinetic effects and enhance motility
to similar extents, HB-EGF is the more ef-
fective chemoattractant.

Mutational analysis of the
EGFR:ErbB4 CYT2 heterodimer
The current models for intracellular EGFR
homodimerization suggest the formation of
an asymmetric dimer between the C-terminal
Fig. 3. Interaction between ErbB4 CYT2 and
Grb2:c-Cbl complex and the effects on ligand-
dependent EGFR ubiquitination. (A) MCF-7
cells stably expressing nontargeting shRNA
(shControl) or ErbB4 shRNA (sequence #1 or
#2) and expressing EGFR were stimulated with
EGF and immunoblottedwith the indicated anti-
bodies. Quantification of expression for both
EGFRandErbB4normalized to tubulin is shown
(n = 3 independent experiments; *P < 0.05).
(B) MCF-7 cells expressing the indicated
shRNA constructs were stimulated with EGF
and immunoblotted with the indicated anti-
bodies. Quantification of expression for EGFR
normalized to tubulin is shown (n = 3 independent experiments; *P < 0.05). (C) MCF-7 cells expressing a
nontargeting control or ErbB4 shRNAandEGFRwere stimulated or notwith EGF. EGFR immunoprecipitates
were immunoblotted with the indicated antibodies (n = 3 independent experiments). (D) MCF-7 cells were
transfected with the indicated plasmids. EGF-stimulated cells were subjected to immunoprecipitation with
EGFRantibody. Immunoprecipitates andwhole cell lysates were blottedwith the indicated antibodies (n=3
independent experiments). (E)MCF-7cellswere transfectedwithexpressionplasmidsencoding the various
truncation mutants of ErbB4 CYT2 mICD as indicated. GFP immunoprecipitates were blotted with the indi-
cated antibodies (n = 3 independent experiments). (F) Western blots of whole cell lysates fromMCF-7 cells
transfected with the indicated expression plasmids. Cells were stimulated or not with either EGF or HB-EGF
before lysis and subsequent analysis by immunoblot with the indicated antibodies. Quantification of expres-
sion for EGFR normalized to tubulin is shown (n = 3 independent experiments; *P < 0.05).
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lobe of one kinase domain (which acts as
the activator) and the N-terminal lobe of
another (which acts as the receiver) (47–49).
In addition to the kinase domain dimer
interface, the JM region also plays a critical
role in EGFR phosphorylation through
asymmetric dimer formation (50–52). The
critical amino acid residue in the JM region
is mutated (V689R) in some human can-
cers (53). The high percentage of sequence
identity (79%; fig. S5A) between EGFR
and ErbB4 in the relevant regions led us to
predict that mutation of the putative inter-
face residues may disrupt the EGFR:ErbB4
dimer. To test this hypothesis, we mutated
the EGFR protein only in the JM region
(V689R) (which induces partial loss of re-
ceiver function), or in combination with a
second mutation in the N-terminal lobe
(V689R, I706Q) (which induces complete
loss of receiver function), or N-terminal
lobe plus C-terminal lobe (I706Q, V948R)
(which induces loss of both activator and
receiver function mutant) (Fig. 5A and
fig. S5B).

EGFR phosphorylation was reduced
by the combination of the JM mutation
(V689R) and a second mutation in the
N-terminal lobe (I706Q), or N-terminal
lobe (I706Q) plus C-terminal lobe (V948R)
(Fig. 5B), but not the JMmutation (V689R)
alone. In agreement with these functional
results, these combinations of mutations
increased the koff for the dimer, indicating
that they resulted in destabilized dimers
(Fig. 5C). FRETexperiments usingFLIM re-
vealed decreased interaction between ErbB4
CYT2 andEGFRwith the JM (V689R) and
N-terminal lobe (I706Q)mutations or with
theC-terminal lobe (V948R) andN-terminal
lobe (I706Q) mutations (Fig. 5, D and E).
Global analysis of fluorescence lifetime data
(54, 55) was used to derive the proportion
(fractional intensity) of donor fluorophore-
labeled ErbB4 that interacted with acceptor-
labeledEGFR (wild type or the dimerization
mutants). Less of the ErbB4 CYT2 isoform
interactedwithmutantEGFR thanwithwild-
type EGFR (Fig. 5F). The increase in koff
for theEGFRdimerizationmutants (asdeter-
mined from our SPT data) (Fig. 5C), multi-
plied by a decrease in the fraction of ErbB4
(as assessed by fractional intensity) bound
to these EGFRmutants (asmeasured by en-
sembleFRET/FLIM), translated todecreased
phosphorylation ofmutant EGFR (Fig. 5B).
These data confirm the involvement of the
JM, N, and C lobes in the heterodimer for-
mation betweenEGFRandErbB4, as is the
case for asymmetric EGFR homodimer.
Fig. 4. The effects of ErbB4 CYT2 mICD on EGFR-dependent cell migration. (A) Summary of the speed of
migration of MCF-7 cells in response to gradients of either EGF or HB-EGF in the Dunn chemotaxis chamber

aftermicroinjection and coexpression of the indicatedplasmid combinations (*P<0.05; **P<0.01, two-tailed,
unpaired t test). Bars represent the mean of means of cell migration speeds from at least 63 cell trajectories
obtained from three to six independent experiments. Error bars represent SEM. (B) Track plots summarizing
migration data from pooled Dunn chamber chemotaxis assays where MCF-7 cells were either untreated or
microinjectedwith the indicated plasmid combinations and exposed to a gradient of either EGF or HB-EGF as
indicated. Arrows indicate the direction of increasing growth factor concentration with respect to each plot.
Axes are inmicrometers.n indicates the total number of cell tracks analyzed for each experimental group,with
the number of independent experiments indicated in square brackets. Circular histograms summarize the
chemotactic response of cells expressing EGFR and ErbB4 CYT2 mICD in response to gradients of either
EGF or HB-EGF. The bar chart summarizes the FMI values calculated for these cells in response to each
respective growth factor (*P < 0.05). (C) Corresponding fluorescence and phase-contrast image sequences
from chemotaxis experiments demonstrating the behavior of MCF-7 cells in an HB-EGF gradient after micro-
injection and expression of the indicated plasmids. White arrowheads track the position of the cell body over
consecutive frames. Scale bar, 50 mm.
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Effect of ErbB4 dimerization–
impaired EGFR mutants on
cell migration
Next, we examined the migratory function
of the ErbB4 dimerization–impaired EGFR
mutants. Time-lapse microscopy revealed
that migration in response to HB-EGF was
impaired in cells expressing either the EGFR
(V689R, I706Q) mutant (complete loss
of receiver function) or the EGFR (I706Q,
V948R)mutant (loss of activator and recei-
ver function) when compared to cells ex-
pressing wild-type EGFR (Fig. 6, A and B).
Cells expressing wild-type EGFR exhibited
chemotaxis toward HB-EGF as demon-
strated by the clustering of cell trajectories
(Fig. 6B, upper plots) and mean cell di-
rections (Fig. 6B, lower histograms) in
the direction of increasing growth factor
concentration. The speed of migration of
cells expressing the dimerization-impaired
mutants, however, was significantly reduced
compared to that of wild-type EGFR con-
trols (Fig. 6A), and little to no translocation
over the course of time-lapse experiments
was observed for these cells (Fig. 6C).

ErbB4 CYT2–dependent switch-
like behavior of active EGFR as
predicted from a kinetic model
of EGFR–ErbB4–Grb2–c-Cbl
interactions
To gain a better quantitative understanding
of the EGFR–ErbB4 CYT2–c-Cbl interac-
tion network, we constructed a simplified
kinetic model of this network focusing on
EGFR activation and degradation, which
depend on the EGFR interaction with the
CYT2 isoform of ErbB4 upon EGF stimu-
lation (text S1). We used the model to inter-
rogate the effect of competing protein-protein
interactions in the EGFR–ErbB4 CYT2 net-
work. In particular, we investigated whether
competing protein-protein interactionswould
generate a “switch”-like EGFR response
that is dependent on the abundance of the
ErbB4 CYT2 isoform.

Our simulations suggest that a gradual
increase in the ErbB4 CYT2 concentration
leads to a switch-like change inEGFRcon-
centration and activationwithin awide range
of kinetic constants (fig. S6). As the ErbB4
CYT2 concentration gradually increases,
the steady-state amount of total EGFR is
initially low but switches to a substantially
higher amount when ErbB4 CYT2 con-
centration exceeds a threshold amount.
To assess whether the predicted switches
are robust with regard to change in kinetic
parameter values, we carried out model
Fig. 5. Analysis of theEGFR:ErbB4heterodimerusing interface-disruptingEGFRmu-
tants. (A) Proposed models for the EGFR (blue) and ErbB4 (yellow) heterodimer,
showing the location of the mutations studied. Left panel: EGFR is the receiver and

ErbB4 the activator. Right panel: ErbB4 is the receiver and EGFR the activator. The contact surface of the
activatormolecule is also shown, with the latch of the receivermolecule crossing in front. (B) MCF-7 cells were
transfected with the indicated plasmids and stimulated with EGF. Cell lysates were blotted with antibodies as
shown. Quantification of phosphorylated EGFR/normalized total EGFR is shown (n = 3 independent exper-
iments; *P<0.05). Error bars indicate SD. (C) Single-molecule tracking to determine the dissociation constant
of EGFR dimerizationmutants with ErbB4CYT2. Live cells were subsequently incubated with EGF–Atto 647N
and anti-ErbB4 DARPin conjugated to Alexa 546. Graphs show the distribution of the indicated heterodimer
lifetimes in cells for all accumulated data (n = 2 independent experiments per experimental group; the dis-
tribution of more than 2000dimerization events was fitted to amonoexponential). The difference betweenwild
type (WT) andmutant variants of EGFR in their respective rates of dissociation from ErbB4 (koff values) was sig-
nificant according to the Kolmogorov-Smirnov test (see table and P values). (D) Spatial distribution of WT
EGFR and the indicated mutants with ErbB4 CYT2, using FLIM-based FRET measurements. Transfected
MCF-7 cells were stimulatedwith EGF–Atto 647Nbefore fixation and stainingwith anti-ErbB4DARPin con-
jugated toAlexa546. Scalebar, 20 mm.Lifetime imagesarepresented in ablue-to-redpseudocolor scale,with
red indicating short lifetime (n= 2 independent experiments per experimental group). (E) FRET efficiency his-
tograms. (F) Bargraphsshowing theaverage fractional intensity of interactingErbB4under eachexperimental
condition. Each column represents the mean of 8 to 12 cells per condition (*P < 0.05). Error bars indicate SD.
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simulations over multiple random parameter sets (fig. S7). The switch-like
behavior of steady-state nondegraded EGFR concentration persists within
the entire range, although the switching threshold depends on parameter
variations. Model analysis thus suggests that the switch-like protective be-
havior of the EGFR:ErbB4 CYT2 association controlled by their relative
abundances is an intrinsic property of the EGFR–ErbB4–Grb2–c-Cbl inter-
action network.

DISCUSSION

In the literature, ErbB2 is regarded as the preferred heterodimerization part-
ner of all ErbB partners, and ErbB2 tyrosine kinase activity is required for
www.SCIENCESIGNALING.org 19
neuregulin 2b (an ErbB4 agonist) to stim-
ulate cell proliferation (51, 56). Here, our
ErbB2–4 knockdown experiment that
looks for an ErbB that can stabilize EGFR
(Fig. 3B) led us to demonstrate the forma-
tion of another ErbB heterodimer (EGFR:
ErbB4) inbreast cancer cell lines.TheErbB4
CYT2 isoform was the major ErbB4 spe-
cies that contributed to EGFR:ErbB4 het-
erodimerization and protected EGFR after
EGF-induced receptor down-regulation.
Mechanistically, the difference between
the two ErbB4 isoforms may be due to
the lower amount of ErbB4 CYT1 mICD
(when compared to that of CYT2mICD),
which is produced after TACE cleavage
of ErbB4 and is subjected to greater ubi-
quitination and degradation by NEDD4
and NEDD4-like E3 ubiquitin protein
ligases (27, 41). Furthermore, in the 32D
cell system, a hematopoietic cell line
devoid of any endogenous ErbB recep-
tors, ErbB4 JMa CYT1, but not JMa
CYT2, is localized to intracellular vesi-
cles (57). We also saw a similar although
less striking difference in MCF-7 cells.
In addition, in the ErbB4 CYT2 variant–
expressing cells, the interacting EGFR:
ErbB4 CYT2 complex appeared at and
around the plasma membrane (Fig. 1A).
Together, these suggest that the preference
of EGFR to homodimerizewith the ErbB4
CYT2 isoform over the ErbB4 CYT1 iso-
form may in part also be due to the differ-
ent localization patterns of the two ErbB4
isoforms. By obtaining the kinetic data
through live cell SPT-based techniques,
quantitative information on dimer affinity
was fed into a systems model (fig. S6) that
takes into account the genetic and non-
genetic sources of variability in protein
abundance of the signaling network, to un-
derstand the complexity and heterogeneity
both in experimental systems and in hu-
man disease.

Although there is much systems-level
knowledge about the ErbB network
(58–61), there is still no obvious strategy
of stratifying patients with non-lung tumor types that do not harbor drug-
sensitizing mutations for treatment. As a result, EGFR inhibitors tested in
various cancer trials have response rates of the order of only 5 to 15% (4, 5).
Given the complexity of the ErbBnetwork, the lack of a sustainable effect of
ErbB targeting therapies is perhaps not surprising. Furthermore, most of
existing systems models of the ErbB network to date have been validated
by bulk or ensemble cell biochemistry techniques (62). We coupled ensem-
ble FLIM to global analysis techniques to determine the proportion of
ErbB4molecules undergoing heterodimerizationwithEGFRat a single-cell
level. This stoichiometric information obtained from single cellswas further
complemented by single-molecule kinetic parameters, derived from live cell
SPT. These techniques provide higher-resolution data thatmay be beneficial
Fig. 6. Theeffect ofmutations that disrupt theEGFR:ErbB4 interfaceonHB-EGF–stimulated cellmigration. (A) Bar

graph summarizing the speed of migration of MCF-7 cells in response to gradients of HB-EGF in the Dunn che-
motaxis chamber aftermicroinjection andcoexpressionof the indicatedplasmids (*P<0.05, two-tailed, unpaired
t test). Bars represent themean of means of cell migration speeds from at least 88 cell trajectories obtained from
three to five independent experiments. Error bars represent SEM. (B) Track plots and circular histograms sum-
marizing the HB-EGF–stimulated migration of MCF-7 cells in the Dunn chamber after the microinjection and co-
expression of the indicated plasmids. n indicates the total number of cell tracks analyzed for each experimental
groupwith thenumberof independentexperiments indicated insquarebrackets. (C)Corresponding fluorescence
and phase-contrast image sequences from chemotaxis experiments demonstrating the behavior of MCF-7
cells in an HB-EGF gradient after microinjection and expression of the indicated plasmids. Scale bar, 50 mm.
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for a better understanding of the complexity and heterogeneity of the ErbB
pathways, both in experimental systems and in human disease. The single-
molecule resolution is important for assessing the effect of a particular so-
matic mutation on a specific interacting receptor pair (for example, EGFR
and ErbB4) because EGFR can form hetero-oligomers with other ErbB
family members and non-ErbB receptors such as c-Met (63), which may act
as an intermediary proteinwithin the oligomer. That is, by ensemble/bulk bio-
chemical methods, the effect of mutations may not be detectable or lost
through intermediary interactions within a hetero-oligomer.

The ability of the ErbB4 CYT2 isoform (not CYT1) to protect EGFR
from degradation can be attributed to binding of c-Cbl to a fragment within
the ErbB4 CYT2 mICD (Fig. 3, D to F). The ErbB4 CYT2 isoform (and
not other ErbB proteins) sequesters the c-Cbl pool available for interaction
with EGFR. Regulation of the efficient recruitment of the Cbl:Grb2 com-
plex to EGFR is a key event for activating threshold-controlled ubiquitina-
tion (17) and the subsequent endocytosis of ubiquitinated receptor, which
is then committed to lysosomal degradation (15, 16). Our finding that ErbB4
CYT2 (within an EGFR:ErbB4 protein complex) suppresses ligand-induced
EGFR down-regulation by sequestering the Cbl:Grb2 component away
from its interacting partner (EGFR) reveals an important component of
the ErbB network design. This mechanism is likely to amplify or prolong
EGFR signaling by increasing the steady-state amount of EGFR. EGFR
degradation would then depend on the ErbB4 CYT2 concentration, as well
as the dimer competency (conformation) of the respective binding partners
(EGFR and ErbB4), in a particular cancer cell. In support of this idea, a core
kinetic model of the EGF–EGFR–ErbB4–c-Cbl interactions predicts a
switch-like behavior of the steady-state EGFR concentration in response
to a graded increase in ErbB4 CYT2 concentration. Our proposed model
predicts that the presence of ErbB4 JMa CYT2, together with the availa-
bility or propensity ofCbl to bind toEGFR,will determine the steady-state
concentration of EGFR, which will in turn dictate the efficacy of ligands
(fig. S6). Thismodel is consistent with a previous study reporting that ligand-
independent cell survival and breast cancer cell proliferation are enhanced
by overexpression of ErbB4 JMa CYT2 but not of the JMa CYT1 isoform
(57). An alternative way of regulating the system is by modifying the pro-
pensity of Cbl to bind to EGFR. Phosphorylation of EGFR at Tyr1045, which
promotes EGFR:Cbl coupling (64), is greater after stimulation with EGF
than with amphiregulin (65). At a saturating concentration of EGF, over-
expression of the Y1045F EGFR mutant, which is impaired in its ability
to bind to Cbl, increases the efficacy of EGF, but not that of amphiregulin,
to stimulate cell proliferation. Such disparity of behavior with respect to the
two types of ligands is also consistent with our current model.

In breast cancer [in particular, of the basal-like subtype (8)], EGFR
abundance is substantially higher in the tumor than in control tissues. How-
ever, the prognostic meaning of increased ErbB4 abundance in breast
cancer, and in human tumors in general, is less clear. Increased ErbB4 abun-
dance associates with ER positivity and lower tumor grade (66, 67). Con-
versely, Lodge et al. (68) have reported that poor prognostic outcome is
associated with increased ErbB4 abundance in node-positive breast cancer
patients. Although differences in the patient groups andmethodologies used
in the scoring of ErbB4 positivity may in part account for differences be-
tween these studies, it is likely that the prognostic relevance of increased
ErbB4 abundance in breast cancer is further confounded by the complexity
of ErbB4 splice variant–dependent signaling. Simply determining the over-
all abundance of the ErbB4 receptor alone may be insufficient as a reliable
determinant of prognostic outcome, because variations in the distribution of
different ErbB4 variants may have a substantial impact on the biology of
the disease.We showed that variation in the expression of theCYT2 variant
largely accounted for the overall differences inErbB4 expression observed
across tumor samples. Further clinical studies will be needed to analyze
ww
whether the relative expression of the ErbB4 CYT2 isoform may be a pre-
dictive biomarker for assessing the response to EGFR/HER2-targeted
therapies, such as lapatinib, among EGFR/HER2 normal breast cancer pa-
tients who will benefit from these molecule-targeted agents (9, 10).

We also determined that the ability of the ErbB4 CYT2 variant to pro-
mote migration depends on the stability of the EGFR:ErbB4 dimer. Our
molecular model for the EGFR:ErbB4 CYT2 heterodimer accurately pre-
dicted the interface residues, which when mutated would destabilize the
dimer. We compared the koff for the wild-type ErbB dimer to those of the
EGFRmutants designed on the basis of the model (Fig. 5C). These EGFR
mutations destabilized the complex according to our single molecule–
based koff determinations in live cells, hence confirming our molecular
model. The destabilization of the EGFR:ErbB4 complex, then, abrogates
the growth factor–stimulated migration. These data therefore provide
mechanistic insight for how the EGFR:ErbB4 CYT2 variant can affect
the invasive spread of breast cancer. HB-EGF, but not EGF, induced per-
sistent and directional cell movement (chemotaxis) despite the similar
chemokinetic effects of these ligands on EGFR/EGFP- and EGFR/ErbB4
CYT2 mICD–expressing cells. Although HB-EGF stimulation resulted in
the rapid down-regulation of EGFR in our experimental system, the chemo-
tactic response toward this ligand was sustained over a period of hours.
Therefore, high EGFR concentrations may only be required to initiate mi-
gration, whereas a smaller pool of recycling receptors may serve to sustain
this behavior over time.We postulate that the trafficking machinery respon-
sible for receptor internalization and subsequent recycling and degradation
is essential for maintaining a persistent directional response by establishing
a small pool of recycling receptors at the leading edge of polarized cells, as
shown previously (69, 70). Although an excessive pool of active receptor
may facilitate the rapid mobilization of the motile machinery required for
cells to acquire a migratory phenotype, if this pool is sustained over time it
will likely impede the cell’s ability to localize and therefore polarize this
motile machinery and consequently impede persistent directional movement.
HB-EGF drives the autonomous metastasis of MDA-MB-231 breast carci-
noma cells invivo, bypassing the need for tumor-associatedmacrophages to
prime tumor cells for invasion (71). Finally, the effect of this alternatively
spliced ErbB4 variant on cell motility, through receptor heterodimerization
and protection against ubiquitination,means that this variant could be a ther-
apeutic target.
MATERIALS AND METHODS

Reagents and antibodies
EGFand HB-EGF were purchased from PeproTech and Sigma, respectively.
All antibodies were purchased from commercial sources: EGFR (sc-120,
Santa Cruz Biotechnology Inc.; for immunoprecipitation and for Western
blot); ErbB2, ErbB3, ErbB4, c-Cbl, and ubiquitin (Cell SignalingTechnology);
GFP (Invitrogen); tubulin (Millipore); and hsc70 (Santa Cruz Biotechnology).

Plasmid construction
The plasmid encoding nontagged EGFR was provided by A. Reynolds
(Tumor Angiogenesis Group, The Breakthrough Breast Cancer Research
Centre, London). Plasmid for C-terminally EGFPA206K-tagged EGFR was
constructed by inserting EGFR complementary DNA (cDNA) into the
pEGFP-N3 vector (Clontech) with the replacement of Ala206 of EGFP by
Lys. Plasmid for C-terminally HA-tagged ErbB4was constructed by insert-
ing ErbB4 cDNA containing a HA epitope tag into the pEGFP-N1 vector
(Clontech). ErbB4 CYT2 truncation mutants (including the mICD com-
prising amino acids 632 to 1292, which represents the membrane-tethered
intracellular product of TACE cleavage) were constructed by inserting
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polymerase chain reaction–amplified cDNA fragments of ErbB4 into the
pEGFPA206K-N1 vector. The initial sequence homology search for the iden-
tification of putative c-Cbl/Grb2 binding sites was performed using the ErbB4
CYT1 amino acid sequence, and tyrosine residue numbering is therefore based
on this sequence (fig. S4). The corresponding residues encoded by the CYT2
ErbB4-mICD, ErbB4-mICD(D1242), ErbB4-mICD(D1202), ErbB4-mICD
(D1188), and ErbB4-mICD(D1124) constructs are 632 to 1292, 632 to 1225,
632 to 1185, 632 to 1171, and 632 to 1107, respectively. ErbB4-mICD
(K751R) was created by site-directed mutagenesis. cDNAs encoding hu-
man ErbB4 CYT1 and CYT2 were described previously (22, 57).

Cell culture, lentivirus-mediated shRNA gene
knockdown, and plasmid transfection
MCF-7 and T47D cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum. For stable knockdown
cell lines, cells were transduced using the Expression Arrest GIPZ lentiviral
shRNAmir system (OpenBiosystems). The following shRNAoligo IDs from
Open Biosystemswere used: ErbB4 shRNA #1 (V3LMM431565), ErbB4
shRNA #2 (V3KMM 431561) for ErbB4 knockdown, and nonsilencing
shRNA (RHS4346) for control. Cells were transfected with plasmids using
FuGENE6 (Roche) and cultured for 24 hours before experiments. For ex-
periments requiring growth factor stimulation, serum-starved cells were
treated with EGF or HB-EGF (100 ng/ml).

Immunoprecipitation and immunoblot analysis
Cells were lysed in lysis buffer [50 mM tris-HCl (pH 7.4), 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 10 mMNaF,
1 mMNa3VO4, 10 mMN-ethylmaleimide, 0.01 mMcalyculin A] with Pro-
tease Inhibitor Cocktail Set I (Calbiochem). After centrifugation, the super-
natants were incubated overnight at 4°C with anti-EGFR or anti-GFP, and
subsequently for an additional hourwith proteinA/G–agarose beads (Alpha
Diagnostic International Inc.). After centrifugation, the immunoprecipitates
werewashed and subjected to SDS–polyacrylamide gel electrophoresis and
analyzed by immunoblotting. In caseswhere quantification of immunoblots
is reported, images were processed in ImageJ. Briefly, protein bands from
background-subtracted images were normalized to that of their correspond-
ing loading controls (tubulin/hsc70) using the integrated density function.A
one-tailed, one-sample t test was performed on standardized data (m = 1)
obtained from at least three independent experiments to illustrate the differ-
ences between treatment groups. All error bars for graphs summarizing
standardized intensity data represent SDs. Statistical tests were performed
using the R software package.

Single-molecule imaging of the dissociation rate of the
EGFR:ErbB4 complex in live cells
Cells were seeded onto borosilicate glass-bottomed dishes at an appropriate
number to reach about 60 to 70% confluence within 24 hours. Then, the
sample was serum-deprived through incubation with Opti-MEM (Gibco)
for 2 hours at 37°C under 5% CO2. Cells were incubated with about
300 pMofAtto 647N–EGFand the anti-ErbB4DARPinB4_01 (42) equipped
with a C-terminal unique cysteine and conjugated to maleimide Alexa 546
for 5min before imaging. All measurements in live cells were carried out in
buffered Opti-MEM in air, and care was taken to ensure a stable pH of the
medium for the entire duration of the measurements.

Single-molecule total internal reflection
fluorescence microscopy
Single-molecule images were acquired using an objective-type (60×, oil,
numerical aperture = 1.49; Nikon) total internal reflection setup based on
aNikon Ti Eclipse microscope. Two continuous-wave diode-pumped solid-
www
state lasers [DTL313 and Stradus (Laser2000)] with emission at 527 and
640 nm, respectively, were used as the excitation source. A combination
of lenses and mirrors was used to maximize the excitation light delivered
to the microscope and to control the beam size and overlay of the two laser
spots. The fluorescence collected through the objective was spectrally split
for two-color imaging by passing it through a slit, a dichroicmirror (Semrock
FF 665-Di02), and two band-pass filters (Bright Line 692/40, Bright Line
575/25) when using Atto 647N, Alexa 546, or a spectrally similar pair of
dyes. Fluorescence was reimaged with an achromatic double lens onto an
Evolve electron multiplying charge-coupled device (EMCCD) camera
(Photometrics). Images were recorded at a rate of 100 ms/frame.

Single-molecule data analysis
Multicolor single-molecule detection and tracking was performed using the
algorithms previously described (72, 73). Channel registration was per-
formed using a cubic polynomial transformation between the channels. In-
dividual molecules were detected using a single-channel feature detection
algorithm by comparing twomodels for the region of interest (ROI) around
each pixel. One model assumed that the image region around a pixel is de-
scribed by pure noise,H0 (background parameter B0). Alternatively, when a
molecule was present, the image region around a pixel was described by a
feature profile from a single point emitter within the pixel plus background
emission and stochastic noise,H1 (background parameter B1, feature inten-
sity I, feature coordinates x and y). Given a specific description for each
pixel of the background emission, stochastic noise, and feature profile,
the probabilities for each of the models in each pixel were calculated using
Bayes’ theorem, a process known as Bayesian segmentation. Here, the fea-
ture profile given by the point spread function of the microscope has been
approximated by a Gaussian profile with a fixed, known width. The ROI
considered around each pixel was a square with a side size of about four
times the assumed feature profile’s full width at half-maximum intensity.

Fluorescence intensity time traceswere generated using single proximity
tracking. A detected feature, i, detected in the first frame was seeding the
subsequent frames for which a connection probability that feature i belongs
to track j was calculated. Features were assigned to tracks with at most one
feature per track and one track per feature based on the above calculated
probabilities. Features that were not assigned to existing tracks seeded
new tracks starting from the frame in which they were first detected. With
the assumption that features are more likely to be linked to tracks in the
closest spatial and temporal proximity, this method generates a set of tracks,
each of which corresponds to a time series of the detected molecule para-
meters (intensity, x and y localization). Some tracks may exhibit missing
frames because of blinking or nondetected features. A simple method
allows following tracks through such gaps. The position coordinates of each
detected feature were determined with subpixel resolution by fitting the
image of each molecule to a two-dimensional Gaussian function.

The extracted tracks were analyzed for temporal coincidence using cus-
tom software in LabVIEW (National Instruments). A homodimer was iden-
tified when the feature detected in one channel was persistently located
within 1 pixel (160 nm) from a feature in the second channel. The separation
distance between the twomonomers detected in the green and red channels,
respectively [calculated as the Euclidian distance between the (x, y)
coordinates of the feature detected in the green and red channels at the same
time point t], was plotted as a function of time. To improve the signal-to-
noise ratio in separation distance between molecules and, by implication,
more accurately determine the duration of a dimerization event, a five-point
moving average smoothing filter (10 frames/s) was applied. Additionally,
tracks with more than four consecutive frames in which a molecule was
not detected were not included in the analysis because the motion of the
molecules is unknown in such gaps. Gaps of fewer than four time points
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allowed for the fluorophore blinking while enabling us to pick up on the
same molecule as it reappeared at the same location. The event duration
was measured in a similar way as previously reported (74). Dimer dissoci-
ationwasmarked by a transition in separation distance beyond the threshold
value of 1 pixel. The average duration of the dimerization event, tdimer, was
determined by fitting an exponential decay to the histogram of dimer asso-
ciation times using a Marquardt minimization algorithm. The monoexpo-
nential function was defined as f ðtÞ ¼ Z þ Ae−t=tdimer , where Z is a baseline
offset and A is the amplitude of the exponential function. Fitting was per-
formed with the baseline offset constraint to be positive. The dissociation
rate koff was determined as 1/tdimer with the error Dkoff ¼ Dtdimer=t2dimer.

FRET determination by FLIM measurements
Processing of cells for FRET determination by FLIM has been previously
described (70). FLIM was performed using time-correlated single-photon
counting (TCSPC)with amultiphotonmicroscope system as described pre-
viously (75). The fractional intensity of the interacting species was cal-
culated as previously described (54, 55). A two-tailed, unpaired t test was
used to illustrate differences in the average fractional intensities observed
between treatment groups.

Microinjection
Cells were seeded at a density of 1 × 105 on 20 mm × 20 mm No. 1 boro-
silicate coverslips in normal growth medium and cultured for 48 hours
before microinjection. For microinjection, medium was supplemented with
25 mM Hepes. Microinjection was performed using a FemtoJet micro-
injector (Eppendorf) in conjunction with an Eppendorf 5171 micro-
manipulator mounted on a Zeiss Axio35 inverted microscope using
pre-pulled FemtoTipII microinjection capillaries (Eppendorf). Plasmids
were reconstituted to a final concentration of 50 ng/ml each in micro-
injection buffer (1:1 phosphate-buffered saline/H2O) and centrifuged
at 13,000 rpm for 15 min before microcapillary loading. Plasmid con-
structs were microinjected into the cytoplasm of cells rather than the nu-
cleus to minimize insult to the cells and to allow more time for recovery
as expression is delayed until the next cell division cycle. After micro-
injection, cells werewashed three timeswith normal growthmedium and
cultured for an additional 24 hours before commencement of chemotaxis
assays. A diamond pen was used to score a semicircular etch on the
underside of coverslips before cell seeding to aid in the positioning of
microinjected cells within the diffusion gap of the chemotaxis chamber.

Evaluation of chemotaxis and statistical analysis of
cell behavior
Evaluation of chemotaxis was performed using the Dunn Direct-Viewing
Chemotaxis chamber (45) in conjunction with automated digital time-lapse
microscopy essentially as described previously (76). Dunn chambers were
purchased from Hawksley Scientific, and a detailed description of the
chamber and its assembly can be found elsewhere (77, 78). Time-lapse im-
aging of microinjected cells within the diffusion gap of the chemotaxis
chamber was performed using anOlympus IX71 invertedwide-fieldmicro-
scope fitted with an automated xy stage (Ludl), automated shutters, ex-
citation and emission filter wheels (Ludl), CCD camera (Andor), and
halogen and mercury lamps for phase-contrast and epifluorescence im-
aging, respectively. Andor iQ image acquisition software was used for
the automated control of the microscope and peripheral devices during
time-lapse experiments. The automated xy stage enables the imaging of
multiple fields across multiple chemotaxis chambers over the course of
time-lapse experiments, and the entire body of the microscope was housed
within an environment chamber stably maintained at 37°C. For time-lapse
experiments, sequential phase-contrast and epifluorescence images were
www
acquired every 10 min for a duration of 16 hours to record the behavior
of microinjected cells in the gradient. Post-acquisition tracking and analysis
of cell behavior was performed using purpose-written software developed
in-house. Briefly, interactive tracking of cells over the course of time-lapse
film sequences was used to generate individual cell trajectories for the anal-
ysis of cell speed and directionality. Cell trajectories were used to generate
track plots and circular histograms for the visual representation of migra-
tion data. Track plots represent pooled cell trajectories, shifted to a com-
mon origin, for all cells from a given treatment group. Circular histograms
were used for the graphical representation of chemotaxis. For each histo-
gram, the size of a segment represents the percentage of cells whose mean
direction of migration lies within that data bin multiplied by themean speed
of migration for all cells of that data bin. For all histograms, 0° represents
migration directly toward the outer well of theDunn chamber. The FMIwas
used for the evaluation of directionality (46, 76, 79). A two-tailed, two-
sample t test was used to test the significance of differences in cell speed
between treatment groups. The exact Mann-Whitney U test was used to
test the significance of differences in directionality. Statistical tests were
performed using the R software package. Detailed methods for the eval-
uation of directionality from cell trajectory data have been described pre-
viously (76).

Exon array analysis of ErbB4 variants in human
breast cancers
The transcriptional abundances of ErbB4 and its variants were determined
from the analysis of Human Exon 1.0 STArray (Affymetrix) data on breast
cancer samples (80). On the basis of immunohistochemistry-derived quan-
tification of ER and HER2, together with RNA and DNA expression in-
ferred from microarray data, 155 samples were consistently classified as
ER+ HER2– (n = 16), ER– HER2+ (n = 19), and ER– HER2– (n = 120).
Data were processed using the Aroma Affymetrix R framework (http://
www.aroma-project.org/), and individual exon and overall transcript abun-
dances were computed. Variant specific scores were calculated as follows:
Score(CYT1) = log[Intensity(CYT1)] – log[Intensity(CYT1 + CYT2)] +
C1; Score(CYT2) = log[Intensity(CYT1 + CYT2)] – log[Intensity(CYT1)] +
C2. The constants C1 andC2 are chosen tomake theminimumof the scores
equal to zero. Variant scores provide an indication of the relative contribu-
tion of the two variants to the overall ERBB4 gene transcription, across dif-
ferent tumor groups. Global trends of the abundance of CYT1 and CYT2
across tumor groups were also confirmed by FIRMA-based analyses (81).

Modeling the EGFR:ErbB4 dimer interface
The EGFR-ErbB4 and ErbB4-EGFR computer models were created using
a combination of Coot (82) and VMD (83). The figure was prepared using
CCP4mg (84).
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