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We review the states of the ErbB family of receptor tyrosine kinases (RTKs), primarily the
EGF receptor (EGFR, ErbB1, HER1) and the orphan receptor ErbB2 as they exist in living
mammalian cells, focusing on four main aspects: (1) aggregation state and distribution
in the plasma membrane; (2) conformational features of the receptors situated in the
plasma membrane, compared to the crystallographic structures of the isolated extracellular
domains; (3) coupling of receptor disposition on filopodia with the transduction of
signaling ligand gradients; and (4) ligand-independent receptor activation by application
of a magnetic field.

This review deals exclusively with the disposi-
tion and function of the human ErbB (HER)

family of receptor tyrosine kinases (RTKs) in the
plasma membrane of living cells. We have divid-
ed the material into four main topics: (1) dis-
tribution and aggregation state of ErbB family
members; (2) the 3D structure of the ErbB1 and
ErbB2 receptors; (3) the role of receptors locat-
ed on extensions (filopodia) of the cell body;
and (4) the phenomenon and implications of
nonligand-dependent activation of the recep-
tors.

DISTRIBUTION OF ErbB FAMILY MEMBERS
IN THE PLASMA MEMBRANE OF LIVING
CELLS

The association state(s) and activities of the
ErbB family members in intact living cells differ
widely depending on the expression level (num-

ber per cell) and the distribution (density, state
of homo- and heteroassociation) of each recep-
tor. There are numerous, highly contradictory
views about the aggregation state of the recep-
tors in the literature. During the last few years
more accurate assessments of receptor distribu-
tion have been conducted on living rather than
fixed cells. In the latter case, numerous artifacts
account for important quantitative discrep-
ancies. One example is the failure of formalde-
hyde fixation to prevent receptor redistribution
(Brock et al. 1999; Tanaka et al. 2010). A more
fundamental consideration relates to the hierar-
chical organization of the plasma membrane,
extensively investigated and most recently re-
viewed by Kusumi et al. (2011). These inves-
tigators propose the existence of (1) a mesoscale
(40–300 nm) compartmentalization with ac-
tin cytoskeletal “fences” and transmembrane
protein “pickets,” (2) lipid raft domains (2–
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20 nm), and (3) oligomeric complexes of mem-
brane-associated proteins (3–10 nm). Signal
transduction is mediated by cooperative inter-
actions (varying in strength) of and in these
domains. Such interactions involve thermal
fluctuations, and molecular redistribution and
conformational transitions induced by binding
and enzymatic action. Temperature clearly plays
a critical role in all of these phenomena. Eukary-
otic cells exist primarily between 18˚C and 37˚C
in their respective organisms, undergoing cell
death outside this range. The membrane com-
position and domain structure are intimately
connected to these optimum temperatures.
From the biophysical perspective, the challenge
is to assess the spatial-temporal organization of
activation and deactivation processes and their
functional consequences.

There exists a persistent controversy about
the existence, nature, and extent of preformed,
unliganded dimers and higher-order associated
states of the EGF receptor (EGFR, ErbB1,
HER1). Much of the published data was ac-
quired using labeled ligands as probes (Gadella
and Jovin 1995; Sako et al. 2000; Moriki et al.
2001; Martin-Fernandez et al. 2002; Tynan et al.
2012) and/or cells expressing high levels of re-
ceptor. In the following section we summarize
the latest information derived from strictly live
cell analyses at room temperature or 37˚C.

Starved cells (HeLa or transfected Chinese
hamster ovary [CHO] cells) with 50,000 or few-
er ErbB1 receptors and in the absence of serum
and autocrine expression of growth factors
have no detectable level of activated ErbB1.
Two studies using carboxy-terminal, fused
green fluorescent protein (GFP) chimeric
ErbB1 examined explicitly the levels of receptor
monomers, dimers, and oligomers in live cells.
Measurements of diffusion by fluorescence cor-
relation spectroscopy (FCS) (Saffarian et al.
2007) and determinations of receptor distribu-
tion by number and brightness analysis (N&B)
(Nagy et al. 2010), a correlation technique that
computes the fluorescence intensities corre-
sponding to single (and thus multiple) recep-
tors (Digman et al. 2008), led to the conclusion
that ErbB1 exists almost exclusively as a mono-
mer in such cells and only forms detectable di-

mers and some higher-order aggregates at ex-
pression levels of .105 receptors (Fig. 1; Table
1). In the N&B measurements, addition of EGF
caused a rapid dimerization of the receptors,
which then associated with clathrin-coated
pits and internalized. In the case of cells harbor-
ing 5 � 105 receptors there was a concerted shift
in the ErbB1 population to a dimer distribution
(Fig. 1).

Two independent studies used single-parti-
cle tracking (SPT) to assess the coconfinement
of ErbB1receptors within the optical resolu-
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Figure 1. Clustering of ErbB1 in quiescent and EGF-
stimulated cells measured by N&B. (A) Starved F1-4
cells expressing 5 � 105 receptors were measured be-
fore and after stimulation with EGF for 3 min. The
brightness histograms are plotted for quiescent
(black line) and the EGF-stimulated cells (red line).
The brightness histogram of soluble monomeric
eGFP is shown by the green line. (B) Starved F1-4
cells were photobleached until their fluorescence in-
tensity reached �20% of the initial value and the
brightness histograms of the control (black line)
and the bleached (blue line) cells are shown. (C)
Brightness histograms of F1-10 cells expressing 5 �
10 4 receptors before ligand (starved [black line]) and
after ligand (EGF-stimulated [red line]) addition for
3 min. (D) The brightness histogram of EGF-stimu-
lated F1-10 cells (red line) was fitted by three over-
lapping Gaussians (green lines). The sum of the three
fitted Gaussian distributions perfectly overlapping
the experimentally determined histogram is shown
by the black, long dashed line. (From Nagy et al.
2010; reproduced, with permission, from the Nation-
al Academy of Sciences # 2010.)
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tion of the microscope (200–300 nm). The dif-
fusion in and out of corrals was determined with
Fab fragments (Chung et al. 2010) or nanobod-
ies (Low-Nam et al. 2011) coupled to quantum
dots (QDs). Chung et al. found that coconfined
receptors had finite “dimer” lifetimes with an
increased probability in the lamellipodia. These
coconfined receptors did not show the slow dif-
fusion of the activated receptors. However, there
was a significant difference in the diffusion of
receptors whose “dimers” had a defective dime-
rization arm in the extracellular domain 2 (re-
vealed by crystallography [Ogiso et al. 2002]).
Using two-color QDs Low-Nam et al. calculated
off rates for coconfinement and “dimer” forma-
tion. These data were consistent with very short-
lived unliganded dimers and the absence of cor-
related diffusion. However, these studies also
showed a facilitated coconfinement and more
probable dimer association of receptors in cells
with high receptor densities such as A431 (2 �
106) compared to HeLa cells with a low density
(5 � 104). The formation of dimers or higher-
order aggregates was not observed without ad-
dition of EGF (i.e., a correlated motion of the
two receptors was absent). Low-Nam et al.
(2011) calculated a decrease in the dimer disso-
ciation rate of only approximately eightfold after
EGF binding, but this value may have been an
underestimate because tracks were only analyzed
for 50 sec. Using long-term tracking, we have
demonstrated the continued association of acti-
vated dimers for .400 sec (MG Botelho et al.,
unpubl.) and conclude that SPT confirms the

biophysical data gained from the FCS and
N&B analyses. An additional finding of func-
tional significance was the peripheral enrich-
ment in the actin-dependent cortical compart-
ments (Kusumi et al. 2011), offering a means for
polarized responses to growth factors (Chung
et al. 2010) albeit with a reduced mobility of
signaling-competent ErbB1 dimers (Low-Nam
et al. 2011).

A number of experiments have been report-
ed utilizing chimeric ErbB1 transgenes with a
platelet-derived growth factor (PDGF)-binding
domain (Tyson et al. 2003) or extracellular and
intracellular domains exchanged with those of
other ErbB family members (Wang et al. 1999;
Berger et al. 2004). The aim has been to eluci-
date the mechanism of activation and the
importance of the carboxy-terminal tail, the
juxtamembrane domain, as well as the trans-
membrane segment. These issues are more thor-
oughly treated in other articles in this collection
on structural analysis. Suffice it to say that all of
the data are compatible with dimerization as a
necessary step leading to transphosphorylation.
We will deal later in this report with high local
densities of ErbB1, achieved by physical means,
that may signal without the intervention of a
specific ligand.

In contrast to ErbB1, the orphan receptor
ErbB2 is found predominantly in aggregates of
three to eight molecules as well as in large clus-
ters comprising many hundreds of receptors, as
was shown in living cells by N&B measurements
(Nagy et al. 2010), in Förster resonance energy

Table 1. Molecular brightness values calculated from data as in Figure 1 for ErbB1-eGFP-expressing cells
without ligand and after exposure to EGF

F1-4 cells
Molecular brightness

(mol/cluster)
Starved cells
Starved cells after photobleaching
Starved cells plus EGF for 3 min

0.158+ 0.002 (1.3)
0.128+ 0.002 (1.0)
0.217+ 0.003 (1.8)

F1-10 cells
Molecular brightness

(mol/cluster)
Starved cells
Starved cells plus EGF for 3 min

0.122+ 0.001 (1.0)
0.175+ 0.003 (1.5)

Molecular brightness values (+S.E.M.) of quiescent and EGF-stimulated cells are shown in the table. The numbers in

parentheses represent the average number of ErbB1-eGFP in a molecular cluster determined by dividing the molecular

brightness values of cells with the brightness value of 0.118+ 0.002 for soluble monomeric eGFP fluorescent protein. The

displayed values were calculated from 5 to 10 cells. (From Nagy et al. 2010; modified, with permission.)
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transfer (FRET) studies using mAbs (Nagy et
al. 1998; Szabó et al. 2008), and by high-resolu-
tion near-field scanning microscopy (Nagy et al.
1999) and transmission electron microscopy
(TEM) (Yang et al. 2007) of fixed samples la-
beled by immunofluorescence or immunogold,
respectively. The dispersion of the large ErbB2
clusters, preferentially associated with rafts,
upon addition of cholera toxin (Nagy et al.
2002) or activation by EGF is attributable to
preferential formation of ErbB2/ErbB3 hetero-
dimers (Nagy et al. 1999) or ErbB1/ErbB2 het-
erodimers (Nagy et al. 2010); see Table 2, where
data is modified from Nagy et al. (2010). In cells
with high receptor density the ErbB2 clusters are
by themselves capable of low-level self-activa-
tion in the absence of heterodimerization. An-
other study showed that cells with increased lev-
els of ErbB2 expression exhibited prolonged
signaling from ErbB1 from the cellular mem-
brane, presumably because heterodimerization
inhibits the normal endocytosis of ErbB1 ho-
modimers through clathrin-coated pits (Offter-
dinger and Bastiaens 2008). This effect was re-
versed by addition of an antibody that blocks
the dimerization arm of ErbB2.

ErbB3/ErbB2 heterodimers and neuregulin
autocrine activation are the hallmarks of ovar-
ian carcinomas and many breast cancers (Gil-
mour et al. 2002; Holbro et al. 2003). Both cel-
lular proliferation and migration are promoted
by this RTK heterodimer through strong up-
regulation of the PI3-kinase pathway (Smirnova
et al. 2011). In fact, the activated ErbB3/ErbB2

heterodimer shows the highest proliferation in-
dex (Rubin and Yarden 2001; Citri et al. 2003;
Holbro et al. 2003). However, using cross-link-
ing aptamers, Park et al. (2008) showed that
ErbB3 is not interspersed in ErbB2 domains
but can form inactive homodimers even at levels
of 25,000 or fewer receptors/cell, which reside
in a different membrane environment than that
of activated ErbB2/ErbB3 heterodimers.

Because various cell types express different
numbers of the four ErbB family members it
has been difficult to determine the comparative
signaling strengths of homo- and heterodimer
pairs. Zhang et al. (2009) created a clone library
of human mammary epithelial cells expressing
different levels of ErbB1, ErbB2, and ErbB3 and
conducted quantitative analyses of the signal
transduction pathway outputs in the presence
of EGF or NRG. They reached relevant con-
clusions about the network structures and the
relative activation strength of dimer pairs. The
modeling of the network dynamics of the ErbB
RTKs is discussed in detail in Volinsky and Kho-
lodenko (2013).

The lipid environment as well as the pres-
ence and nature of proteoglycans on the cell
membrane influence the distribution of the
ErbB family members in different ways and
can account for inhibition of activity in given
cases as well as resistance to monoclonal anti-
body tumor therapy. Hakamori’s group investi-
gated the role of GM3 in EGFR kinase inhibi-
tion, and showed that modification of the EGFR
with N-linked glycan terminated with GlcNAc

Table 2. Molecular brightness of ErbB2-mYFP and Atto565-labeled ACP-erbB2

Soluble mYFP ErbB2-short-mYFP
Molecular brightness

(mol/cluster)
0.063 + 0.01 Inside macroclusters

Outside macroclusters
0.89 + 0.06 (14.1)
0.38 + 0.05 (6.0)

Soluble Atto565 SfP-ErbB2
Molecular brightness

(mol/cluster)
0.19 + 0.01 Inside macroclusters

Outside macroclusters
0.81 + 0.04 (7.8)
0.44 + 0.03 (4.2)

Cells expressing a 13-amino acid SfP-amino terminus (Garrett et al. 2002; Yin et al. 2006) tagged ErbB2 were labeled with

Atto565-CoA using SfP transferase 2 days after transfection. Atto565-labeled and stably transfected ErbB2-mYFP-expressing

cells were analyzed by the number and molecular brightness (N&B) method. The molecular brightness of ErbB2 analyzed

inside and outside macroclusters (+S.E.M.) of �10 cells are displayed as well as the brightness of the soluble monomeric

fluorophores. To determine the average number of ErbB2 molecules in a molecular cluster (displayed in parentheses), cellular

molecular brightness values were divided by that of the soluble fluorophore.
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promotes a direct interaction with GM3 (Yoon
et al. 2006). In vitro studies with liposomes con-
firmed the exclusive interaction of ganglioside
GM3 with the extracellular juxtamembrane do-
main of EGFR and a corresponding reduction
of transphosphorylation, suggesting that this
interaction causes an allosteric, inhibitory effect
on autophosphorylation (Coskun et al. 2011).
In contrast, ErbB2 is enriched in lipid rafts
(Nagy et al. 2002) and is activated by its inter-
action with hyaluronic acid and CD44, both of
which are up-regulated in several breast cancer
lines (Ghatak et al. 2005). Interactions with the
ECM and production of mucins may also lead
to resistance to herceptin therapy (Friedländer
et al. 2005; Nagy et al. 2005).

WHAT IS THE STRUCTURE OF THE ErbB1
IN LIVING CELLS?

The X-ray crystallographic structures of the ex-
tracellular and kinase domains of the ErbB fam-
ily of receptors are discussed in detail in other
articles. They have provided the basis for under-
standing (1) the requirement for dimerization
for kinase activation, and (2) the mechanism of
transphosphorylation (Shibuya 2013; Song et
al. 2013; Barton et al. 2014; Hunter 2014). The
first crystal structures of the liganded ErbB1 re-
ceptor (Garrett et al. 2002; Ogiso et al. 2002)
revealed an extended extracellular structure
with ligand binding between domains 1 and 3
and dimerization through domain 2, confirm-
ing an earlier model of Lemmon et al. (1997) of
two EGF:two ErbB1 receptors. The subsequent
ErbB2 structure of Garrett et al. (2003) also
showed this extended structure. However, the
unliganded, unactivated ErbB1 ectodomain
crystallized in a self-inhibitory structure that
oriented domain 1 in close proximity to the
cell membrane (Ferguson et al. 2003). This
structure has been presumed to be the form
adopted by the inactive receptor in the plasma
membrane. A number of in vivo studies on mu-
tated ErbB1 receptors (Ozcan et al. 2006), anti-
body binding (Schmitz and Ferguson 2009), and
cocrystal structures of antibody with ErbB1 (Li
et al. 2005) have confirmed the existence of a
configuration in which the EGF-binding face

of domain 3 is exposed and ErbB1 is situated
close to the cell membrane. Although ligand-
binding transfers structural changes via the
transmembrane domain in a manner causing
reorganization of intracellular juxtamembrane
and kinase domains into an active conformation
(Yarden and Schlessinger 1987; Jura et al. 2009),
it is unclear which extracellular configuration
predominates in the presence of kinase inhibi-
tors (e.g., quinazoline or PD168393) that stabi-
lize the active state of the kinase domain (Stamos
et al. 2002; Lu et al. 2012). A molecular dynamics
(MD) simulation of EGFR in the presence of
type I or type 1 1/2 kinase inhibitors concludes
that better efficacy in tumor therapy is achieved
by stabilizing the inactive kinase conformation
and specificity may be increased by understand-
ing the flexibilityof the various loops and helices
in the presence of the inhibitors (Songtawee et al.
2013). Mutational studies of the juxtamem-
brane domain have confirmed its importance
in activation (Red Brewer et al. 2009). Other
MD simulations starting from the X-ray crystal-
lographic structures of the extracellular domains
or the kinase domains (Arkhipov et al. 2013)
have addressed the influences of the membrane
environment on conformation and thus, func-
tional state. The importance of testing hypoth-
eses generated from MD calculations with mu-
tational studies or activity assays has been shown
by Endres et al. (2013) and is certain to bear
more fruit in the future.

There have been few studies of the structural
features of the complete native ErbB1 receptor
in the plasma membrane of intact living cells in
the absence of ligand. Kozer et al. (2011) con-
structed an amino-terminally fused YFP EGFR
chimera and measured FRET to a rhodamine
labeled lipid probe in the plasma membrane.
The investigators saw little or no change in the
FRETefficiency after addition of EGF and con-
cluded that the unliganded receptor is present in
the plasma membrane primarily in the extended
conformation. This transgene, however, shows
spontaneous activation of the receptor even
without addition of EGF, suggesting it may di-
merize spontaneously via the YFP moiety and
not adopt the normal configuration of the wild-
type membrane-associated receptor. It is well
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known that YFP lacking the A206K mutation
has a strong tendency to dimerize (Zacharias et
al. 2002). In addition, these investigators used
20 mm phenyl arsine oxide (PAO) to inhibit en-
docytosis of the EGFR. PAO is a potent tyrosine
phosphatase inhibitor (Garcia-Morales et al.
1990), and also specifically inhibits protein ki-
nase IIa, which is responsible for maintaining
the balance of PIP2 in the plasma membrane
(Santos et al. 2013). PIP2 has been shown to
influence the activity of the ErbB1 by binding
to the intracellular juxtamembrane domain
(Michailidis et al. 2011). The pleiotropic effects
of this cellular effector, and the general effects of
phosphatase inhibition, therefore, complicate
the interpretation of these data.

We recently reported a biophysical determi-
nation of the orientation(s) of the ectodomain
1 of unliganded, nonactivated ErbB1 in living
cells using FRET. The states before and after
addition of EGF were assessed. An ErbB1-spe-
cific kinase inhibitor (PD153035) was used that
prevents endocytosis but does not inhibit EGF
binding (Ziomkiewicz et al. 2013). For these
studies, we constructed a transgene ErbB1 with
an acyl carrier protein sequence (Vivero-Pol et
al. 2005; George 2006; Yin et al. 2006) between
the signal peptide and the ErbB1 mature protein
sequence. The mutated protein has unchanged
functional properties, compared to wild-type
ErbB1, and can be covalently labeled with a fluo-
rophore at a specific serine in the acyl carrier
tag. By measuring FRET between the acyl carrier
tag and a novel lipid probe that localizes exclu-
sively to the outer leaflet of the cell membrane
(Kucherak et al. 2010), we determined the ap-
parent relative distance to the membrane of the
ACP tag under nonactivation and activation
conditions. The fluorescence lifetime imaging
microscopy (FLIM) experiments showed that
the unliganded receptor is situated with its ami-
no terminus significantly closer to the mem-
brane than after EGF addition, thereby support-
ing the model in which most of the inactive
receptor in the plasma membane of quiescent
cells is in the self-inhibited, tethered configura-
tion (Ziomkiewicz et al. 2013). Figure 2 shows
representative FLIM images for the quiescent
and activated conditions.

SIGNALING FROM FILOPODIA

RTKs expressed on nononcogenic cells under
physiological conditions are required to sense
directional gradients of growth factors for initi-
ating rapid cellular division and directed migra-
tion in response to injury to the epithelium or
for guidance during differentiation and devel-
opment. Most experiments in the laboratory,
however, involve isotropic exposure of tissue
culture cells to growth factors in the working
solution and monitoring the resulting cellular
responses. The cells used are usually not polar-
ized, and nor are they situated in a tissue context.
It is known that very high levels of EGF can be
antagonistic, causing cell death rather than acti-
vation or migration. Several years ago, we inves-
tigated the response of living cells to very low
levels of EGF (5–50 pM) by tracking single re-
ceptors binding EGF coupled to QDs (Lidke
et al. 2004, 2005). This technique allowed the
observation of all stages of the receptor traffick-
ing. The data also revealed a new paradigm ac-
cording to which receptors situated far from the
cell body on filopodia bind EGF, dimerize, and
then attach to the actin filaments constituting
the filapodial core. Actin treadmilling initiates
retrograde transport of the anchored receptors
toward the cell body, where they undergo endo-
cytosis via clathrin-coated pits. The scheme de-
picting this mechanism is shown in Figure 3, and
online Movie 1 shows the phenomenon (see on-
line Movie 1 at http://cshperspectives.cshlp.
org) for the online version. Our ongoing study
of retrograde transport has revealed that Shc1 is
essential for the coupling of the activated ErbB1
to the actin filaments (MG Botelho et al., in
prep.). Several of the other downstream effectors
of the Erb1-associated signaling cascade are not
membrane associated and interact with the re-
ceptor presenting on the surface of endocytic
vesicles. We conclude that the cell may use re-
ceptors situated on the filopodia as sensors of
growth factor gradients, serving to transduce
the responses only if defined threshold levels
are exceeded. That is, owing to the inherently
nonlinear property of receptor activation, the
filopodial mechanism of retrograde transport
provides the cell with the capacity for selec-
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tively attenuating the response to low, physio-
logically nonrelevant levels of ligand, suppress-
ing cellular migration and division under these
conditions.

Epithelial cells have extensive filopodia and
are covered with microvilli. These structures are
enriched in growth factor and regulatory recep-
tors and may regulate communication and sig-
naling. Particularly long filopodia have been ob-
served on the trophoectoderm in developing
embryos which may promote communicating

with the inner cell mass (Salas-Vidal and Lomeli
2004). Very short exposure to subsaturating
levels of ligand results in predominance of acti-
vated receptor on microvilli and filopodia on
A431 cells, as shown in Figure 4. Chung et al.
(2010) calculated from single-particle analy-
sis of mAb (Fab) binding that there was a pre-
dominance of receptors at the periphery of
the cell. Surface plasmon resonance measure-
ments based on gold immunolabeling reported
by Wang et al. (2011) indicate that the density

Donor Donor + 0.5 μm NR12S Donor + 0.5 μm NR12S + 36 nm EGF

5.17 ± 0.13 nsec4.83 ± 0.06 nsec

4.5 5.0 5.5

τ2 nsec

5.17 ± 0.15 nsec

Figure 2. Conformational change of membrane-bound ErbB1 upon EGF binding as determined from FRET
data. Stable Chinese hamster ovary (CHO) cell line transfected with the acyl carrier protein tag fused to the
amino terminus of the ErbB1 ectodomain. The target serine residue was covalently labeled by phosphopante-
theine transferase with Atto390-CoA. Atto390 emits at 480 nm and served as the FRET donor. Living cells were
examined in an Olympus-PicoQuant FLIM microscope system with two-photon, 80-MHz excitation at 740 nm.
Lifetime images for representative cells under three conditions are shown: (left) donor only; (middle) donor plus
Nile Red12S (NR12S) membrane dye (applied at 0.5 mm) that localizes in the outer leaflet and acted as the FRET
acceptor (Kucherak et al. 2010). NR12S absorbs broadly from 450 to 550 with a Förster R0 of 5.4 nm and emits at
.590 nm; and (right) donor and acceptor labeled cells bathed in 1 mm ErbB1 kinase inhibitor PD153035 and
exposed to 32 nm EGF (room temperature, 5 min). Image acquisition was performed until the mean value for
the brightest pixels reached 1000 counts using the PicoQuant SymphoTime TCSCP software. Pixel data (photon
arrival times) were entered into a laboratory-generated Mathematica program for (i) selecting an analysis region
of interest (ROI), (ii) filtering (masking and intensity ordering), and (iii) computing lifetimes from the intensity
binned pixel data, assuming a two-component decay and using an analytical function to represent the exper-
imental impulse response function (IRF) and the corresponding fluorescence time course (see Ziomkiewicz
et al. 2013). The mean + S.E. lifetime values are given below each panel. There was an �7% drop in mean
lifetime upon addition of the NR12S acceptor in the absence of EGF; this effect was substantially reversed upon
addition of EGF (in the presence of kinase inhibitor) although the peak values originally observed in the absence
of acceptor were not achieved. Data derived from experiments similar to those in Ziomkiewicz et al. (2013). We
conclude that EGF binding, even in the absence of (auto)phosphorylation, leads to a conformational change,
extending the ectodomain and thereby increasing the distance of the amino terminus from the plasma mem-
brane in accordance with the model proposed from crystallographic analysis of isolated ErbB1 and its fragments.
Larger separation correlates with a lower FLIM-detected FRETefficiency.

Behavior of Intact ErbB RTKs in Live Cells

Cite this article as Cold Spring Harb Perspect Biol 2014;6:a008961 7



of ErbB1 in A431 cells is higher on the filopodia
than on the cell body.

SIGNALING POTENTIATION AND
SIGNALING IN THE ABSENCE
OF NATIVE LIGAND

The extent of protein-tyrosine phosphorylation
in a cell reflects an equilibrium between the ac-
tions of protein-tyrosine kinases (PTKs) and
protein-tyrosine phosphatases (PTPs), as has
been shown in living cells by the Bastiaens
group using FLIM to measure FRET between
tagged phosphotyrosine antibodies and tagged
ErbB proteins (Reynolds et al. 2003; Offter-
dinger et al. 2004; Grecco et al. 2010). Rhee
and coworkers have studied the effects of cys-
teine oxidation on the inhibition of specific
phosphotyrosine phosphatases as well as mito-
gen-activated protein kinase phosphatases (re-
viewed in Lee et al. 1998; Rhee et al. 2000; Jans-
sen-Heininger et al. 2008) and the enhancement
of RTK activity by localized hydrogen peroxide

production. The cell type and state-dependent
regulation of the balanced PTK-PTP activity
presumably accounts for apparent discrepancies
in studies reporting the confinement or, alter-
natively, propagation of locally applied (micro-
bead-mediated) activation of the ErbB1 (Ver-

Figure 4. Preferential activation of ErbB1 on filopodia and microvilli with short exposure to EGF. Starved A431
cells were exposed for 40 sec to 15 nm EGF and fixed directly in ice cold EtOH. Activated ErbB1 was detected by
immunofluorescence using a phosphotyrosine-specific ErbB1 antibody (pY1068) from cell signaling and a Cy3-
labeled secondary antibody. No signal was observed on cells not exposed to EGF. Images were taken on a Zeiss 510
Meta microscope using 532 nm excitation and emission �585 nm. Background subtracted. Scale bars, 5 mm.

PP

Figure 3. Filopodial retrograde transport of ErbB1.
Recent studies identify Shc1 as a component (blue
box) linking the activated receptor to the actin fila-
ments constituting the core of the filopodium (see
text). (From Lidke et al. 2005; adapted, with permis-
sion, from Rockefeller University Press # 2005.)
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veer et al. 2000; Brock and Jovin 2003; Fried-
länder et al. 2005).

Other proteins may activate RTKs. Integrins
have been implicated in ErbB signaling even
without ligand binding (Yu et al. 2000; Bill
et al. 2004), although Alexi et al. (2011) con-
cluded that integrins were not involved but rath-
er promote autocrine signaling. Recently, it was
shown that neuregulin 1 binds both ErbB3 and
integrin a6b4, forming a precipitable ternary
complex that activates AKTand Erk1/2 (Ieguchi
et al. 2010).

The fact that high densities of ErbB1 recep-
tors increase the probability of unliganded
dimer formation, as discussed in the first sec-
tion, led us to investigate superparamagnetic
Fe3O4 nanoparticles (SPIONS) as possible ef-
fectors of ErbB1 activation by a magnetic field

(Bharde et al. 2013). Such particles can be con-
jugated to mAbs or aptamers specific for an
ErbB receptor and targeted directly to tumor
cells. We have shown that anti-ErbB1-SPIONS
(coupled with an antibody against ErbB1 that
inhibits ligand binding) can selectively bind to
ErbB1-expressing cells. Such complexes are in-
ert but after application of a magnetic field the
receptor is activated (Fig. 5) and subsequently
internalized. These results suggest that activa-
tion of growth factor receptors may be triggered
by ligand-independent molecular crowding
resulting from overexpression and/or seques-
tration in membrane microdomains. Because
nanoparticles can also be conjugated with drugs
they constitute potential therapeutic agents.
Somewhat larger nanoparticles also function
well in magnetic resonance imaging (MRI).

Figure 5. Binding of SPIONS to A431 cells and activation by exposure to a magnet for 180 sec. Panels (A) and (B)
show specific binding of anti-ErbB1-targeted SPIONs on A431 cells after incubation for 15 min at 15˚C. Panels
(C) and (D) show the amount of transphosphorylation of ErbB1 on the cells after no magnetic field (C), or after
application of a magnetic field for 180 sec (D) by indirect immunofluorescence staining for anti-ErbB1 pY1068.
Data from experiments are similar to those published in Bharde et al. (2013). Scale bar, 20 mm.
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CONCLUDING REMARKS

We have reviewed the literature and unpub-
lished data that bear on the disposition and
structure of ErbB receptors in living cells. The
understanding of the complex interactions and
consequent downstream signaling of this key
RTK family in the presence of various effectors
is increasing, and effective models with testable
biomedically relevant hypotheses are emerging.
Importantly, there are new techniques available
that allow interrogation of individual receptors
in living cells, thereby providing new, quantita-
tive estimations of the underlying equilibria and
kinetic processes. Furthermore, our under-
standing of the disposition and activity of
RTKs in tissue culture cell systems is assisting
the design of more effective cancer therapeutic
strategies for the 50% of all human tumors in
which the ErbB family of RTKs is functionally
up-regulated.
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