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Abstract

Homeostasis of multicellular organisms is critically dependent on the correct interpretation of the
plethora of signals which cells are exposed to during their lifespan. Various soluble factors regulate
the activation state of cellular receptors which are coupled to a complex signal transduction network
that ultimately generates signals defining the required biological response. The epidermal growth
factor receptor (EGFR) family of receptor tyrosine kinases represents both key regulators of normal
cellular development as well as critical players in a variety of pathophysiological phenomena. The
aim of this review is to give a broad overview of signal transduction networks that are controlled by
the EGFR superfamily of receptors in health and disease and its application for target-selective
therapeutic intervention. Since the EGFR and HER2 were recently identified as critical players in the
transduction of signals by a variety of cell surface receptors, such as G-protein-coupled receptors
and integrins, our special focus is the mechanisms and significance of the interconnectivity between
heterologous signalling systems.
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Introduction

Cell surface receptors integrate a multitude of extracellular
signals such as environmental stresses, growth factors,
neuropeptides or hormones, thus regulating a large diversity of
signalling pathways and cell responses. Receptor tyrosine
kinases (RTKs) are a subgroup of transmembrane proteins
with an intrinsic tyrosine kinase activity which determines
various cellular functions as diverse as growth, differentiation,
cell motility or survival (reviewed in Van der Geeret al.1994).
The epidermal growth factor receptor (EGFR) family of RTKs
consists of four members: EGFR/ErbB1, HER2/ErbB2,
HER3/ErbB3 and HER4/ErbB4. The EGFR which was the
first cell surface signalling protein and protooncogene product
to be characterised by molecular genetic methods (Ullrichet
al. 1984) exemplified prototypical features of a receptor
molecule. All EGFR family members are characterised by a
modular structure consisting of an extracellular ligand-binding
domain, a single hydrophobic transmembrane region, and the
intracellular part harbouring the highly conserved tyrosine
kinase domain. Ligand binding induces the formation of
homo- or heterodimers which subsequently trigger the
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autophosphorylation of cytoplasmic tyrosine residues
(reviewed in Ullrich & Schlessinger 1990, Heldin 1995,
Alroy & Yarden 1997). These phosphorylated amino acids
represent docking sites for a variety of signal transducers
which regulate membrane-proximal steps of a complex
signalling network ultimately defining the biological response
to a given signal. Deregulation of this tightly controlled system
of hormone–receptor and receptor–receptor interactions by
overexpression, amplification or mutations of critical pathway
elements and/or autocrine stimulation through aberrant growth
factor loops is frequently linked to hyperproliferative diseases
such as cancer (reviewed in Huang &Harari 1999, Olayioyeet
al. 2000, Zwicket al. 2000). More recently, the EGFR and
HER2 have been identified as critical pathway elements in the
signalling from G-protein-coupled receptors (GPCRs),
cytokines,RTKs and integrins to a variety of cellular responses
such as mitogen activated protein (MAP) kinase activation,
gene transcription and proliferation. This growing field of
interreceptor cross-talk has receivedmuch attention during the
past four years and the elucidation of the molecular
mechanisms will provide new insights into a signalling
network of increasing complexity.
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The EGF receptor family signalling
network

The EGF receptor family signalling network employs several
modes of regulation which couple receptor activation to a
highly diverse repertoire of cellular signalling pathways.
Various EGF-like ligands are released following proteolytic
cleavage of their transmembrane precursors. Subsequently,
the mature growth factors activate four related receptors
which are able to form homo- and heterodimers thus
regulating a distinct subset of intracellular signalling
pathways. In addition to these classical layers of diversity the
role of receptor endocytosis for signal generation and
attenuation has recently received increasing attention.

EGF-like ligands and neuregulins

EGFR family members are activated by a large group of
EGF-related growth factors. Depending on their receptor
affinities and specificities these ligands can be subdivided
into four different categories. While EGF, amphiregulin (AR)
and transforming growth factorα (TGFα) specifically bind
the EGFR, betacellulin (BTC), heparin binding EGF-like
growth factor (HB-EGF) and epiregulin bind the EGFR and
HER4. Neuregulins (NRGs) or Neu differentiation factors
(NDFs) which exist in several alternatively spliced isoforms
directly bind and activate HER3 and HER4. Interestingly,
despite the overlapping receptor specificity of the NRG1 and
NRG2 isoforms they exhibit distinct biological activities
depending on the cellular context (Sweeney Crovelloet al.
1998). In line with this, earlier studies by Yarden and
co-workers revealed isoform-specific functional differences
of the two major NRG subtypes (Pinkas-Kramarskiet al.
1996a). More recently, NRG3 and NRG4 have been cloned
and identified as ligands which exclusively bind HER4
(Zhanget al. 1997, Harariet al. 1999).

Common to all these growth factors is the EGF domain
with six conserved cysteine residues characteristically spaced
to form three intramolecular disulphide bridges. In general,
EGF-like ligands are synthesised as glycosylated
transmembrane precursors which are proteolytically cleaved
from the cell surface to yield the mature growth factor
(reviewed in Massague & Pandiella 1993). Since 1991 when
the prototypical cleavage of proTGFα had been found to be
stimulated by serum factors, tetradecanoylphorbolacetate
(TPA) and calcium ionophores (Pandiella & Massague
1991a,b), structural determinants for this regulatory step
within the C-terminus and the juxtamembrane domain of
proTGFα (Bosenberget al. 1992, Arribaset al. 1997) and
within the EGF and HB-EGF precursors (Dong & Wiley
2000) have been identified. In contrast to the TGFα and NRG
precursors (Liuet al. 1998) which require the cytoplasmic
domains for efficient proteolytic processing, proHB-EGF
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shedding as well as the proteolytic release of amphiregulin
have been shown to be independent of their cytoplasmic
moieties (Thorne & Plowman 1994, Dethlefsenet al. 1998,
Vecchi et al. 1998). Besides these structural requirements,
and based on studies with broad spectrum inhibitors, serine
proteases (Pandiellaet al. 1992) and metalloproteases
(Arribaset al.1996, Dempseyet al.1997, Brownet al.1998)
have been identified as potential mediators of ectodomain
shedding. More recently, data obtained from transgenic
animals lacking the ADAM17 (TACE) zinc-dependent
transmembrane metalloprotease, revealed a critical
contribution to proTGFα processing (Peschonet al. 1998).
Interestingly, phenotypical changes of TACE knock-out mice
closely resemble those obtained from animals lacking TGFα
(Luettekeet al.1993) or the EGFR (Sibilia & Wagner 1995,
Threadgill et al. 1995), suggesting a general role of this
enzyme in EGFR signalling (Werb & Yan 1998). The
involvement of another family member, ADAM9/MDC9, in
TPA-induced proHB-EGF shedding further underlines the
critical role of this metalloprotease family in the generation
of mature EGF-like ligands (Izumiet al. 1998). However,
considering that there are more than fifteen ADAMs with an
active metalloprotease function the identity of the
metalloproteases involved in the processing of most of the
EGF-like growth factor precursors and the regulatory
mechanisms governing this important process are still
unknown.

Ectodomain cleavage affects not only ligands of the EGF
family but also some of their receptors (Vecchiet al. 1996,
reviewed in Blobel 2000). Proteolytic processing of HER2
and HER4 in response to pervanadate, a potent inhibitor of
tyrosine phosphatases, has been shown to be mediated by
metalloproteases, namely ADAM17 for HER4 (Vecchi &
Carpenter 1997, Vecchiet al. 1998, Codony-Servatet al.
1999, Rio et al. 2000). Taken together, the generation of
mature ligands from growth factor precursors and the
regulated cleavage of transmembrane receptors represents a
further mode of EGFR family signal regulation which is far
from being understood at the molecular level.

Homo- and heterodimerisation of EGFR family
members

The EGFR family of RTKs consists of four closely related
type I transmembrane receptors: the EGFR (Ullrichet al.
1984), HER2 (ErbB2/neu) (Coussenset al. 1985), HER3
(ErbB3) (Krauset al. 1989, Guyet al. 1994) and HER4
(ErbB4) (Plowmanet al. 1993). To study the physiological
functions of these receptors, cell model systems have been
established which ectopically express one individual RTK or
several in combination (Rieseet al. 1995, Olayioyeet al.
1998). Investigations based on these systems soon
established the unique role of HER2 as a receptor with high
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transforming activity (Di Fioreet al. 1987, Hudziaket al.
1987) which can be transphosphorylated through
heterodimerisation with the ligand-occupied EGFR (Stern &
Kamps 1988, Goldmanet al. 1990) and which acts
synergistically with the EGFR (Kokaiet al. 1989) or HER3
(Alimandi et al. 1995, Zhanget al. 1996) in transforming
NIH3T3 cells. Moreover, homo- and heterocomplexes
formed in response to NRG and EGF were characterised by
a complex but hierarchical network of interreceptor
interactions (Rieseet al. 1995, Wallaschet al. 1995,
Pinkas-Kramarskiet al.1996b, Tzaharet al.1996) (Table 1).
In this context the orphan HER2 was shown as the preferred
heterodimerisation partner within the EGFR family as it
decreases ligand dissociation from the receptor heterodimer
thus enhancing and prolonging the activation of the MAP
kinase signalling pathway (Graus-Portaet al. 1995, 1997,
Karunagaranet al. 1996). Heterodimers, particularly those
containing HER2 were generally found to induce signals with
the strongest biological activity. Generally, ligand-induced
signalling must be initiated by high affinity binding of
EGF-like ligands to the EGFR and HER4 (Beerli & Hynes
1996, Rieseet al. 1996a,b, 1998) or neuregulin binding to
HER3 or HER4 (Sliwkowskiet al. 1994, Pinkas-Kramarski
et al. 1998) followed by activation in trans via homo- or
heterodimerisation. Mechanistical studies of ligand–receptor
complex formation support a bivalence model of ligands
carrying a high and a low affinity binding site within each
terminus of the protein (Barbacciet al. 1995, Tzaharet al.
1997). This model readily explains EGF-induced EGFR
homodimerisation (Summerfieldet al. 1996, Lemmonet al.
1997) as well as NRG-induced heterodimerisation with
HER2 preferentially bound via the low affinity binding site
of the ligand (Tzaharet al. 1997). Complexity within the
EGFR family network is further increased since EGF and
betacellulin, which directly bind to the EGFR or HER4,
mediate signalling through co-expressed HER2 and HER3 in
the absence of the EGFR (Alimandiet al. 1997,
Pinkas-Kramarskiet al. 1998).

Table 1 Signalling network of EGFR family members. The table shows multiple EGF-like ligands with specificity to distinct
heterodimers and their cytoplasmic substrates. Note that only some of the known EGF-like ligands are represented

Heterodimer Ligands Substrates

EGFR/HER2 EGF/TGFα
Src, ras-GAP, PLCγ, Shc, Grb-2, Grb-7, Crk, c-Cbl, c-Abl, Shp2β-Cellulin

EGFR/HER3 EGF/TGFα
Src, ras-GAP, PLCγ, Shc, Grb-2, Grb-7, Crk, c-Cbl, c-Abl,β-Cellulin

NRG α/β PI3K, Src, ras-GAP, PLCγ, Shc, Grb-2, Grb-7, Crk,
EGFR/HER4 EGF/TGFα

Src, ras-GAP, PLCγ, Shc, Grb-2, Grb-7, Crk, c-Cbl, c-Abl,β-Cellulin
NRG α/β PI3K, Src, ras-GAP, PLCγ, Shc, Grb-2, Grb-7, Crk,

HER 2/HER3 NRG α/β PI3K, Src, ras-GAP, PLCγ, Shc, Grb-2, Grb-7, Crk, Shp2
HER 2/HER4 NRG α/β PI3K, Src, ras-GAP, PLCγ, Shc, Grb-2, Grb-7, Shp2
HER 3/HER4 NRG α/β PI3K, Shc,
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Attenuation of EGFR signalling by
ligand-induced endocytosis

After growth factor binding, homo- and heterodimers
between the four EGFR family members are targeted to
clathrin-coated pits which are internalised in a process
termed ligand-induced endocytosis (reviewed in Carpenter
2000a, Ceresa & Schmid 2000). Investigations with chimeric
receptors and reconstitution systems revealed that the
ligand-occupied EGFR is rapidly internalised and degraded,
while all other RTKs of this family are not (Baulidaet al.
1996). In agreement with this, Pinkas-Kramarskiet al.
(1996b) showed that the rate of EGF uptake through the
EGFR was significantly higher than the HER3–mediated
endocytosis of NRG. Intracellular routing of EGF receptors
to the mildly acidic early endosome is followed by the
decision whether the ligand–receptor complex dissociates,
with the receptor being recycled or not. Complexes which
remain stable under these conditions, such as the EGF/EGFR
complex, are efficiently degraded in lysosomal compartments
thus reducing the cell surface content of the receptor and
its signal capacity. Interestingly, TGFα or NRG binding to
receptors is disrupted within the early endosomes, which
favours receptor recycling and results in more potent
mitogenic signalling (Watermanet al. 1998). EGF-induced
mitogenic responses through the EGFR were shown to be
potentiated by HER2 co-expression to the level achieved by
TGFα stimulation due to enhanced recycling of heterodimers
in contrast to EGF-bound EGFR homodimers (Lenferinket
al. 1998). Together with the finding that increased expression
of HER2 significantly reduces HER2 downregulation and
lysosomal targetting of the EGFR (Wanget al. 1999,
Worthylakeet al. 1999) these studies could further explain
the transforming potential of HER2. Specific structural
features regulate the sorting of internalised receptors. While
the c-terminal domain of HER3 accounts for receptor
recycling to the cell membrane (Watermanet al. 1999), the
EGFR recruits the ubiquitin-protein ligase c-Cbl which
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determines the lysosomal degradation of the receptor after
polyubiquitination (Joazeiroet al. 1999, Levkowitzet al.
1999). In addition to the receptor’s intrinsic kinase activity,
c-terminal residues of the EGFR were shown to be critical
for its lysosomal targeting (Kornilovaet al. 1996). EGFR
modifications through protein kinase C (PKC)-mediated
threonine phosphorylation prevented the receptor from
polyubiquitination and allowed sorting to the recycling
endosome (Baoet al. 2000).

EGFR signalling

Multiple ligands and various combinations of homo- and
heterodimerisation within the EGFR family couple to a
complex and diverse set of biochemical pathways. The
following summary highlights some basic features and recent
advances on EGFR signal transduction.

Ligand-induced receptor dimerisation and subsequent
autophosphorylation of distinct tyrosine residues creates
docking sites for various membrane-targeted proteins.
Cytoplasmic mediators which bind to EGFR phosphotyrosine
residues through SH2– or PTB-domains may either be
adaptor proteins or enzymes. Adaptors such as Shc, Grb2,
Crk or the recently characterised Dok-R protein (Jones &
Dumont 1999) show a modular structure containing protein–
protein interaction domains and putative phosphorylation
sites and act as signalling platforms which extend the
receptor’s repertoire of activated intracellular pathways. Shc
exists in three different isoforms, p46shc, p52shc and p66shc
which are tyrosine phosphorylated upon EGF stimulation and
bind to the activated EGFR and Grb2. Interestingly, while
the 46 and 52 kDa isoforms increase mitogenic signalling
after EGF stimulation and are able to transform NIH3T3 cells
(Pelicci et al. 1992), p66shc has no transforming potential
and negatively influences EGF-induced c-fos transcription
(Migliaccio et al. 1997). Furthermore, enzymes such as
phospholipase Cγ (PLCγ), which hydrolyzes PIP2 thus
generating diacylglycerol and inositol-trisphosphate, or the
cytoplasmic tyrosine kinase c-src link EGFR activation to
second messenger generation and calcium metabolism or
mitogenic signalling cascades respectively. Among the
multitude of signalling pathways activated by the EGFR, the
highly conserved MAP kinase pathway is currently the best
understood.

Activation of the MAP kinase cascade

So far, several distinct MAP kinases have been identified as
targets of the EGFR, among them the extracellular regulated
kinases (Erks) 1 and 2, jun N-terminal kinases (Jnks), p38
and Erk5. Since most of the key components of the Erk1/2
cascade have been characterised, EGF-induced activation of
these serine/threonine kinases serves as a paradigm for signal
transmission from cell surface receptors to the nucleus.
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Following membrane-proximal steps such as Shc and
Grb2 recruitment to the tyrosine phosphorylated receptor, the
small G-protein Ras is activated through the Grb2–bound
exchange factor Sos. Subsequent induction of the serine/
threonine kinase Raf and the dual specificity kinase MEK1
finally activates Erk1/2 which ultimately regulates
transcription factors such as Elk-1 and c-fos (Fig. 1).
Recently, characterisation of heterologous positive and
negative regulators of the Erk pathway generates a more
complete picture from this simplified model. While the
adaptors and EGFR binding proteins p66Shc and Dok-R
have been shown to attenuate EGF-induced Erk activation
(Okada et al. 1997, Jones & Dumont 1999), the Abl
interactor Abi-1 interferes with MAP kinase signalling
through binding to the exchange factor Sos (Fan & Goff
2000). In contrast, overexpression of SUR-8, a scaffolding
protein which complexes with Ras and Raf enhances MAP
kinase activation following EGF treatment as does the SH2
domain containing and Gab1–interacting protein tyrosine
phosphatase Shp-2 (Liet al. 2000, Shiet al. 2000).

Less well characterised is the EGF-induced activation of
Jnk via the small G-proteins Rac1 and Cdc42 (Cosoet al.
1995, Mindenet al.1995). Recent reports position the STE20
related serine/threonine kinase JIK and the adaptor protein
Crk upstream of the small GTPases (Dolfiet al. 1998, Tassi
et al. 1999). In contrast to Crk which is critical for Jnk
activation following EGF treatment of transfected COS7
cells, JIK activity is downregulated by the EGFR and
overexpression of this negatively regulating kinase
diminishes the EGF-induced Jnk activation. Crosstalk
between different RTK families was shown since
platelet-derived growth factor (PDGF) stimulation of Rat-1
fibroblasts induces inhibition of EGFR-mediated Jnk
activation while leaving the Erk signal unaffected (Bagowski
et al. 1999).

Lee and colleages revealed the critical contribution of
Erk5 for EGF-induced cell proliferation and cell cycle
progression. Distinct from Erk1/2 activation, this signalling
pathway does not require Ras activity and is controlled by
the MAP kinase kinase MEK5 (Katoet al. 1998).

Activation of phosphatidylinositol-3–kinase
(PI3K)

Stimulation with EGF results in the activation of the lipid
kinase PI3K which consists of the regulatory subunit p85 and
the catalytic subunit p110 that phosphorylates PIP2
generating the second messenger PIP3 (Bjorgeet al. 1990).
Since the EGFR has no binding site for the SH2–domain
of PI3K, EGF-induced activation of PI3K is relatively weak
compared with other RTKs. In contrast to the EGFR, HER3
contains six putative binding sites for PI3K and potently
activates this enzyme (Soltoffet al. 1994).
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Figure 1 EGFR signalling. Ligand-induced receptor dimerisation and subsequent autophosphorylation of distinct tyrosine
residues creates docking sites for SH2 or PTB domain containing effector proteins. The resulting signalling network initiates
diverse cellular pathways leading to proliferation, migration, gene transcription, cell cycle progression and cell survival. ECM,
extracellular matrix.

The adaptor protein Gab1 was reported as a candidate
for mediating the activation of PI3K by the EGFR and a
recent report demonstrates a positive feedback loop in
EGFR signalling through Gab1 and PI3K (Rodrigueset
al. 2000). EGF-induced tyrosine phosphorylation of Gab1
activates PI3K, and the subsequent generation of PIP3
results in enhanced membrane recruitment and further
increased activation of Gab1. PTEN, a phosphatase
hydrolyzing PIP3, modulates this feedback by decreasing
membrane targeting of Gab1. An important downstream
target of PI3K, protein kinase B (PKB)/Akt is
phosphorylated after membrane recruitment and
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activation of the threonine kinase PDK1 (reviewed in
Alessi & Cohen 1998). Activation of PKB exerts
antiapoptotic effects involving the transcription factor
NF-κB, and recently the EGF-induced activation of
NF-κB via PI3K and PKC has been demonstrated to be
crucial for cell cycle progression in estrogen receptor-
negative breast cancer cells (Biswaset al. 2000) (Fig. 1).
However, PKB is not only a target of the EGFR/PI3K
pathway, it is also involved in the regulation of the
Ras-MAP kinase pathway by phosphorylating Raf and
thereby inhibiting its kinase activity (Zimmermann &
Moelling 1999).
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Activation of Src

The cytoplasmic tyrosine kinase c-Src is involved in
important cellular processes such as mitogenic signalling or
cytoskeletal organisation (reviewed in Belscheset al. 1997).
Substrates of Src upon EGF stimulation include the EGFR
itself, transcription factors of the signal transducer and
activator of transcription (STAT) family, Shc, cytoskeletal
components and proteins of the endocytic machinery such as
dynamin and clathrin (Wildeet al. 1999).

Co-expression and synergistic function of the EGFR and
c-Src for cellular proliferation, invasiveness and tumour
formation point to a close functional connection of these
tyrosine kinases (Maaet al. 1995). In this context, Src
inhibition was shown to reverse the transformed phenotype
of either EGFR- or HER2-overexpressing cells (Karniet al.
1999). Parsons and co-workers showed that c-Src directly
binds the EGFR and phosphorylates two tyrosine residues
distinct from the known autophosphorylation sites, one of
them being critical for EGF-induced mitogenic responses in
murine fibroblasts (Biscardiet al. 1999, Ticeet al. 1999).
However, the indirect activation of Src by the EGFR via the
GTPase Ral leading to STAT3 but not Erk activation has
been reported (Goiet al. 2000). Another study demonstrated
Src-dependent activation of Jak2 and STAT proteins
following stimulation with EGF (Olayioyeet al. 1999).

EGFR and cell adhesion

Growth factor receptors like the PDGFR or the EGFR
interact with integrins which mediate cell–cell adhesion,
cell–matrix association and intracellular signalling
(Miyamato et al. 1996, Schnelleret al. 1997). In a recent
report, the focal adhesion kinase (FAK) has been
demonstrated to link EGFR and integrin signalling pathways,
thereby promoting EGF-induced cell migration independent
of FAK’s intrinsic kinase activity (Sieget al.2000). Together
with its relative Pyk2, FAK has been shown to be important
for EGFR and integrin signalling in neurons where it is
essential for neurite outgrowth, demonstrating the necessity
of a collaboration of growth factor–receptor signalling and
integrin engagement for efficient signal generation
(Ivankovic-Dikic et al. 2000).

EGFR family and cancer

Members of the EGFR family have frequently been
implicated in various forms of human cancers and serve both
as prognostic markers or as therapeutic targets. Several
phenomena are responsible for abnormal activation of these
receptors in tumours, including overexpression,
amplification, constitutive activation of mutant receptors or
autocrine growth factor loops (reviewed in Voldborget al.
1997, Zwicket al. 2000). Recently, Herceptin, an antibody
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against HER2, was applied in the treatment of breast cancer
patients overexpressing this RTK, and inhibitors which target
the EGFR are in clinical trials.

EGFR and HER2 gene aberrations in human
cancers

Elevated expression and/or amplification of the EGFR and
HER2 have been found in a variety of human cancers (Table
2) underlying the critical role of RTKs in human tumour
growth. In most of these cases receptor overexpression is
caused by gene amplification.

In human breast cancer HER2 gene amplification was
correlated with a shorter overall survival and relapse-free
survival (Slamonet al. 1987). Furthermore, Watanabe and
co-workers described a correlation between HER2
overexpression and the absence of estrogen receptors in
breast carcinomas which is consistent with the
non-responsiveness of HER2–positive tumours to endocrine
therapy (Watanabeet al.1993, Nicholsonet al.1994, Wright
et al. 1989, 1992).

Receptor mutations

EGFR mutations

Several deletions in the extra- and intracellular domain of the
EGFR have been found in glioblastomas (Ekstrandet al.
1992), non-small-cell lung carcinomas (Garcia de Pallazzoet
al. 1993), breast cancer (Wikstrandet al. 1995) and ovarian
carcinomas (Moscatelloet al.1995). Genetic alterations were
predominantly observed in human glioblastomas with EGFR
gene amplification; furthermore, in this tumour type multiple
variants of EGFR mutations could be detected within
individual tumours (Fredericket al. 2000).

The EGFRvI deletion, which lacks the extracellular
domain, resembles the v-erb-B oncoprotein and has been
observed in xenografts derived from a malignant human
glioma (Bigneret al. 1990, Sugawaet al. 1990). EGFRvII,
found in gliomas with amplified EGFR genes (Humphrey
et al. 1991), contains an 83 amino acid deletion, spanning
the region between the ligand binding and the
transmembrane domain. EGFRvII responds in a similar
manner to the wildtype receptor and is still capable of
mediating EGF-induced cell proliferation and invasiveness
(Humphreyet al. 1991). The best characterised and most
common EGFR mutant in human cancer is EGFRvIII. The
receptor lacks amino acids 6–273 (801 bp) and arises from
intragene rearrangements or from alternative mRNA
splicing, resulting in the insertion of a glycine residue at
the deletion point (Wonget al. 1992). This deletion has
been observed in malignant gliomas, breast carcinomas
(Moscatello et al. 1995, Wikstrand et al. 1995),
non-small-cell lung carcinomas (Garcia de Pallazzoet al.
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Table 2 Overexpression of the EGFR and HER2 in human cancers

Type of tumour Receptor Over- Reference
expression (%)

Mammary EGFR 14–91 Klijn et al. (1992); Beckmann et al. (1996); Walker & Dearing (1999)
HER2 21 Paik et al. (1990)

Bladder EGFR 31–48 Salomon et al. (1995); Chow et al. (1997)
HER2 36 Sauter et al. (1993)

Colon EGFR 25–77 Salomon et al. (1995); Messa et al. (1998)
HER2 50 Caruso & Valentini (1996)

Glioma EGFR 40–50 Ekstrand et al. (1991); Salomon et al. (1995); Rieske et al. (1998)
Non-small-cell lung EGFR 40–80 Salomon et al. (1995); Fujino et al. (1996); Rusch et al. (1997);

Fontanini et al. (1998)
Pancreatic EGFR 30–50 Salomon et al (1995); Uegaki et al. (1997)
Ovarian EGFR 35–70 Salomon et al. (1995); Bartlett et al. (1996); Fischer-Colbrie et al.

(1997)
HER2 32 Berchuck et al. (1990)

Gastric HER2 26 Lemoine et al. (1991)
Lung HER2 28 Tateishi et al. (1991)
Salivary HER2 32 Stenman et al. (1991)
Head and neck EGFR 80–100 Salomon et al. (1995); Grandis et al. (1996)

1993) and ovarian tumours (Moscatelloet al. 1995). The
EGFRvIII mutation causes a receptor with a constitutively
active kinase function thus stimulating cellular proliferation
in the absence of ligands (Ekstrandet al. 1994). EGFRvIII
is able to transform NIH3T3 cells (Moscatelloet al. 1996)
and strongly enhances the tumorigenicity of human glioma
cells in nude mice (Nishikawaet al. 1994). However, the
inserted glycine residue which creates a new epitope at the
splice site and the tumour-selective expression of EGFRvIII
qualify this mutant as a target for specific inhibitory
antibodies (Humphreyet al. 1990, Hills et al. 1995,
Lorimer et al. 1995). Moreover, the expression of
EGFRvIII in gliomas leads to resistance to cisplatin, a
commonly utilised chemotherapeutic agent (Naganeet al.
1998), suggesting the need for specific EGFRvIII inhibition
in combination with chemotherapy.

HER2 mutations
In tumours from MMTV/Neu mice a deletion was found in
the extracellular region of Neu, the rat HER2 homologue,
resulting in a constitutively activated receptor capable of
transforming Rat-1 fibroblasts (Bouchardet al. 1989, Guyet
al. 1992, 1996). Furthermore, Bargmann and co-workers
(1986) found a point mutation (V664E) in the transmembrane
domain of the neu oncogene in chemically induced rat
neuroblastomas causing increased tyrosine phosphorylation
of the receptor (Bargmannet al. 1986). Nevertheless, no
similar mutations have been described in human tumours to
date. Distinct from this, a polymorphism in the
transmembrane domain of human HER2 has been reported
in healthy individuals as well as in neuroectodermal tumours
(Papewaliset al. 1991). Recently, this mutation has been
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correlated with a decreased risk to develop breast cancer (Xie
et al. 2000).

Autocrine growth factor loops

While the transforming capacity of overexpressed HER2 was
shown as a ligand-independent process, constitutive EGFR
activation has often been associated with autocrine growth
factor loops. In colon cancer cell lines amphiregulin acts as a
potent autocrine factor (Damstrupet al. 1999). TGFα is the
most prominent EGFR ligand which is frequently
co-expressed with the EGFR in non-small-cell lung cancers
(Hsieh et al. 2000), prostate cancer (Sethet al. 1999) and
gastrointestinal stromal tumours (Caiet al. 1999). In human
mammary epithelial cells the critical contribution of
metalloproteases in generating biologically active TGFα could
be shown since batimastat, a metalloprotease inhibitor, is able
to inhibit cell proliferation and migration (Donget al.1999).

EGFR family members as therapeutic
targets

Due to their frequent overexpression and high signalling
capacity the EGFR and HER2 are promising targets for
therapeutic intervention in human cancer. Recent studies
linked these receptors and their ligands to drug resistance
(Wosikowski et al. 1997), and receptor overexpression has
also been correlated with tumour resistance to cytotoxic
agents including radiation. Therefore, selective drugs may
contribute to improved cancer therapy and various
approaches based on the biochemical properties of these
cell surface receptors are under investigation (Fig. 2).
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Figure 2 A schematic representation of the EGFR as a target for anti-cancer therapies. Four different strategies for inhibiting
EGFR expression or activity are shown: monoclonal antibodies (Mab) against the extracellular ligand-binding domain; antisense
oligonucleotides against EGFR mRNA; ligand–toxin conjugates which kill target cells following endocytosis; small molecular
tyrosine kinase inhibitors (TKI) which inhibit ligand-induced EGFR activation.
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Monoclonal antibodies

Monoclonal antibodies raised against several epitopes of the
EGFR or HER2, as well as EGF and TGFα blocking
antibodies are now in clinical trials, either alone or in
combination with other therapeutic agents. The prototypical
therapeutic antibody Herceptin (Trastuzumab, rhu4D5)
which targets HER2 recognises the receptor’s extracellular
domain (Fendlyet al. 1990). Herceptin binding leads to a
decreased kinase activity combined with the inhibition of
proliferation and the hypersensitivity to both pro-apoptotic
tumour necrosis factorα (TNFα) as well as cytotoxic
which targets HER2 recognises the receptor’s extracellular
domain (Fendlyet al. 1990). Herceptin binding leads to a
decreased kinase activity combined with the inhibition of
proliferation and the hypersensitivity to both pro-apoptotic
tumour necrosis factorα (TNFα) as well as cytotoxic
cisplatin, paclitaxel and doxyrubicin in HER2 overexpressing
cells (Hudziaket al. 1989, Hancocket al. 1991). In clinical
trials, Herceptin was well tolerated in women with metastatic
breast cancer overexpressing HER2 and produced durable
objective responses (Baselgaet al. 1996, Cobleighet al.
1999). Recently, Park and co-workers (2000) developed a
structure-based 1.5 kDa peptide mimic functionally similar
to Herceptin that is able to reduce HER2 signallingin vitro
and in vivo which could be a viable candidate for use in
clinical trials. However, Herceptin which was approved by
the Food and Drug Administration in 1998 is the first
target-selective drug raised against an oncogenic cell surface
receptor and therefore represents the first example of a new
era of anti-cancer therapy.

Cetuximab (C225), a monoclonal antibody directed
against the extracellular domain of the EGFR, efficiently
competes with EGFR ligand binding due to its high affinity
for the receptor (Goldsteinet al. 1995). Furthermore,
Cetuximab-like antibodies were shown to induce receptor
internalisation and therefore downregulate EGFR signalling
(Sunadaet al. 1986). The general antitumour effect of C225
has been shown in human ovarian, breast, colon and renal
carcinoma cell lines (Prewettet al. 1998, Ciardielloet al.
1999). In combination with radiotherapy, C225 increases
tumour cell terminal differentiation and inhibits tumour
angiogenesis thus enhancing the response to radiation, as
shown in xenografts from epidermoid carcinomas and head
and neck squamous cell carcinomas (Huang & Harari 2000,
Milas et al. 2000). Finally, treatment of ovarian cancer cells
with both C225 and Herceptin results in an additive
anti-proliferative effect, suggesting a potential synergistic
effect for anti-cancer treatment (Yeet al. 1999).

Ligand–toxin and immunotoxin conjugates

Ligand–toxin fusion proteins against the EGFR are
constructed using NRG, EGF or TGFα conjugated to various
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truncated forms ofPseudomonasexotoxin A and other less
immunogenic cellular toxins (reviewed in Noonberg & Benz
2000). These ligand–toxin conjugates enter the cells through
receptor-mediated endocytosis and kill the target cell through
inhibition of protein synthesis (Fitzgerald 1996, reviewed in
Noonberg & Benz 2000). Based on a similar principle,
approaches with immunotoxins which contain the EGF
ligand fused to genistein, a broad spectrum tyrosine kinase
inhibitor, are currently under investigation (Uckunet al.
1998a,b, Shaoet al. 1998).

Antisense oligonucleotides

Another strategy to inhibit the receptor activity are antisense
oligonucleotides, short pieces of synthetic DNA or RNA
which interact with the mRNA and therefore efficiently block
transcription of specific cellular target proteins (Marcussonet
al. 1999). Growth inhibition using oligonucleotides directed
against the EGFR or TGFα has been shown in cancer cell
lines such as ovarian carcinoma, breast, prostate cancer and
head and neck squamous cell carcinoma cell lines (Grandis
et al. 1998, Rubensteinet al. 1998, Witterset al. 1999).

Tyrosine kinase inhibitors

Taking advantage of structure-based drug design and the
variability of combinatorial chemistry, small molecule drugs
developed against RTK kinase domains represent another
promising approach in cancer therapy (reviewed in Levitzki
1999). ATP analogues of the Tyrphostin family have been
developed to show specificity towards the ATP-binding sites
of the EGFR and HER2 thereby inhibiting these kinases
(Moyer et al. 1997, reviewed in Levitzki 1992, Gazitet al.
1991, Osherovet al.1993). The EGFR-specific AG1478 was
shown to prevent primary glioblastoma cells from invading
brain aggregates (Penaret al. 1997) and to abrogate
proliferation of prostate cancer cells (Kondapaka & Reddy
1996). In addition, AG1478 inhibits EGFR as well as HER2
signalling in MMTV/Neu+MMTV/TGFα bigenic mice and
suppresses mammary tumorigenicity (Lenferinket al. 2000).
Another promising EGFR inhibitor, ZD-1839, which shows
an antiproliferative effect in ovarian, breast and colon cancer
cells is under clinical development (Ciardielloet al. 2000).

Transactivation of EGF receptor family
members

Cross-communication between heterologous signalling
systems is essential to integrate the variety of extracellular
stimuli into a limited number of signalling pathways. The
EGFR and HER2 have been identified as critical elements in
signal transduction networks utilised by G-protein-coupled
receptors, cytokine receptors, integrins, ion channels and
RTKs (reviewed in Gschwindet al. 2001, Carpenter 2000b,
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Prenzelet al. 2000). To distinguish this non-classical mode
of activation from receptor activation by its cognate ligands
this process has been termed EGFR transactivation.

RTK transactivation by cellular stress

Since 1989 when Schlessinger and colleagues found that the
EGFR and its relative HER2 become tyrosine phosphorylated
in response to hyperosmotic shock (Kinget al.1989), various
other non-physiological stimuli such as UV and gamma
radiation, membrane depolarizing agents and several
oxidants have been shown to regulate the activation state of
RTKs (Sachsenmaieret al. 1994, Cofferet al. 1995, Huang
et al.1996, Knebelet al.1996, reviewed in Weisset al. 1997
and Carpenter 1999). Furthermore, the association of the
EGFR with Shc and Grb2 adapter proteins or with
phospholipase Cγ following UV treatment underlined the
functional importance of this ligand-independent RTK
transactivation (Huanget al. 1996, Knebelet al. 1996).
Based on the findings which revealed the critical involvement
of RTK antagonistic protein tyrosine phosphatases (PTPases)
in UV-induced effects (Knebelet al.1996), PTPases together
with generated reactive oxygen intermediates (ROIs) are
thought to be key modulators of the RTK activation state.

GPCR-induced EGFR transactivation

In 1996, Daub and co-workers found that the EGFR was an
essential element in coupling ligand stimulation of
G-protein-coupled receptors specific for lysophosphatidic
acid (LPA), thrombin and endothelin-1 (ET-1) to the
Ras-MAP kinase pathway, c-fos gene transcription and cell
growth (Daubet al. 1996). In this report, specific inhibition
of the EGFR function by either the small molecule drug
AG1478 or a dominant negative receptor mutant blocked
GPCR-induced mitogenic signalling in Rat-1 cells. The
ligand-independent mechanism described was reminiscent of
stress-induced EGF receptor activation thus pointing to
inactivation of PTPase activity rather than the involvement
of EGF-like ligands. This initial finding was followed by a
number of studies which showed the crucial contribution of
the EGFR for signalling of various GPCRs via all classes
of G-proteins to a variety of different cellular messengers
(reviewed in Gschwindet al. 2001, Carpenter 1999, Zwick
et al. 1999a). In general, EGFR transactivation is
characterised by rapid and transient kinetics (Daubet al.
1997, Keelyet al. 1998, Li et al. 1998) and the critical
dependence on the receptor’s intrinsic tyrosine kinase
domain (Daubet al. 1996, Tsaiet al. 1997, Zwick et al.
1997, Eguchiet al. 1998).

Mechanism of EGFR transactivation

Based on the rapid onset of GPCR-induced EGFR tyrosine
phosphorylation and the absence of EGF-like ligands in the
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cell culture media after G-protein activation (Tsaiet al.1997,
Eguchi et al. 1998), a mechanism exclusively attributed to
intracellular elements was postulated (Daubet al. 1996,
reviewed in Zwicket al. 1999a). In this context, several
candidate cytoplasmic tyrosine kinases, Ser/Thr kinases and
second messengers have been discussed as potential
mediators of EGFR transactivation.

Involvement of Src kinases
Non-receptor tyrosine kinases of the Src family have
frequently been implicated in GPCR-induced activation of
the Ras-MAP kinase pathway (Luttrellet al. 1996).
Gi-mediated and therefore pertussis toxin (PTX)-sensitive or
βγ-mediated EGFR tyrosine phosphorylation and MAP
kinase activation via Src-kinases was shown in COS-7 cells
(Luttrell et al. 1997). In contrast, while LPA-induced Erk2
induction was abrogated by Src inhibition, EGFR
transactivation was unaffected in the same cell line (Daubet
al. 1997). In vascular smooth muscle cells, PP1, an inhibitor
of Src-like kinases blocked angiotensin II (ATII)-induced
EGFR tyrosine phosphorylation (Bokemeyeret al. 2000). In
line with these reports GPCR ligands such as
gonadotrophin-releasing hormone and neuropeptide YY
(PYY) activate the MAP kinase pathway in various cell types
dependent on both EGFR function and Src kinase activity
(Grosseet al.2000a, Mannon & Mele 2000). However, these
newer findings did not depict the concrete position of Src
acting up- or downstream of the EGFR in further detail. The
idea that Src family kinases represent a point of convergence
for different pathways (Della Roccaet al. 1999) is further
supported by the existence of Src-EGFR complexes
following ATII or carbachol stimulation (Eguchiet al.1998,
Keelyet al.2000) and Src-GPCR association in isoproterenol
treated cells (Luttrell et al. 1999). The finding that
ATII-induced Src recruitment to the EGFR is not sensitive
to AG1478 suggested the EGFR as a scaffold for
pre-activated Src (Eguchiet al. 1998). Remarkably, Parsons
and colleagues showed that mutation of Tyr845, a Src
phosphorylation site within the EGFR, is critically involved
in LPA and EGF-induced mitogenic signalling without
altering the receptor’s intrinsic kinase activity (Ticeet al.
1999). In conclusion, regardless of their signalling position,
Src kinases act as critical players in GPCR as well as in
EGFR signalling and may contribute to GPCR-induced
EGFR transactivation to varying extents, depending on the
cellular context and the activated receptor.

Involvement of calcium and Pyk2
Based on the observation that calcium influx is sufficient to
trigger MAP kinase activation and EGFR tyrosine
phosphorylation in PC12 cells (Rosen & Greenberg 1996),
Zwick et al. (1997) revealed the functional role of the EGFR
as a critical mediator of both calcium-induced and
bradykinin-triggered MAP kinase activation. This cell
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type-specific picture has recently been extended since several
findings have demonstrated Ca2+ to be necessary for ET-1,
ATII, UTP and carbachol-induced EGFR transactivation in
several model systems (Eguchiet al. 1998, 1999, Matsubara
et al. 1998, Soltoff 1998, Keelyet al. 2000) and for the
action of interleukin-8 in ovarian cancer cells
(Venkatakrishnanet al. 2000). Due to this critical function
of Ca2+, the Ca2+-regulated FAK family kinase Pyk2 (Levet
al. 1995) was discussed as a mediator of EGFR
transactivation in the signalling elicited by carbachol in
intestinal epithelial cells (Keelyet al. 2000) and UTP in
PC12 cells (Soltoff 1998). While Keelyet al. (2000) reported
the transactivation-dependent recruitment of Pyk2 and Src to
the EGFR, the failure of AG1478 to inhibit Pyk2 tyrosine
phosphorylation in response to UTP led to the speculation
that Pyk2 acts upstream of the EGFR signal (Soltoff 1998).
However, inducible-expression of a kinase-inactive Pyk2
mutant did not affect either GPCR- or calcium-induced
transactivation suggesting a role of this kinase in parallel to
the EGFR (Zwicket al.1999b). Similar to Src kinases, Pyk2
may exert diverse biological functions depending on its
restricted expression and the activating receptor or stimulus
(Lev et al.1995, Dikicet al.1996, Della Roccaet al.1999).
Very recently, Pyk2 was shown as a potent mediator of
ATII-induced c-Jun NH2–terminal (Jnk) kinase activation
and c-jun gene expression (Murasawaet al.2000), a process
distinct from EGFR and Ras activation which mediate
ATII-induced Erk induction (Eguchiet al. 1998, Murasawa
et al. 1998).

Involvement of PKC
The serine/threonine kinase PKC has often been implicated
as a mediator of EGFR transactivation especially following
stimulation of Gq-coupled receptors. Nevertheless, even
though both the M1 and M3 subtypes of muscarinic
acetylcholine receptor couple to Gq-proteins, carbachol-
induced EGFR tyrosine phosphorylation was blocked by the
PKC inhibitor GF109203X only in M1R expressing HEK293
cells (Tsaiet al.1997, Slack 2000). Interestingly, abrogating
PKC function even enhanced M3R-induced crosstalk
significantly (Slack 2000), while in colonic epithelial cells,
Keely and colleaques (1998) observed no prominent role of
PKC in signalling from M3R to Erk activation. While EGFR
transactivation was strictly PKC-dependent in gonado-
trophin-releasing hormone-stimulatedαT3–1 gonadotrophs
and PC12 cells treated with UTP (Soltoff 1998, Grosseet al.
2000b), PKCε was found downstream of the EGFR in a gut
epithelial cell line treated with the peptide GPCR agonist
PYY (Mannon & Mele 2000). ATII-stimulated EGFR
transactivation in rat liver epithelial cells was shown only if
PKC function was blocked (Liet al. 1998). Finally,
bradykinin stimulation of COS-7 cells was mediated by both
EGFR transactivation and PKC activation via independent
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signalling pathways which converged at the small GTPase
Ras (Adomeitet al. 1999).

Taken together, EGFR transactivation links stimulation of
various G-protein-coupled receptors to a plethora of cellular
phenomena such as MAP kinase activation (Cunnicket al.
1998, Castagliuoloet al.2000), gene transcription (Daubet al.
1996, Vaingankar & Martins-Green 1998, Moriguchiet al.
1999), regulation of ion channels (Tsaiet al. 1997), PI3K
activation (Daubet al. 1997, Laffargueet al. 1999) and
cytoskeletal rearrangements (Gohlaet al.1998, 1999).

Several cytoplasmic mediators contribute to varying
extents to GPCR-induced EGFR transactivation but a general
and new principle which extended the classical mechanistic
view by some new and previously unexpected elements will be
summarised in the following section.

Triple membrane-passing signal mechanism of
GPCR-induced EGFR transactivation
As discussed above, EGFR transactivation has been
considered to be mediated exclusively by intracellular
elements in a ligand-independent mechanism. In contrast to
this, stimuli such as TPA and Ca2+ ionophores which are
known to induce tyrosine phosphorylation of the EGFR, and
activators of heterotrimeric G-proteins, AlF4− and GTPγS,
were shown to induce the cleavage of EGF-like growth factor
precursors thus generating mature ligands (Bosenberget al.
1993, Goishiet al. 1995, Dethlefsenet al. 1998). Moreover,
the finding that a chimeric receptor, consisting of the
ligand-binding domain of the EGFR and the PDGF receptor’s
transmembrane and intracellular part, can be transactivated
supported the notion that the EGFR extracellular domain is
involved in the GPCR-EGFR cross-talk (Prenzelet al.1999).
Intercellular EGFR transactivation after carbachol
stimulation of co-cultured cell lines stably expressing either
the M1R or the human EGFR further underlines the thesis that
a diffusible factormaymediate the effects observed. In another
set of experiments we could show that several ligands for
GPCRs such as LPA, thrombin or bombesin can induce the
proteolytic processing of the proHB-EGF precursor, and
inhibition of HB-EGF function abrogated EGFR
transactivation in COS-7 and HEK 293 cells. Finally,
treatment of cells with the broad-spectrum metalloprotease
inhibitor Batimastat completely blocked GPCR-induced
proHB-EGF shedding and subsequent EGFR and Shc tyrosine
phosphorylation thus leading to themolecular model of a triple
membrane-passing signal mechanism (Prenzelet al. 1999)
(Fig. 3). Despite the identification of these previously
unexpected but critical pathway elements, the nature of the
metalloprotease and the mechanism of its G-protein-mediated
activation are not yet clear. Very recently, however, other
studies confirmed this concept of metalloprotease-mediated
and therefore ligand-dependent transactivation mechanism.
Thrombin-induced EGFR transactivation and cell migration in
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Figure 3 Triple-membrane-passing signal mechanism (TMPS) of the EGFR transactivation. GPCR-induced and
metalloprotease-mediated proteolytic cleavage of EGF-like growth factor precursors leads to transactivation of the EGFR. This
mechanistic signalling model for ligand-dependent interreceptor communication encloses three membrane passages and
couples GPCR activation to the Ras-MAP kinase (MAPK) pathway.

smoothmuscle cells was shown to bemediated by proHB-EGF
shedding (Kalmeset al.2000). The same ligand is critical for
estrogen-induced and GPCR-mediated EGFR transactivation
and Erk activation in breast cancer cell lines (Filardoet al.
2000). This finding, together with the observation that
bombesin-induced EGFR tyrosine phosphorylation and basal
EGFR activation are Batimastat sensitive in PC3 prostate
cancer cells (Prenzelet al.1999) underlines the putative role
of the transactivated EGFR in hyperproliferative disorders
such as cancer (Vaccaet al.2000, reviewed in Gschwindet al.
2001).

Conclusion

Since the initial cloning of the EGFR in 1984 and the following
characterisation of HER2 and its relatives, the investigation of
theEGFR family of RTKs has contributed to the understanding
of fundamental cellular processes such as growth,
differentiation and transformation. Despite the high
complexity of signal generation with a variety of activating
ligands, four related receptors and multiple intracellular
effectors, numerous elegant studies have shed light on the
basic mechanisms of this interconnected signalling network.
Additionally, cross-communication between other cell surface
receptors and the EGFR and their potential involvement in
hyperproliferative diseases underlines the critical position of
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EGFR family members as hot spots of signalling and
promising therapeutical targets. However, key network
components, such as the regulators of growth factor precursor
shedding and receptor-specific antagonistic phosphatases are
still not identified, but the growing field of proteomics and
additional information from genomics will provide tools and
knowledge to unravel their identity.

Acknowledgements

The authors would like to thank Esther Zwick and Martha
Murgia for critically reading the manuscript. O M Fischer
is a recipient of a Boehringer Ingelheim Fonds PhD
scholarship.

References

Adomeit A, Graness A, Gross S, Seedorf K, Wetzker R & Liebmann
C 1999 Bradykinin B-2 receptor-mediated mitogen-activated
protein kinase activation in COS-7 cells requires dual signaling via
both protein kinase C pathway and epidermal growth factor
receptor transactivation.Molecular and Cellular Biology195289–
5297.

Alessi DR & Cohen P 1998 Mechanism of activation and function of
protein kinase B.Current Opinion in Genetics and Development8
55–62.

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access



Endocrine-Related Cancer (2001) 8 11–31

Alimandi M, Romano A, Curia MC, Muraro R, Fedi P, Aaronson SA,
Di Fiore PP & Kraus MH 1995 Cooperative signaling of ErbB3
and ErbB2 in neoplastic transformation and human mammary
carcinomas.Oncogene101813–1821.

Alimandi M, Wang LM, Bottaro D, Lee CC, Kuo A, Frankel M, Fedi
P, Tang C, Lippman M & Pierce JH 1997 Epidermal growth factor
and betacellulin mediate signal transduction through co-expressed
ErbB2 and ErbB3 receptors.EMBO Journal165608–5617.

Alroy I & Yarden Y 1997 The ErbB signaling network in
embryogenesis and oncogenesis: signal diversification through
combinatorial ligand–receptor interactions.FEBS Letters41083–
86.

Arribas J, Coodly L, Vollmer P, Kishimoto TK, Rose-John S &
Massague J 1996 Diverse cell surface protein ectodomains are
shed by a system sensitive to metalloprotease inhibitors.Journal of
Biological Chemistry27111376–11382.

Arribas J, Lopez-Casillas F & Massague J 1997 Role of the
juxtamembrane domains of the transforming growth factor-α
precursor and theβ-amyloid precursor protein in regulated
ectodomain shedding.Journal of Biological Chemistry272
17160–17165.

Bagowski CP, Stein-Gerlach M, Choidas A & Ullrich A 1999 Cell
type-specific phosphorylation of threonines T654 and T669 by
PKD defines the signal capacity of the EGF receptor.EMBO
Journal185567–5576.

Bao J, Alroy I, Waterman H, Schejter ED, Brodie C, Gruenberg J &
Yarden Y 2000 Threonine phosphorylation diverts internalized
epidermal growth factor receptors from a degradative pathway to
the recycling endosome.Journal of Biological Chemistry275
26178–26186.

Barbacci EG, Guarino BC, Stroh JG, Singleton DH, Rosnack KJ,
Moyer JD & Andrews GC 1995 The structural basis for the
specificity of epidermal growth factor and heregulin binding.
Journal of Biological Chemistry2709585–9589.

Bargmann CI, Hung MC &Weinberg RA 1986 Multiple independent
activations of the neu oncogene by a point mutation altering the
transmembrane domain of p185.Cell 45649–657.

Bartlett JM, Langdon SP, Simpson BJ, Stewart M, Katsaros D,
Sismondi P, Love S, Scott WN, Williams AR, Lessells AM,
Macleod KG, Smyth JF & Miller WR 1996 The prognostic value
of epidermal growth factor receptor mRNA expression in primary
ovarian cancer.British Journal of Cancer73301–306.

Baselga J, Tripathy D, Mendelsohn J, Baughman S, Benz CC, Dantis
L, Sklarin NT, Seidman AD, Hudis CA, Moore J, Rosen PP,
Twaddell T, Henderson IC & Norton L 1996 Phase II study of
weekly intravenous recombinant humanized anti-p185HER2
monoclonal antibody in patients with HER2/neu-overexpressing
metastatic breast cancer.Journal of Clinical Oncology14737–
744.

Baulida J, Kraus MH, Alimandi M, Di Fiore PP & Carpenter G 1996
All ErbB receptors other than the epidermal growth factor receptor
are endocytosis impaired.Journal of Biological Chemistry271
5251–5257.

Beckmann MW, Niederacher D, Massenkeil G, Tutschek B,
Beckmann A, Schenko G, Schnurch HG & Bender HG 1996
Expression analyses of epidermal growth factor receptor and
HER-2/neu: no advantage of prediction of recurrence or survival in
breast cancer patients.Oncology53441–447.

Beerli RR & Hynes NE 1996 Epidermal growth factor-related
peptides activate distinct subsets of ErbB receptors and differ in
their biological activities.Journal of Biological Chemistry271
6071–6076.

www.endocrinology.org 23

Belsches AP, Haskell MD & Parsons SJ 1997 Role of c-Src tyrosine
kinase in EGF-induced mitogenesis.Frontiers in Biosciences2
501–518.

Berchuck A, Kamel A, Whitaker R, Kerns B, Olt G, Kinney R, Soper
JT, Dodge R, Clarke-Pearson DL & Marks P 1990 Overexpression
of HER-2/neu is associated with poor survival in advanced
epithelial ovarian cancer.Cancer Research504087–4091.

Bigner SH, Humphrey PA, Wong AJ, Vogelstein B, Mark J,
Friedman HS & Bigner DD 1990 Characterization of the epidermal
growth factor receptor in human glioma cell lines and xenografts.
Cancer Research508017–8022.

Biscardi JS, Maa MC, Tice DA, Cox ME, Leu TH & Parsons SJ 1999
c-Src-mediated phosphorylation of the epidermal growth factor
receptor on tyr845 and tyr1101 is associated with modulation of
receptor function.Journal of Biological Chemistry2748335–
8343.

Biswas DK, Cruz AP, Gansberger E & Pardee AB 2000 Epidermal
growth factor-induced nuclear factor kappa B activation: a major
pathway of cell-cycle progression in estrogen-receptor negative
breast cancer cells.PNAS978542–8547.

Bjorge JD, Chan TO, Antczak M, Kung HJ & Fujita DJ 1990
Activated type I phosphatidylinositol kinase is associated with the
epidermal growth factor (EGF) receptor following EGF
stimulation.PNAS873816–3820.

Blobel CP 2000 Remarkable roles of proteolysis on and beyond the
cell surface.Current Opinion in Cell Biology12606–612.

Bokemeyer D, Schmitz U & Kramer HJ 2000 Angiotensin II-induced
growth of vascular smooth muscle cells requires an Src-dependent
activation of the epidermal growth factor receptor.Kidney
International58549–558.

Bosenberg MW, Pandiella A & Massaque´ J 1992 The cytoplasmic
carboxy-terminal amino acid specifies cleavage of membrane
TGFα into soluble growth factor.Cell 711157–1165.

Bosenberg MW, Pandiella A & Massaque´ J 1993 Activated release of
membrane-anchored TGF-α in the absence of cytosol.Journal of
Cell Biology12295–101.

Bouchard L, Lamarre L, Tremblay PJ & Jolicoeur P 1989 Stochastic
appearance of mammary tumors in transgenic mice carrying the
MMTV/c-neu oncogene.Cell 57931–936.

Brown CL, Meise KS, Plowman GD, Coffey RJ & Dempsey PJ 1998
Cell surface ectodomain cleavage of human amphiregulin
precursor is sensitive to a metalloprotease inhibitor. Release of a
predominant N-glycosylated 43–kDa soluble form.Journal of
Biological Chemistry27317258–17268.

Cai YC, Jiang Z, Vittimberga F, Xu X, Savas L, Woda B, Callery
M & Banner B 1999 Expression of transforming growth
factor-alpha and epidermal growth factor receptor in
gastrointestinal stromal tumours.Virchows Archives435
112–115.

Carpenter G 1999 Employment of the epidermal growth factor
receptor in growth factor-independent signaling pathways.
Journal of Cell Biology146697–702.

Carpenter G 2000a The EGF receptor: a nexus for trafficking and
signaling.Bioessays22 697–707.

Carpenter G 2000b EGF receptor transactivation mediated by the
proteolytic production of EGF-like agonists.Science’s STKE15
1pe.

Caruso ML & Valentini AM 1996 Immunohistochemical p53
overexpression correlated to c-erbB-2 and cathepsin D proteins
in colorectal cancer.Anticancer Research16 3813–3818.

Castagliuolo I, Valenick L, Liu J & Pothoulakis C 2000 Epidermal
growth factor receptor transactivation mediates substance

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access



Prenzel et al.: EGFR family and cellular signal transduction

P-induced mitogenic responses in U-373 MG cells.Journal of
Biological Chemistry27526545–26550.

Ceresa BP & Schmid SL 2000 Regulation of signal transduction by
endocytosis.Current Opinion in Cell Biology12 204–210.

Chow NH, Liu HS, Lee EI, Chang CJ, Chan SH, Cheng HL, Tzai
TS & Lin JS 1997 Significance of urinary epidermal growth
factor and its receptor expression in human bladder cancer.
Anticancer Research17 1293–1296.

Ciardiello F, Bianco R, Damiano V, De Lorenzo S, Pepe S, De
Placido S, Fan Z, Mendelsohn J, Bianco AR & Tortora G 1999
Antitumor activity of sequential treatment with topotecan and
anti-epidermal growth factor receptor monoclonal antibody
C225.Clinical Cancer Research5 909–916.

Ciardiello F, Caputo R, Bianco R, Damiano V, Pomatico G, De
Placido S, Bianco AR & Tortora G 2000 Antitumor effect and
potentiation of cytotoxic drugs activity in human cancer cells by
ZD-1839 (Iressa), an epidermal growth factor receptor-selective
tyrosine kinase inhibitor.Clinical Cancer Research6 2053–
2063.

Cobleigh MA, Vogel CL, Tripathy D, Robert NJ, Scholl S,
Fehrenbacher L, Wolter JM, Paton V, Shak S, Lieberman G &
Slamon DJ 1999 Multinational study of the efficacy and safety
of humanized anti-HER2 monoclonal antibody in women who
have HER2–overexpressing metastatic breast cancer that has
progressed after chemotherapy for metastatic disease.Journal of
Clinical Oncology17 2639–2648.

Codony-Servat J, Albanell J, Lopez-Talavera JC, Arribas J &
Baselga J 1999 Cleavage of the HER2 ectodomain is a
pervanadate-activable process that is inhibited by the tissue
inhibitor of metalloproteases-1 in breast cancer cells.Cancer
Research59 1196–1201.

Coffer PJ, Burgering BM, Peppelenbosch MP, Bos JL & Kruijer
W 1995 UV activation of receptor tyrosine kinase activity.
Oncogene11 561–569.

Coso OA, Chiariello M, Yu JC, Teramoto H, Crespo P, Xu N,
Miki T & Gutkind JS 1995 The small GTP-binding proteins
Rac1 and Cdc42 regulate the activity of the JNK/SAPK
signaling pathway.Cell 81 1137–1146.

Coussens L, Yang-Feng TL, Liao YC, Chen E, Gray A, McGrath
J, Seeburg PH, Libermann TA, Schlessinger J & Francke U
1985 Tyrosine kinase receptor with extensive homology to EGF
receptor shares chromosomal location with neu oncogene.
Science2301132–1139.

Cunnick JM, Dorsey JF, Standley T, Turkson J, Kraker AJ, Fry
DW, Jove R & Wu J 1998 Role of tyrosine kinase activity of
epidermal growth factor receptor in the lysophosphatidic
acid-stimulated mitogen-activated protein kinase pathway.
Journal of Biological Chemistry27314468–14475.

Damstrup L, Kuwada SK, Dempsey PJ, Brown CL, Hawkey CJ,
Poulsen HS, Wiley HS & Coffey RJ, Jr 1999 Amphiregulin acts
as an autocrine growth factor in two human polarizing colon
cancer lines that exhibit domain selective EGF receptor
mitogenesis.British Journal of Cancer80 1012–1019.

Daub H, Weiss FU, Wallasch C & Ullrich A 1996 Role of
transactivation of the EGF receptor in signalling by
G-protein-coupled receptors.Nature379557–560.

Daub H, Wallasch C, Lankenau A, Herrlich A & Ullrich A 1997
Signal characteristics of G protein-transactivated EGF receptor.
EMBO Journal16 7032–7044.

Della Rocca GJ, Maudsley S, Daaka Y, Lefkowitz RJ & Luttrell
LM 1999 Pleiotropic coupling of G protein-coupled receptors to
the mitogen-activated protein kinase cascade – role of focal

24 www.endocrinology.org

adhesions and receptor tyrosine kinases.Journal of Biological
Chemistry27413978–13984.

Dempsey PJ, Meise KS, Yoshitake Y, Nishikawa K & Coffey RJ
1997 Apical enrichment of human EGF precursor in
madin-darby canine kidney cells involves preferential basolateral
ectodomain cleavage sensitive to a metalloprotease inhibitor.
Journal of Cell Biology138747–758.

Dethlefsen SM, Raab G, Moses MA, Adam RM, Klagsbrun M &
Freeman MR 1998 Extracellular calcium influx stimulates
metalloproteinase cleavage and secretion of heparin-binding
EGF-like growth factor independently of protein kinase C.
Journal of Cellular Biochemistry69 143–153.

Di Fiore PP, Pierce JH, Kraus MH, Segatto O, King CR &
Aaronson SA 1987 ErbB-2 is a potent oncogene when
overexpressed in NIH/3T3 cells.Science237178–182.

Dikic I, Tokina G, Lev S, Courtneidge SA & Schlessinger J 1996
A role for Pyk2 and Src in linking G-protein-coupled receptors
with MAP kinase activation.Nature383547–550.

Dolfi F, Garcia-Guzman M, Ojaniemi M, Nakamura H, Matsuda
M & Vuori K 1998 The adaptor protein Crk connects multiple
cellular stimuli to the JNK signaling pathway.PNAS95 15394–
15399.

Dong J & Wiley HS 2000 Trafficking and proteolytic release of
epidermal growth factor receptor ligands are modulated by their
membrane-anchoring domains.Journal of Biological Chemistry
275557–564.

Dong J, Opresko LK, Dempsey PJ, Lauffenburger DA, Coffey
RJ & Wiley HS 1999 Metalloprotease-mediated ligand release
regulates autocrine signaling through the epidermal growth
factor receptor.PNAS96 6235–6240.

Eguchi S, Numaguchi K, Iwasaki H, Matsumoto T, Yamakawa T,
Utsunomiya H, Motley ED, Kawakatsu H, Owada KM, Hirata
Y, Marumo F & Inagami T 1998 Calcium-dependent epidermal
growth factor receptor transactivation mediates the angiotensin
II-induced mitogen-activated protein kinase activation in
vascular smooth muscle cells.Journal of Biological Chemistry
2738890–8896.

Eguchi S, Iwasaki H, Inagami T, Numaguchi K, Yamakawa T,
Motley ED, Owada KM, Marumo F & Hirata Y 1999
Involvement of PYK2 in angiotensin II signaling of vascular
smooth muscle cells.Hypertension33 201–206.

Ekstrand AJ, James CD, Cavenee WK, Seliger B, Pettersson RF &
Collins VP 1991 Genes for epidermal growth factor receptor,
transforming growth factor alpha, and epidermal growth factor
and their expression in human gliomasin vivo. Cancer Research
51 2164–2172.

Ekstrand AJ, Sugawa N, James CD & Collins VP 1992 Amplified
and rearranged epidermal growth factor receptor genes in human
glioblastomas reveal deletions of sequences encoding portions of
the N- and/or C-terminal tails.PNAS89 4309–4313.

Ekstrand AJ, Longo N, Hamid ML, Olson JJ, Liu L, Collins VP &
James CD 1994 Functional characterization of an EGF receptor
with a truncated extracellular domain expressed in glioblastomas
with EGFR gene amplification.Oncogene9 2313–2320.

Fan PD & Goff SP 2000 Abl interactor 1 binds to Sos and inhibits
epidermal growth factor- and v-abl-induced activation of
extracellular signal-regulated kinases.Molecular and Cellular
Biology 20 7591–7601.

Fendly BM, Winget M, Hudziak RM, Lipari MT, Napier MA &
Ullrich A 1990 Characterization of murine monoclonal
antibodies reactive to either the human epidermal growth factor

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access



Endocrine-Related Cancer (2001) 8 11–31

receptor or HER2/neu gene product.Cancer Research50 1550–
1558.

Filardo EJ, Quinn JA, Bland KI & Frackelton AR Jr 2000
Estrogen-induced activation of Erk-1 and Erk-2 requires the G
protein-coupled receptor homolog, GPR30, and occurs via
trans-activation of the epidermal growth factor receptor through
release of HB-EGF.Molecular Endocrinology14 1649–1660.

Fischer-Colbrie J, Witt A, Heinzl H, Speiser P, Czerwenka K,
Sevelda P & Zeillinger R 1997 EGFR and steroid receptors in
ovarian carcinoma: comparison with prognostic parameters and
outcome of patients.Anticancer Research17 613–619.

Fitzgerald D 1996 Why toxins!Seminars in Cancer Biology7 87–
95.

Fontanini G, De Laurentiis M, Vignati S, Chine S, Lucchi M,
Silvestri V, Mussi A, De Placido S, Tortora G, Bianco AR,
Gullick W, Angeletti CA, Bevilacqua G & Ciardiello F 1998
Evaluation of epidermal growth factor-related growth factors and
receptors and of neoangiogenesis in completely resected stage
I-IIIA non-small-cell lung cancer: amphiregulin and microvessel
count are independent prognostic indicators of survival.Clinical
Cancer Research4 241–249.

Frederick L, Wang XY, Eley G & James CD 2000 Diversity and
frequency of epidermal growth factor receptor mutations in
human glioblastomas.Cancer Research60 1383–1387.

Fujino S, Enokibori T, Tezuka N, Asada Y, Inoue S, Kato H &
Mori A 1996 A comparison of epidermal growth factor receptor
levels and other prognostic parameters in non-small cell lung
cancer.European Journal of Cancer32A 2070–2074.

Garcia de Palazzo IE, Adams GP, Sundareshan P, Wong AJ, Testa
JR, Bigner DD & Weiner LM 1993 Expression of mutated
epidermal growth factor receptor by non-small cell lung
carcinomas.Cancer Research53 3217–3220.

Gazit A, Osherov N, Posner I, Yaish P, Poradosu E, Gilon C &
Levitzki A 1991 Tyrphostins. Heterocyclic and alpha-substituted
benzylidenemalononitrile tyrphostins as potent inhibitors of EGF
receptor and ErbB2/neu tyrosine kinases.Journal of Medical
Chemistry34 1896–1907.

Gohla A, Harhammer R & Schultz G 1998 The G-protein G(13)
but not G(12) mediates signaling from lysophosphatidic acid
receptor via epidermal growth factor receptor to rho.Journal of
Biological Chemistry2734653–4659.

Gohla A, Offermann S, Wilkie TM & Schultz G 1999 Differential
involvement of Gα12 and Gα13 in receptor-mediated stress fiber
formation.Journal of Biological Chemistry27417901–17907.

Goi T, Shipitsin M, Lu Z, Foster DA, Klinz SG & Feig LA 2000
An EGF receptor/Ral-GTPase signaling cascade regulates c-Src
activity and substrate specificity.EMBO Journal19 623–630.

Goishi K, Higashiyama S, Klagsbrun M, Nakano N, Umata T,
Ishikawa M, Mekada E & Taniguchi N 1995 Phorbol ester
induces the rapid processing of cell surface heparin-binding
EGF-like growth factor: conversion from juxtacrine to paracrine
growth factor activity.Molecular Biology of the Cell6 967–980.

Goldman R, Levy RB, Peles E & Yarden 1990 Heterodimerization
of the erbB-1 and erbB-2 receptors in human breast carcinoma
cells: a mechanism for receptor transregulation.Biochemistry29
11024–11028.

Goldstein NI, Prewett M, Zuklys K, Rockwell P & Mendelsohn J
1995 Biological efficacy of a chimeric antibody to the epidermal
growth factor receptor in a human tumor xenograft model.
Clinical Cancer Research1 1311–1318.

Grandis JR, Melhem MF, Barnes EL & Tweardy DJ 1996
Quantitative immunohistochemical analysis of transforming

www.endocrinology.org 25

growth factor-alpha and epidermal growth factor receptor in
patients with squamous cell carcinoma of the head and neck.
Cancer78 1284–1292.

Grandis JR, Chakraborty A, Zeng Q, Melhem MF & Tweardy DJ
1998 Downmodulation of TGF-alpha protein expression with
antisense oligonucleotides inhibits proliferation of head and neck
squamous carcinoma but not normal mucosal epithelial cells.
Journal of Cellular Biochemistry69 55–62.

Graus-Porta D, Beerli RR & Hynes NE 1995 Single-chain
antibody-mediated intracellular retention of ErbB-2 impairs neu
differentiation factor and epidermal growth factor signaling.
Molecular and Cellular Biology15 1182–1191.

Graus-Porta D, Beerli RR, Daly JM & Hynes NE 1997 ErbB-2, the
preferred heterodimerization partner of all ErbB receptors, is a
mediator of lateral signaling.EMBO Journal16 1647–
1655.

Grosse R, Roelle S, Herrlich A, Hohn J & Gudermann T 2000a
Epidermal growth factor receptor tyrosine kinase mediates Ras
activation by gonadotropin-releasing hormone.Journal of
Biological Chemistry27512251–12260.

Grosse R, Schmid A, Schoneberg T, Herrlich A, Muhn P, Schultz
G & Gudermann T 2000b Gonadotropin-releasing hormone
receptor initiates multiple signaling pathways by exclusively
coupling to Gq/11 proteins.Journal of Biological Chemistry275
9193–9200.

Geschwind A, Zwick E, Prenzel N, Leserer M & Ullrich A 2001
Cell communication networks: epidermal growth factor receptor
transactivation as the paradigm for interreceptor signal
transmission.OncogeneIn Press.

Guy CT, Webster MA, Schaller M, Parsons TJ, Cardiff RD &
Muller WJ 1992 Expression of the neu protooncogene in the
mammary epithelium of transgenic mice induces metastatic
disease.PNAS89 10578–10582.

Guy CT, Cardiff RD & Muller WJ 1996 Activated neu induces
rapid tumor progression.Journal of Biological Chemistry271
7673–7678.

Guy P, Platko J, Cantley L, Cerione R & Carraway KL III 1994
Insect cell-expressed p180erbB3 possesses an impaired tyrosine
kinase activity.PNAS91 8132–8136.

Hancock MC, Langton BC, Chan T, Toy P, Monahan JJ, Mischak
RP & Shawver LK 1991 A monoclonal antibody against
c-erbB-2 protein enhances the cytotoxicity of
cis-diamminedichloroplatinum against human breast and ovarian
tumor cell lines.Cancer Research51 4575–4580.

Harari D, Tzahar E, Romano J, Shelly M, Pierce JH, Andrews
GC & Yarden Y 1999 Neuregulin-4: a novel growth factor that
acts through the ErbB-4 receptor tyrosine kinase.Oncogene18
2681–2689.

Heldin CH 1995 Dimerization of cell surface receptors in signal
transduction.Cell 80 213–223.

Hills D, Rowlinson-Busza G & Gullick WJ 1995 Specific targeting
of a mutant, activated FGF receptor found in glioblastoma using
a monoclonal antibody.International Journal of Cancer63 537–
543.

Hsieh ET, Shepherd FA & Tsao MS 2000 Co-expression of
epidermal growth factor receptor and transforming growth
factor-alpha is independent of Ras mutations in lung
adenocarcinoma.Lung Cancer29 151–157.

Huang RP, Wu JX, Fan Y & Adamson ED 1996 UV activates
growth factor receptors via reactive oxygen intermediates.
Journal of Cell Biology133211–220.

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access



Prenzel et al.: EGFR family and cellular signal transduction

Huang SM & Harari PM 1999 Epidermal growth factor receptor
inhibition in cancer therapy: biology, rationale and preliminary
clinical results.Investigational New Drugs17 259–269.

Huang SM & Harari PM 2000 Modulation of radiation response
after epidermal growth factor receptor blockade in squamous cell
carcinomas: inhibition of damage repair, cell cycle kinetics, and
tumor angiogenesis.Clinical Cancer Research6 2166–2174.

Hudziak RM, Schlessinger J & Ullrich A 1987 Increased
expression of the putative growth factor receptor p185HER2
causes transformation and tumorigenesis in NIH 3T3 cells.
PNAS84 7159–7163.

Hudziak RM, Lewis GD, Winget M, Fendly BM, Shepard HM &
Ullrich A 1989 p185HER2 monoclonal antibody has
antiproliferative effectsin vitro and sensitizes human breast
tumor cells to tumor necrosis factor.Molecular and Cellular
Biology 9 1165–1172.

Humphrey PA, Wong AJ, Vogelstein B, Zalutsky MR, Fuller GN,
Archer GE, Friedman HS, Kwatra MM, Bigner SH & Bigner
DD 1990 Anti-synthetic peptide antibody reacting at the fusion
junction of deletion-mutant epidermal growth factor receptors in
human glioblastoma.PNAS87 4207–4211.

Humphrey PA, Gangarosa LM, Wong AJ, Archer GE,
Lund-Johansen M, Bjerkvig R, Laerum OD, Friedman HS &
Bigner DD 1991 Deletion-mutant epidermal growth factor
receptor in human gliomas: effects of type II mutation on
receptor function.Biochemical and Biophysical Research
Communications1781413–1420.

Ivankovic-Dikic I, Gronroos E, Blaukat A, Barth BU & Dikic I
2000 Pyk2 and FAK regulate neurite outgrowth induced by
growth factors and integrins.Nature Cell Biology2 574–581.

Izumi Y, Hirata M, Hasuwa H, Iwamoto R, Umata T, Miyado K,
Tamai Y, Kurisaki T, Sehara-Fujisawa A, Ohno S & Mekada E
1998 A metalloprotease-disintegrin, MDC9/meltrin-γ/ADAM9
and PKCd are involved in TPA-induced ectodomain shedding of
membrane-anchored heparin-binding EGF-like growth factor.
EMBO Journal17 7260–7272.

Joazeiro CA, Wing SS, Huang H, Leverson JD, Hunter T & Liu
YC 1999 The tyrosine kinase negative regulator c-Cbl as a
ring-type, E2–dependent ubiquitin-protein ligase.Science286
309–312.

Jones N & Dumont DJ 1999 Recruitment of Dok-R to the EGF
receptor through its PTB domain is required for attenuation of
Erk MAP kinase activation.Current Biology9 1057–1060.

Kalmes A, Vesti BR, Daum G, Abraham JA & Clowes AW 2000
Heparin blockade of thrombin-induced smooth muscle cell
migration involves inhibition of epidermal growth factor (EGF)
receptor transactivation by heparin-binding EGF-like growth
factor.Circulation Research87 92–98.

Karni R, Jove R & Levitzki A 1999 Inhibition of pp60c-Src
reduces Bcl-XL expression and reverses the transformed
phenotype of cells overexpressing EGF and HER-2 receptors.
Oncogene18 4654–4662.

Karunagaran D, Tzahar E, Beerli RR, Chen X, Graus-Porta D,
Ratzkin BJ, Seger R, Hynes NE & Yarden Y 1996 ErbB-2 is a
common auxiliary subunit of NDF and EGF receptors:
implications for breast cancer.EMBO Journal15 254–264.

Kato Y, Tapping RI, Huang S, Watson MH, Ulevitch RJ & Lee JD
1998 Bmk1/Erk5 is required for cell proliferation induced by
epidermal growth factor.Nature395713–716.

Keely SJ, Uribe JM & Barrett KE 1998 Carbachol stimulates
transactivation of epidermal growth factor receptor and
mitogen-activated protein kinase in T84 cells – implications for

26 www.endocrinology.org

carbachol-stimulated chloride secretion.Journal of Biological
Chemistry27327111–27117.

Keely SJ, Calandrella SO & Barrett KE 2000 Carbachol-stimulated
transactivation of epidermal growth factor receptor and
mitogen-activated protein kinase in T84 cells is mediated by
intracellular Ca2+, pyk-2, and p60src.Journal of Biological
Chemistry27512619–12625.

King CR, Borrello I, Porter L, Comoglio P & Schlessinger J 1989
Ligand-independent tyrosine phosphorylation of EGF receptor
and the erbB-2/neu proto-oncogene product is induced by
hyperosmotic shock.Oncogene4 13–18.

Klijn JG, Berns PM, Schmitz PI & Foekens JA 1992 The clinical
significance of epidermal growth factor receptor (EGF-r) in
human breast cancer: a review on 5232 patients.Endocrine
Reviews13 3–17.

Knebel A, Rahmsdorf HJ, Ullrich A & Herrlich P 1996
Dephosphorylation of receptor tyrosine kinases as target of
regulation by radiation, oxidants or alkylating agents.EMBO
Journal 15 5314–5325.

Kokai Y, Myers JN, Wada T, Brown VI, LeVea CM, Davis JG,
Dobashi K & Greene MI 1989 Synergistic interaction of
p185c-neu and the EGF receptor leads to transformation of
rodent fibroblasts.Cell 58 287–292.

Kondapaka BS & Reddy KB 1996 Tyrosine kinase inhibitor as a
novel signal transduction and antiproliferative agent: prostate
cancer.Molecular and Cellular Endocrinology11753–58.

Kornilova E, Sorkina T, Beguinot L & Sorkin A 1996 Lysosomal
targeting of epidermal growth factor receptors via a
kinase-dependent pathway is mediated by the receptor
carboxyl-terminal residues 1022–1123.Journal of Biological
Chemistry27130340–30346.

Kraus MH, Issing W, Miki T, Popescu NC & Aaronson SA 1989
Isolation and characterization of ERBB3, a third member of the
ERBB/epidermal growth factor receptor family: evidence for
overexpression in a subset of human mammary tumors.PNAS86
9193–9197.

Laffargue M, Raynal P, Yart A, Peres C, Wetzker R, Roche S,
Payrastre B & Chap H 1999 An epidermal growth factor
receptor/Gab1 signaling pathway is required for activation of
phosphoinositide 3–kinase by lysophosphatidic acid.Journal of
Biological Chemistry27432835–32841.

Lemmon MA, Bu Z, Ladbury JE, Zhou M, Pinchasi D, Lax I,
Engelman DM & Schlessinger J 1997 Two EGF molecules
contribute additively to stabilization of the EGFR dimer.EMBO
Journal 16 281–294.

Lemoine NR, Jain S, Silvestre F, Lopes C, Hughes CM,
McLelland E, Gullick WJ & Filipe MI 1991 Amplification and
overexpression of the EGF receptor and c-erbB-2
proto-oncogenes in human stomach cancer.British Journal of
Cancer64 79–83.

Lenferink AE, Pinkas-Kramarski R, van de Poll ML, van Vugt MJ,
Klapper LN, Tzahar E, Waterman H, Sela M, van Zoelen EJ &
Yarden Y 1998 Differential endocytic routing of homo- and
hetero-dimeric ErbB tyrosine kinases confers signaling
superiority to receptor heterodimers.EMBO Journal17 3385–
3397.

Lenferink AE, Simpson JF, Shawver LK, Coffey RJ, Forbes JT &
Arteaga CL 2000 Blockade of the epidermal growth factor
receptor tyrosine kinase suppresses tumorigenesis in MMTV/
neu+MMTV/TGF-alpha bigenic mice.PNAS97 9609–9614.

Lev S, Moreno H, Martinez R, Canoll P, Peles E, Musacchio JM,
Plowman GD, Rudy B & Schlessinger J 1995 Protein tyrosine

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access



Endocrine-Related Cancer (2001) 8 11–31

kinase PYK2 involved in Ca2+-induced regulation of ion channel
and MAP kinase functions.Nature376737–745.

Levitzki A 1992 Tyrphostins: tyrosine kinase blockers as novel
antiproliferative agents and dissectors of signal transduction.
FASEB Journal6 3275–3282.

Levitzki A 1999 Protein tyrosine kinase inhibitors as novel
therapeutic agents.Pharmacology and Therapeutics82 231–239.

Levkowitz G, Waterman H, Ettenberg SA, Katz M, Tsygankov
AY, Alroy I, Lavi S, Iwai K, Reiss Y, Ciechanover A,
Lipkowitz S & Yarden Y 1999 Ubiquitin ligase activity and
tyrosine phosphorylation underlie suppression of growth factor
signaling by c-Cbl/Sli-1.Molecular Cell4 1029–1040.

Li W, Han M & Guan KL 2000 The leucine-rich repeat protein
SUR-8 enhances MAP kinase activation and forms a complex
with Ras and Raf.Genes and Development14 895–900.

Li X, Lee JW, Graves LM & Earp HS 1998 Angiotensin II
stimulates ERK via two pathways in epithelial cells: protein
kinase C suppresses a G-protein coupled receptor EGF receptor
transactivation pathway.EMBO Journal17 2574–2583.

Liu X, Hwang H, Cao L, Wen D, Liu N, Graham RM & Zhou M
1998 Release of the neuregulin functional polypeptide requires
its cytoplasmic tail.Journal of Biological Chemistry27334335–
34340.

Lorimer IA, Wikstrand CJ, Batra SK, Bigner DD & Pastan I 1995
Immunotoxins that target an oncogenic mutant epidermal growth
factor receptor expressed in human tumors.Clinical Cancer
Research1 859–864.

Luetteke NC, Qiu TH, Peiffer RL, Oliver P, Smithies O & Lee DC
1993 TGF alpha deficiency results in hair follicle and eye
abnormalities in targeted and waved-1 mice.Cell 73 263–278.

Luttrell LM, Hawes BE, van Biesen T, Luttrell DK, Lansing TJ &
Lefkowitz RJ 1996 Role of c-Src tyrosine kinase in G
protein-coupled receptor- and Gbetagamma subunit-mediated
activation of mitogen-activated protein kinases.Journal of
Biological Chemistry27119443–19450.

Luttrell LM, Della Rocca GJ, van Biesen T, Luttrell DK &
Lefkowitz RJ 1997 G beta gamma subunits mediate
Src-dependent phosphorylation of the epidermal growth factor
receptor – a scaffold for G protein-coupled receptor-mediated
Ras activation.Journal of Biological Chemistry2724637–4644.

Luttrell LM, Ferguson SSG, Daaka Y, Miller WE, Maudsley S,
Della Rocca GJ, Lin FT, Kawakatsu H, Owada K, Luttrell DK,
Caron MG & Lefkowitz RJ 1999 Beta-arrestin-dependent
formation of beta(2) adrenergic receptor Src protein kinase
complexes.Science283655–661.

Maa MC, Leu TH, McCarley DJ, Schatzman RC & Parsons SJ
1995 Potentiation of epidermal growth factor receptor-mediated
oncogenesis by c-Src: implications for the etiology of multiple
human cancers.PNAS92 6981–6985.

Mannon PJ & Mele JM 2000 Peptide YY Y1 receptor activates
mitogen-activated protein kinase and proliferation in gut
epithelial cells via the epidermal growth factor receptor.
Biochemical Journal350655–661.

Marcusson EG, Yacyshyn BR, Shanahan WR Jr & Dean NM 1999
Preclinical and clinical pharmacology of antisense
oligonucleotides.Molecular Biotechnology12 1–11.

Massague J & Pandiella A 1993 Membrane-anchored
growth-factors.Annual Review of Biochemistry62 515–541.

Matsubara H, Murasawa S, Mori Y, Masaki H, Maruyama K,
Tsutsumi Y, Moriguchi Y, Shibasaki Y, Iwasaka T & Inada M
1998 Angiotensin II AT1 receptor-induced extracellular
signal-regulated protein kinase activation is mediated by

www.endocrinology.org 27

calcium/calmodulin-dependent transactivation of epidermal
growth factor receptor.Circulation 98 615.

Messa C, Russo F, Caruso MG & Di Leo A 1998 EGF,
TGF-alpha, and EGF-R in human colorectal adenocarcinoma.
Acta Oncologica37 285–289.

Migliaccio E, Mele S, Salcini AE, Pelicci G, Lai KM,
Superti-Furga G, Pawson T, Di Fiore PP, Lanfrancone L &
Pelicci PG 1997 Opposite effects of the p52shc/p46shc and
p66shc splicing isoforms on the EGF receptor-MAP kinase-fos
signalling pathway.EMBO Journal16 706–716.

Milas L, Mason K, Hunter N, Petersen S, Yamakawa M, Ang K,
Mendelsohn J & Fan Z 2000In vivo enhancement of tumor
radioresponse by C225 antiepidermal growth factor receptor
antibody.Clinical Cancer Research6 701–708.

Minden A, Lin A, Claret FX, Abo A & Karin M 1995 Selective
activation of the JNK signaling cascade and c-Jun transcriptional
activity by the small GTPases Rac and Cdc42Hs.Cell 81 1147–
1157.

Miyamoto S, Teramoto H, Gutkind JS & Yamada KM 1996
Integrins can collaborate with growth factors for phosphorylation
of receptor tyrosine kinases and MAP kinase activation: roles of
integrin aggregation and occupancy of receptors.Journal of Cell
Biology 1351633–1642.

Moriguchi Y, Matsubara H, Mori Y, Murasawa S, Masaki H,
Maruyama K, Tsutsumi Y, Shibasaki Y, Tanaka Y, Nakajima T,
Oda K & Iwasaka T 1999 Angiotensin II-induced transactivation
of epidermal growth factor receptor regulates fibronectin and
transforming growth factor-beta synthesis via transcriptional and
posttranscriptional mechanisms.Circulation Research84 1073–
1084.

Moscatello DK, Holgado-Madruga M, Godwin AK, Ramirez G,
Gunn G, Zoltick PW, Biegel JA, Hayes RL & Wong AJ 1995
Frequent expression of a mutant epidermal growth factor
receptor in multiple human tumors.Cancer Research55 5536–
5539.

Moscatello DK, Montgomery RB, Sundareshan P, McDanel H,
Wong MY & Wong AJ 1996 Transformational and altered
signal transduction by a naturally occurring mutant EGF
receptor.Oncogene13 85–96.

Moyer JD, Barbacci EG, Iwata KK, Arnold L, Boman B,
Cunningham A, DiOrio C, Doty J, Morin MJ, Moyer MP,
Neveu M, Pollack VA, Pustilnik LR, Reynolds MM, Sloan D,
Theleman A & Miller P 1997 Induction of apoptosis and cell
cycle arrest by CP-358,774, an inhibitor of epidermal growth
factor receptor tyrosine kinase.Cancer Research57 4838–4848.

Murasawa S, Mori Y, Nozawa Y, Gotoh N, Shibuya M, Masaki H,
Maruyama K, Tsutsumi Y, Moriguchi Y, Shibazaki Y, Tanaka
Y, Iwasaka T, Inada M & Matsubara H 1998 Angiotensin II
type 1 receptor-induced extracellular signal-regulated protein
kinase activation is mediated by Ca2+/calmodulin-dependent
transactivation of epidermal growth factor receptor.Circulation
Research82 1338–1348.

Murasawa S, Matsubara H, Mori Y, Masaki H, Tsutsumi Y,
Shibasaki Y, Kitabayashi I, Tanaka Y, Fujiyama S, Koyama Y,
Fujiyama A, Iba S & Iwasaka T 2000 Angiotensin II initiates
tyrosine kinase Pyk2–dependent signaling leading to activation
of Rac1–mediated c-Jun NH2–terminal kinase.Journal of
Biological Chemistry27526856–26863.

Nagane M, Levitzki A, Gazit A, Cavenee WK & Huang HJ 1998
Drug resistance of human glioblastoma cells conferred by a
tumor-specific mutant epidermal growth factor receptor through

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access



Prenzel et al.: EGFR family and cellular signal transduction

modulation of bcl-xl and caspase-3-like proteases.PNAS95
5724–5729.

Nicholson RI, McClelland RA, Gee JM, Manning DL, Cannon P,
Robertson JF, Ellis IO & Blamey RW 1994 Epidermal growth
factor receptor expression in breast cancer: association with
response to endocrine therapy.Breast Cancer Research
Treatment29 117–125.

Nishikawa R, Ji XD, Harmon RC, Lazar CS, Gill GN, Cavenee
WK & Huang HJ 1994 A mutant epidermal growth factor
receptor common in human glioma confers enhanced
tumorigenicity.PNAS91 7727–7731.

Noonberg SB & Benz CC 2000 Tyrosine kinase inhibitors targeted
to the epidermal growth factor receptor subfamily: role as
anticancer agents.Drugs 59 753–767.

Okada S, Kao AW, Ceresa BP, Blaikie P, Margolis B & Pessin JE
1997 The 66–kDa Shc isoform is a negative regulator of the
epidermal growth factor-stimulated mitogen-activated protein
kinase pathway.Journal of Biological Chemistry27228042–
28049.

Olayioye MA, Graus-Porta D, Beerli RR, Rohrer J, Gay B &
Hynes NE 1998 ErbB-1 and ErbB-2 acquire distinct signaling
properties dependent upon their dimerization partner.Molecular
and Cellular Biology18 5042–5051.

Olayioye MA, Beuvink I, Horsch K, Daly JM & Hynes NE 1999
ErbB receptor-induced activation of stat transcription factors is
mediated by Src tyrosine kinases.Journal of Biological
Chemistry27417209–17218.

Olayioye MA, Neve RM, Lane HA & Hynes NE 2000 The ErbB
signaling network: receptor heterodimerization in development
and cancer.EMBO Journal19 3159–3167.

Osherov N, Gazit A, Gilon C & Levitzki A 1993 Selective
inhibition of the epidermal growth factor and HER2/neu
receptors by tyrphostins.Journal of Biological Chemistry268
11134–11142.

Paik S, Hazan R, Fisher ER, Sass RE, Fisher B, Redmond C,
Schlessinger J, Lippman ME & King CR 1990 Pathologic
findings from the national surgical adjuvant breast and bowel
project: prognostic significance of erbB-2 protein overexpression
in primary breast cancer.Journal of Clinical Oncology8 103–
112.

Pandiella A & Massague J 1991a Cleavage of the membrane
precursor for transforming growth factor alpha is a regulated
process.PNAS88 1726–1730.

Pandiella A & Massague J 1991b Multiple signals activate
cleavage of the membrane transforming growth factor-alpha
precursor.Journal of Biological Chemistry2665769–5773.

Pandiella A, Bosenberg MW, Huang EJ, Besmer P & Massague J
1992 Cleavage of membrane-anchored growth factors involves
distinct protease activities regulated through common
mechanisms.Journal of Biological Chemistry26724028–24033.

Papewalis J, Nikitin A & Rajewsky MF 1991 G to A
polymorphism at amino acid codon 655 of the human erbB-2/
HER2 gene.Nucleic Acids Research19 5452.

Park BW, Zhang HT, Wu C, Berezov A, Zhang X, Dua R, Wang
Q, Kao G, O’Rourke DM, Greene MI & Murali R 2000
Rationally designed anti-HER2/neu peptide mimetic disables
P185HER2/neu tyrosine kinasesin vitro and in vivo. Nature
Biotechnology18 194–198.

Pelicci G, Lanfrancone L, Grignani F, McGlade J, Cavallo F, Forni
G, Nicoletti I, Pawson T & Pelicci PG 1992 A novel
transforming protein (SHC) with an SH2 domain is implicated in
mitogenic signal transduction.Cell 70 93–104.

28 www.endocrinology.org

Penar PL, Khoshyomn S, Bhushan A & Tritton TR 1997 Inhibition
of epidermal growth factor receptor-associated tyrosine kinase
blocks glioblastoma invasion of the brain.Neurosurgery40 141–
151.

Peschon JJ, Slack JL, Reddy P, Stocking KL, Sunnarborg SW, Lee
DC, Russell WE, Castner BJ, Johnson RS, Fitzner JN, Boyce
RW, Nelson N, Kozlosky CJ, Wolfson MF, Rauch CT, Cerretti
DP, Paxton RJ, March CJ & Black RA 1998 An essential role
for ectodomain shedding in mammalian development.Science
2821281–1284.

Pinkas-Kramarski R, Shelly M, Glathe S, Ratzkin BJ & Yarden Y
1996a Neu differentiation factor/neuregulin isoforms activate
distinct receptor combinations.Journal of Biological Chemistry
27119029–19032.

Pinkas-Kramarski R, Soussan L, Waterman H, Levkowitz G, Alroy
I, Klapper L, Lavi S, Seger R, Ratzkin B, Sela M & Yarden Y
1996b Diversification of neu differentiation factor and epidermal
growth factor signaling by combinatorial receptor interactions.
EMBO Journal15 2452–2467.

Pinkas-Kramarski R, Shelly M, Guarino BC, Wang LM, Lyass L,
Alroy I, Alimandi M, Kuo A, Moyer JD, Lavi S, Eisenstein M,
Ratzkin BJ, Seger R, Bacus SS, Pierce JH, Andrews GC, Yarden
Y & Alimandi M 1998 ErbB tyrosine kinases and the two
neuregulin families constitute a ligand-receptor network.
Molecular and Cellular Biology18 6090–6101.

Plowman G, Culouscou J, Whitney G, Green J, Carlton G, Foy L,
Neubauer M & Shoyab M 1993 Ligand-specific activation of
HER4/p180erbb4, a fourth member of the epidermal growth
factor receptor family.PNAS90 1746–1750.

Prenzel N, Zwick E, Daub H, Leserer M, Abraham R, Wallasch
C & Ullrich A 1999 EGF receptor transactivation by
G-protein-coupled receptors requires metalloproteinase cleavage
of proHB-EGF.Nature402884–888.

Prenzel N, Zwick E, Leserer M & Ullrich A 2000 Tyrosine kinase
signalling in breast cancer: epidermal growth factor receptor:
convergence point for signal integration and diversification.
Breast Cancer Research2 184–190.

Prewett M, Rothman M, Waksal H, Feldman M, Bander NH &
Hicklin DJ 1998 Mouse-human chimeric anti-epidermal growth
factor receptor antibody C225 inhibits the growth of human
renal cell carcinoma xenografts in nude mice.Clinical Cancer
Research4 2957–2966.

Riese DJ, van Raaij T, Plowman G, Andrews G & Stern D 1995
The cellular response to neuregulins is governed by complex
interactions of the erbB receptor family.Molecular and Cellular
Biology 15 5770–5776.

Riese DJ, Bermingham Y, van Raaij TM, Buckley S, Plowman
GD & Stern DF 1996a Betacellulin activates the epidermal
growth factor receptor and erbB-4, and induces cellular response
patterns distinct from those stimulated by epidermal growth
factor or neuregulin-beta.Oncogene12 345–353.

Riese DJ, Kim ED, Elenius K, Buckley S, Klagsbrun M, Plowman
GD & Stern DF 1996b The epidermal growth factor receptor
couples transforming growth factor-alpha, heparin-binding
epidermal growth factor-like factor, and amphiregulin to neu,
ErbB-3, and ErbB-4.Journal of Biological Chemistry271
20047–20052.

Riese DJ, Komurasaki T, Plowman GD & Stern DF 1998
Activation of ErbB4 by the bifunctional epidermal growth factor
family hormone epiregulin is regulated by ErbB2.Journal of
Biological Chemistry27311288–11294.

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access



Endocrine-Related Cancer (2001) 8 11–31

Rieske P, Kordek R, Bartkowiak J, Debiec-Rychter M, Bienhat
W & Liberski PP 1998 A comparative study of epidermal
growth factor receptor (EGFR) and mdm2 gene amplification
and protein immunoreactivity in human glioblastomas.Polish
Journal of Pathology49 145–149.

Rio C, Buxbaum JD, Peschon JJ & Corfas G 2000 Tumor necrosis
factor-alpha-converting enzyme is required for cleavage of
erbb4/HER4.Journal of Biological Chemistry27510379–10387.

Rodrigues GA, Falasca M, Zhang Z, Ong SH & Schlessinger J
2000 A novel positive feedback loop mediated by the docking
protein Gab1 and phosphatidylinositol 3–kinase in epidermal
growth factor receptor signaling.Molecular and Cellular Biology
20 1448–1459.

Rosen LB & Greenberg ME 1996 Stimulation of growth factor
receptor signal transduction by activation of voltage-sensitive
calcium channels.PNAS93 1113–1118.

Rubenstein M, Mirochnik Y, Chou P & Guinan P 1998 Growth
factor deprivation therapy of hormone insensitive prostate and
breast cancers utilizing antisense oligonucleotides.Methods and
Findings in Experimental and Clinical Pharmacology20 825–
831.

Rusch V, Klimstra D, Venkatraman E, Pisters PW, Langenfeld J &
Dmitrovsky E 1997 Overexpression of the epidermal growth
factor receptor and its ligand transforming growth factor alpha is
frequent in resectable non-small cell lung cancer but does not
predict tumor progression.Clinical Cancer Research3 515–522.

Sachsenmaier C, Radler-Pohl A, Zinck R, Nordheim A, Herrlich
P & Rahmsdorf HJ 1994 Involvement of growth factor receptors
in the mammalian UVC response.Cell 78 963–972.

Salomon DS, Brandt R, Ciardiello F & Normanno N 1995
Epidermal growth factor-related peptides and their receptors in
human malignancies.Critical Reviews in Oncology and
Hematology19 183–232.

Sauter G, Moch H, Moore D, Carroll P, Kerschmann R, Chew K,
Mihatsch MJ, Gudat F & Waldman F 1993 Heterogeneity of
erbB-2 gene amplification in bladder cancer.Cancer Research
53 2199–2203.

Schneller M, Vuori K & Ruoslahti E 1997 Alpha v beta 3 integrin
associates with activated insulin and PDGFbeta receptors and
potentiates the biological activity of PDGF.EMBO Journal16
5600–5607.

Seth D, Shaw K, Jazayeri J & Leedman PJ 1999 Complex
post-transcriptional regulation of EGF-receptor expression by
EGF and TGF-alpha in human prostate cancer cells.British
Journal of Cancer80 657–669.

Shao ZM, Wu J, Shen ZZ & Barsky SH 1998 Genistein inhibits
both constitutive and EGF-stimulated invasion in ER-negative
human breast carcinoma cell lines.Anticancer Research18
1435–1439.

Shi ZQ, Yu DH, Park M, Marshall M & Feng GS 2000 Molecular
mechanism for the Shp-2 tyrosine phosphatase function in
promoting growth factor stimulation of Erk activity.Molecular
and Cellular Biology20 1526–1536.

Sibilia M & Wagner EF 1995 Strain-dependent epithelial defects in
mice lacking the EGF receptor.Science269234–238.

Sieg DJ, Hauck CR, Ilic D, Klingbeil CK, Schaefer E, Damsky
CH & Schlaepfer DD 2000 FAK integrates growth-factor and
integrin signals to promote cell migration.Nature Cell Biology2
249–256.

Slack BE 2000 The m3 muscarinic acetylcholine receptor is
coupled to mitogen-activated protein kinase via protein kinase C

www.endocrinology.org 29

and epidermal growth factor receptor kinase.Biochemical
Journal 348381–387.

Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A &
McGuire WL 1987 Human breast cancer: correlation of relapse
and survival with amplification of the HER-2/neu oncogene.
Science235177–182.

Sliwkowski M, Schaefer G, Akita R, Lofgren J, Fitzpatrick V,
Nuijens A, Fendly B, Cerione R, Vandlen R & Carraway K, 3rd
1994 Coexpression of erbB2 and erbB3 proteins reconstitutes a
high affinity receptor for heregulin.Journal of Biological
Chemistry26914661–14665.

Soltoff SP 1998 Related adhesion focal tyrosine kinase and the
epidermal growth factor receptor mediate the stimulation of
mitogen-activated protein kinase by the G-protein-coupled
P-2Y2 receptor.Journal of Biological Chemistry27323110–
23117.

Soltoff SP, Carraway KL, 3rd, Prigent SA, Gullick WG & Cantley
LC 1994 ErbB3 is involved in activation of phosphatidylinositol
3–kinase by epidermal growth factor.Molecular and Cellular
Biology 14 3550–3558.

Stenman G, Sandros J, Nordkvist A, Mark J & Sahlin P 1991
Expression of the ERBB2 protein in benign and malignant
salivary gland tumors.Genes, Chromosomes, Cancer3 128–135.

Stern DF & Kamps MP 1988 EGF-stimulated tyrosine
phosphorylation of p185neu: a potential model for receptor
interactions.EMBO Journal7 995–1001.

Sugawa N, Ekstrand AJ, James CD & Collins VP 1990 Identical
splicing of aberrant epidermal growth factor receptor transcripts
from amplified rearranged genes in human glioblastomas.PNAS
87 8602–8606.

Summerfield AE, Hudnall AK, Lukas TJ, Guyer CA & Staros JV
1996 Identification of residues of the epidermal growth factor
receptor proximal to residue 45 of bound epidermal growth
factor.Journal of Biological Chemistry27119656–19659.

Sunada H, Magun BE, Mendelsohn J & MacLeod CL 1986
Monoclonal antibody against epidermal growth factor receptor is
internalized without stimulating receptor phosphorylation.PNAS
83 3825–3829.

Sweeney Crovello C, Lai C, Cantley LC & Carraway KL, 3rd
1998 Differential signaling by the epidermal growth factor-like
growth factors neuregulin-1 and neuregulin-2.Journal of
Biological Chemistry27326954–26961.

Tassi E, Biesova Z, Di Fiore PP, Gutkind JS & Wong WT 1999
Human JIK, a novel member of the STE20 kinase family that
inhibits JNK and is negatively regulated by epidermal growth
factor.Journal of Biological Chemistry27433287–33295.

Tateishi M, Ishida T, Mitsudomi T, Kaneko S & Sugimachi K
1991 Prognostic value of c-erbB-2 protein expression in human
lung adenocarcinoma and squamous cell carcinoma.European
Journal of Cancer27 1372–1375.

Thorne BA & Plowman GD 1994 The heparin-binding domain of
amphiregulin necessitates the precursor pro-region for growth
factor secretion.Molecular and Cellular Biology14 1635–1646.

Threadgill DW, Dlugosz AA, Hansen LA, Tennenbaum T, Lichti
U, Yee D, LaMantia C, Mourton T, Herrup K, Harris RCet al.
1995 Targeted disruption of mouse EGF receptor: effect of
genetic background on mutant phenotype.Science269230–
234.

Tice DA, Biscardi JS, Nickles AL & Parsons SJ 1999 Mechanism
of biological synergy between cellular Src and epidermal growth
factor receptor.PNAS96 1415–1420.

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access



Prenzel et al.: EGFR family and cellular signal transduction

Tsai W, Morielli AD & Peralta EG 1997 The m1 muscarinic
acetylcholine receptor transactivates the EGF receptor to
modulate ion channel activity.EMBO Journal16 4597–4605.

Tzahar E, Waterman H, Chen X, Levkowitz G, Karunagaran D,
Lavi S, Ratzkin BJ & Yarden Y 1996 A hierarchical network of
interreceptor interactions determines signal transduction by neu
differentiation factor/neuregulin and epidermal growth factor.
Molecular and Cellular Biology16 5276–5287.

Tzahar E, Pinkas-Kramarski R, Moyer JD, Klapper LN, Alroy I,
Levkowitz G, Shelly M, Henis S, Eisenstein M, Ratzkin BJ, Sela
M, Andrews GC & Yarden Y 1997 Bivalence of EGF-like
ligands drives the ErbB signaling network.EMBO Journal16
4938–4950.

Uckun FM, Narla RK, Jun X, Zeren T, Venkatachalam T, Waddick
KG, Rostostev A & Myers DE 1998a Cytotoxic activity of
epidermal growth factor-genistein against breast cancer cells.
Clinical Cancer Research4 901–912.

Uckun FM, Narla RK, Zeren T, Yanishevski Y, Myers DE,
Waurzyniak B, Ek O, Schneider E, Messinger Y, Chelstrom LM,
Gunther R & Evans W 1998b In vivo toxicity, pharmacokinetics,
and anticancer activity of genistein linked to recombinant human
epidermal growth factor.Clinical Cancer Research4 1125–
1134.

Uegaki K, Nio Y, Inoue Y, Minari Y, Sato Y, Song MM, Dong
M & Tamura K 1997 Clinicopathological significance of
epidermal growth factor and its receptor in human pancreatic
cancer.Anticancer Research17 3841–3847.

Ullrich A & Schlessinger J 1990 Signal transduction by receptors
with tyrosine kinase activity.Cell 61 203–212.

Ullrich A, Coussens L, Hayflick JS, Dull TJ, Gray A, Tam AW,
Lee J, Yarden Y, Libermann TA, Schlessinger Jet al. 1984
Human epidermal growth factor receptor cDNA sequence and
aberrant expression of the amplified gene in A431 epidermoid
carcinoma cells.Nature309418–425.

Vacca F, Bagnato A, Catt KJ & Tecce R 2000 Transactivation of
the epidermal growth factor receptor in endothelin-1-induced
mitogenic signaling in human ovarian carcinoma cells.Cancer
Research60 5310–5317.

Vaingankar SM & Martins-Green M 1998 Thrombin activation of
the 9E3/CEF4 chemokine involves tyrosine kinases including
c-src and the epidermal growth factor receptor.Journal of
Biological Chemistry2735226–5234.

Van der Geer P, Hunter T & Lindberg RA 1994 Receptor
protein-tyrosine kinases and their signal transduction pathways.
Annual Review in Cell Biology10 251–337.

Vecchi M & Carpenter G 1997 Constitutive proteolysis of the
ErbB-4 receptor tyrosine kinase by a unique, sequential
mechanism.Journal of Cell Biology139995–1003.

Vecchi M, Baulida J & Carpenter G 1996 Selective cleavage of the
heregulin receptor ErbB-4 by protein kinase C activation.
Journal of Biological Chemistry27118989–18995.

Vecchi M, Rudolph-Owen LA, Brown CL, Dempsey PJ &
Carpenter G 1998 Tyrosine phosphorylation and proteolysis.
Journal of Biological Chemistry27320589–20595.

Venkatakrishnan G, Salgia R & Groopman JE 2000 Chemokine
receptors CXCR-1/2 activate mitogen-activated protein kinase
via the epidermal growth factor receptor in ovarian cancer cells.
Journal of Biological Chemistry2756868–6875.

Voldborg BR, Damstrup L, Spang-Thomsen M & Poulsen HS
1997 Epidermal growth factor receptor (EGFR) and EGFR
mutations, function and possible role in clinical trials.Annals of
Oncology8 1197–1206.

30 www.endocrinology.org

Walker RA & Dearing SJ 1999 Expression of epidermal growth
factor receptor mRNA and protein in primary breast carcinomas.
Breast Cancer Research Treatment53 167–176.

Wallasch C, Weiss FU, Niederfellner G, Jallal B, Issing W &
Ullrich A 1995 Heregulin-dependent regulation of HER2/neu
oncogenic signaling by heterodimerisation with HER3.EMBO
Journal 14 4267–4275.

Wang Z, Zhang L, Yeung TK & Chen X 1999 Endocytosis
deficiency of epidermal growth factor (EGF) receptor-ErbB2
heterodimers in response to EGF stimulation.Molecular Biology
of the Cell10 1621–1636.

Watanabe T, Fukutomi T, Tsuda H, Adachi I, Nanasawa T,
Yamamoto H & Abe K 1993 Determination of c-erbB-2 protein
in primary breast cancer tissue extract using an enzyme
immunoassay.Japanese Journal of Cancer Research84 1279–
1286.

Waterman H, Sabanai I, Geiger B & Yarden Y 1998 Alternative
intracellular routing of ErbB receptors may determine signaling
potency.Journal of Biological Chemistry27313819–13827.

Waterman H, Alroy I, Strano S, Seger R & Yarden Y 1999 The
C-terminus of the kinase-defective neuregulin receptor ErbB-3
confers mitogenic superiority and dictates endocytic routing.
EMBO Journal18 3348–3358.

Weiss FU, Daub H & Ullrich A 1997 Novel mechanisms of RTK
signal generation.Current Opinion in Genetics and Development
7 80–86.

Werb Z & Yan Y 1998 A cellular striptease act.Science282
1279–1280.

Wikstrand CJ, Hale LP, Batra SK, Hill ML, Humphrey PA,
Kurpad SN, McLendon RE, Moscatello D, Pegram CN & Reist
CJ 1995 Monoclonal antibodies against EGFRvIII are tumor
specific and react with breast and lung carcinomas and malignant
gliomas.Cancer Research55 3140–3148.

Wilde A, Beattie EC, Lem L, Riethof DA, Liu SH, Mobley WC,
Soriano P & Brodsky FM 1999 EGF receptor signaling
stimulates SRC kinase phosphorylation of clathrin, influencing
clathrin redistribution and EGF uptake.Cell 96 677–687.

Witters L, Kumar R, Mandal M, Bennett CF, Miraglia L & Lipton
A 1999 Antisense oligonucleotides to the epidermal growth
factor receptor.Breast Cancer Research Treatment53 41–50.

Wong AJ, Ruppert JM, Bigner SH, Grzeschik CH, Humphrey PA,
Bigner DS & Vogelstein B 1992 Structural alterations of the
epidermal growth factor receptor gene in human gliomas.PNAS
89 2965–2969.

Worthylake R, Opresko LK & Wiley HS 1999 ErbB-2
amplification inhibits down-regulation and induces constitutive
activation of both ErbB-2 and epidermal growth factor receptors.
Journal of Biological Chemistry2748865–8874.

Wosikowski K, Schuurhuis D, Kops GJ, Saceda M & Bates SE
1997 Altered gene expression in drug-resistant human breast
cancer cells.Clinical Cancer Research3 2405–2414.

Wright C, Angus B, Nicholson S, Sainsbury JR, Cairns J, Gullick
WJ, Kelly P, Harris AL & Horne CH 1989 Expression of
c-erbB-2 oncoprotein: a prognostic indicator in human breast
cancer.Cancer Research49 2087–2090.

Wright C, Cairns J, Cantwell BJ, Cattan AR, Hall AG, Harris
AL & Horne CH 1992 Response to mitoxantrone in advanced
breast cancer: correlation with expression of c-erbB-2 protein
and glutathione s-transferases.British Journal of Cancer65
271–274.

Xie D, Shu XO, Deng Z, Wen WQ, Creek KE, Dai Q, Gao YT,
Jin F & Zheng W 2000 Population-based, case-control study of

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access



Endocrine-Related Cancer (2001) 8 11–31

HER2 genetic polymorphism and breast cancer risk.Journal of
the National Cancer Institute92 412–417.

Ye D, Mendelsohn J & Fan Z 1999 Augmentation of a humanized
anti-HER2 mAb 4D5 induced growth inhibition by a
human-mouse chimeric anti-EGF receptor mAb C225.Oncogene
18 731–738.

Zhang D, Sliwkowski MX, Mark M, Frantz G, Akita R, Sun Y,
Hillan K, Crowley C, Brush J & Godowski PJ 1997
Neuregulin-3 (NRG3): a novel neural tissue-enriched protein that
binds and activates ErbB4.PNAS94 9562–9567.

Zhang K, Sun J, Liu N, Wen D, Chang D, Thomason A &
Yoshinaga SK 1996 Transformation of NIH 3T3 cells by HER3
or HER4 receptors requires the presence of HER1 or HER2.
Journal of Biological Chemistry2713884–3890.

Zimmermann S & Moelling K 1999 Phosphorylation and
regulation of Raf by Akt (protein kinase B).Science2861741–
1744.

www.endocrinology.org 31

Zwick E, Daub H, Aoki N, Yamaguchi-Aoki Y, Tinhofer I, Maly
K & Ullrich A 1997 Critical role of calcium-dependent
epidermal growth factor receptor transactivation in PC12 cell
membrane depolarization and bradykinin signaling.Journal of
Biological Chemistry27224767–24770.

Zwick E, Hackel PO, Prenzel N & Ullrich A 1999a The EGF
receptor as central transducer of heterologous signalling systems.
Trends in Pharmacological Sciences20 408–412.

Zwick E, Wallasch C, Daub H & Ullrich A 1999b Distinct
calcium-dependent pathways of epidermal growth factor receptor
transactivation and PYK2 tyrosine phosphorylation in PC12
cells.Journal of Biological Chemistry27420989–20996.

Zwick E, Wallasch C & Ullrich A 2000 HER2/neu: a target for
breast cancer therapy.Breast Disease11 7–18.

Downloaded from Bioscientifica.com at 05/17/2023 09:52:38PM
via free access


