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Abstract

Squamous cell carcinoma of the head and neck (SCCHN) tends to run an aggressive course and the prognosis
has remained virtually unchanged in recent decades. The development of novel therapeutic strategies to improve
patient outcome centres on the biology of the disease, namely the pivotal c-erbB family of growth factor receptors.
c-erbB1 (or epidermal growth factor receptor, EGFR), is key to the pathogenesis of SCCHN and plays a central
role in a complex network of downstream integrated signalling pathways. EGFR overexpression, detected in up to
90% of SCCHN, correlates with an increased risk of locoregional tumour relapse following primary therapy and
relative resistance to treatment. The biological sequelae of erbB receptor activation are not simply cell prolifera-
tion, but also inhibition of apoptosis, enhanced migration, invasion, angiogenesis and metastasis: the ‘hallmarks
of cancer’ [1]. As EGFR overexpression is associated with a poor clinical outcome in SCCHN, this receptor is
attractive as a therapeutic target and the successful development of targeted therapies represents a paradigm shift in
the medical approach to head and neck cancer. However, the extensive cross talk between signalling pathways, the
multiple molecular aberrations and genetic plasticity in SCCHN all contribute to inherent and acquired resistance
to both conventional and novel therapies. Understanding the cancer cell biology, in particular the significance of
co-expression of c-erbB (and other) receptors, and the cell survival stimuli from (for example) activation of the phos-
phoinositide 3-kinase (PI3-kinase) cascade is fundamental to overcome current limitations in biologically targeted
therapies.

1. Cancers of the head and neck

Squamous cell carcinoma of the head and neck (SC-
CHN) represents 90% of head and neck cancers. While
the management of SCCHN has improved, there is no
evidence to suggest that therapeutic advances have re-
sulted in better outcome; five year survival is of the
order of 50% overall (and 30–40% for advanced dis-
ease Stages III–IV), and there has been an increase in
presentation of distant metastases. Clearly, a more so-
phisticated understanding of the pathogenesis of these
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tumours is needed to provide a framework for predict-
ing outcome and for developing novel therapies. In
some extreme cases metastases arise where the primary
tumour cannot be detected (Figure 1) but the determi-
nants of such aggressive behaviour are not understood.
The ability to produce a molecular profile of a tumour
which sheds light on its malignant potential would per-
mit the individualisation and intensification of primary
therapy where indicated. In addition, identification of
key molecules involved in malignant progression will
offer new targets for therapy.



48 Rogers et al.

2. Expression of c-erbB receptors and ligands
during SCCHN progression

C-erbB receptors of the transmembrane type I recep-
tor tyrosine kinase family have four members: the
epidermal growth factor receptor EGFR, c-erbB-2/neu/
HER-2, c-erbB-3/HER-3 and c-erbB-4/HER-4. They
consist of a large glycosylated extracellular ligand-
binding domain, a hydrophobic trans-membrane com-
ponent and an intracellular domain with tyrosine ki-
nase activity. SCCHN is probably the best example of
EGFR-driven oncogenesis as this is the pre-eminent
signalling pathway responsible for the malignant fea-
tures of the disease and overexpression has been shown
to correlate with poor survival [2,3]. Their biology and
role in tumour progression has recently been covered
in several reviews [4–6]. Currently 12 major ligands
with a shared EGF-like motif and affinity for the fam-
ily of c-erbB receptors are known. The consequences
of receptor dimerisation and activation (recently re-
viewed [7]) and subsequent intracellular signalling pro-
vide mechanistic explanations for much of the malig-
nant behaviour of SCCHN [8].

2.1.1. Epidermal growth factor receptor/c-erbB1
(EGFR). EGFR is a 170 kDa protein and the archety-
pal founding member of this important receptor family
[6]. Homology with v-erbB, the avian erythroblastosis
viral gene product, led to recognition of EGFR’s onco-
genic properties and the human orthologue was cloned
in 1984 [9]. EGFR is expressed at low levels on the sur-
face of most normal cells except those of haematopoi-
etic origin. The signalling pathway is normally tightly
controlled and responsible for regulating physiological
cellular processes such as epithelial tissue development
and response to injury. EGFR is implicated in the devel-
opment of various malignancies, being overexpressed
in 30% of human solid tumours and up to 90% of SC-
CHN [2]. In contrast to certain tumour types where
EGFR gene amplification or mutation is implicated,
overexpression of the receptor, without gene amplifi-
cation, appears to drive SCCHN.

Elevated levels of EGFR mRNA and protein, and
of TGFα are present in normal mucosa several cen-
timetres from a malignant lesion, [10] and TGFα up-
regulation is also detectable in pre-invasive lesions and
mild dysplasia, [11], consistent with the theory of ‘field
cancerisation’ due to exposure to environmental chemi-
cal carcinogens. Upregulation of EGFR is a significant

Figure 1. 18-Fluorodeoxyglucose Positron emission tomography
(18F-FDG PET) scan fused with a diagnostic computerised tomog-
raphy (CT) scan in a patient with squamous cell carcinoma of the
head and neck. Intense 18F-FDG tracer uptake is seen in a lymph
node (LN) in the left side of the neck. Reference structures include
the oropharynx (OP), a vertebral body (VB) and the mandible (M).
Despite the presence of this large metastatic tumour, extensive inves-
tigation failed to reveal a primary source in the mucosa of the upper
aerodigestive tract.

early event in the progression from pre-invasive mu-
cosal dysplasia to invasive SCCHN and is most marked
in lesions displaying greater dysplasia [12]. The signal
transcription and transduction protein 3 (STAT3) has
been detected in areas of oral mucosa ‘field change’,
alongside upregulated EGFR, implying an early role
for STAT3 in SCCHN [13].

Several studies have shown links between EGFR
overexpression and SCCHN oncogenesis and progres-
sion [14–16]. In an experimental SCCHN xenograft
model where highly metastatic sublines were isolated
by in vivo selection from nodal metastases, EGFR was
one of only 33 differentially expressed genes, show-
ing a 2-fold upregulation [17]. However, not all studies
show a positive correlation and in a recent small study
of 23 patients with cancers of the tongue, neither EGFR
nor c-erbB-2 expression was associated with lymph
node status, invasion, recurrence or survival [18].
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2.1.2. EGFR vIII mutant. Whereas the function of the
extracellular domain (ECD) was previously thought to
be solely ligand-binding, it has recently been discov-
ered that EGFR can form homodimers in the absence
of ligand and that the ECD can negatively regulate the
intracellular tyrosine kinase in a ligand-independent
fashion [19]. EGFRvIII is the most common of seven
known variants of EGFR. Deletion of exons 2–7 of the
EGFR gene results in a truncated extracellular domain
and constitutive activation of the intracellular tyrosine
kinase, which continuously triggers multiple down-
stream phosphorylation cascades. EGFRvIII can asso-
ciate with and activate wild-type EGFR in the absence
of ligand, but many anti-EGFR monoclonal antibodies
are unable to bind to the aberrant extracellular domain
to inhibit ligand-induced receptor activation. This par-
ticular mutation is common in tumour types such as
glioblastoma multiforme and non-small cell lung can-
cer, but is found infrequently in head and neck cancer.

2.2. c-erbB2, c-erbB3 and c-erbB4

The c-erbB-2 receptor is a 185 kDa receptor-like phos-
phoglycoprotein but so far, no exogenous ligands have
been identified which bind directly to it. When highly
overexpressed it may spontaneously dimerise and au-
toactivate, but it is more frequently activated by het-
erodimerisation with other erbB receptors. Experimen-
tal studies suggest that erbB-2 serves as a favoured
binding partner that that co-operates with other c-erbB
receptor family members to enhance downstream sig-
nalling [20]. The contribution of erbB-2 expression to
the pathogenesis of SCCHN is less well defined in com-
parison to other tumour types such as breast and ovarian
cancer. However, erbB-2:erbB-3 heterodimers are po-
tent inducers of the PI3-kinase pathway [21] as erbB-3
can bind directly to the PI3-kinase p85 subunit. Increas-
ing expression of erbB-2 has been shown in parallel
with acquisition of a more malignant phenotype in a
series of oral carcinomas, which may imply a role in
progression [16,22].

The erbB-3 protein distribution in tissues is distinctly
different from that of EGFR and erbB-2. erbB-3 does
not have an intrinsic tyrosine kinase activity but it can
be transphosphorylated by both the EGFR and erbB-
2. erbB-3 over-expression (but not amplification) has
been found in SCCHN cell lines and in some cases
related to malignant potential. There has been com-
paratively little investigation of erbB-3 and erbB-4 in

clinical SCCHN, probably due to the low detection
(∼10%) in immuno-histochemical surveys of clinical
specimens [23]. However, in a study of developing ver-
rucous carcinoma of the oral mucosa, erbB-3 expres-
sion increased with immunohistochemical staining for
proliferating nuclear cell antigen (PCNA), a marker
of cellular proliferation, suggesting a contribution to
malignant transformation [24]. Xia et al. have indi-
cated that expression of all four receptors is associ-
ated with shortened survival in patients with oral SCC,
with the combination of EGFR, erbB-2 and erbB-3 (but
not erbB-4) giving the greatest prognostic information
[25].

We found that expression of erbB-4 in vitro tends
to be higher in newly-derived rather than in well-
established SCCHN cell lines [26] suggesting that
it may be lost during continuous culture, and may
have a more significant biological role than previously
thought. Nevertheless, our clinical observations con-
curred with Xia in that expression of erbB-4 (unlike
that of EGFR, erbB-2 and erbB-3) did not correlate with
invasion, angiogenesis, metastasis or other aspects of
tumour progression [27]. However, since co-expression
of all receptors is common in SCCHN, it is likely that
their relative levels introduce variability and/or inte-
gration in the type and duration of signalling networks
and functional responses that are elicited.

2.3. erbB ligands

The erbB ligand family (including splice variants) con-
sists of more than 30 members. Ligand binding in-
duces receptor homo- or heterodimerization and sub-
sequent auto- or cross-phosphorylation. This initiates
a complex series of molecular events causing a spec-
trum of biological activities via simultaneous stimula-
tion of multiple signal transduction pathways. SCCHN
cells produce several erbB ligands that may enhance
their proliferation through autocrine, paracrine and jux-
tacrine pathways [21] accounting for their relative in-
dependence of exogenous growth factors.

EGF is a potent mitogen, however its effects may
depend on the cell context. In KB oral SCC cells,high
levels of exogenous EGF led to cellular proliferation
and the inhibition of apoptosis in vitro, whereas at low
concentrations of EGF, apoptosis was inhibited with-
out impact on cellular proliferation. Also, high levels
of EGF downregulated EGFR expression, whereas the
converse was true for low levels [28]. Very few cancers
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have been shown to synthesise EGF. Studies in oral
mucosae [29] have shown that EGF is mainly located
in the underlying connective tissues and in stroma near
the epithelium and the intensity of staining is increased
with the degree of epithelial malignancy. Concomitant
increased expression of EGFR in severe epithelial dys-
plasia and malignancy was also found. This suggests a
paracrine epithelial-mesenchymal dependency in EGF
secretion.

Transforming growth factor (TGF)-α mRNA and
protein are frequently found in cancer tissues, and TGF-
α activity has been detected in the urine of patients with
disseminated SCCHN. The overexpression of TGF-α
in SCCHN is frequently accompanied by elevated lev-
els of EGFR [14], again suggesting the possibility of
autocrine stimulation. Issing et al. observed that pa-
tients with SCCHN overexpressing EGFR and TGFα

had a significantly shorter survival than patients over-
expressing EGFR only [30] whereas Grandis et al. re-
ported that both TGF-α and EGFR protein levels in
primary cancers were each independently associated
with adverse outcomes [31].

Our group has demonstrated that betacellulin (BTC),
heparin-binding EGF, amphiregulin (AR) and hereg-
ulins (HRGs) also appear to be involved in the erbB
mediated signalling which underlies SCCHN patho-
genesis [32–34]. BTC has the ability to activate all
four members of the erbB receptor family directly
or via cross-induction, and seems to be especially
potent at enhancing invasion and angiogenesis (see
below).

The third class of ligands, HRGs, do not bind to
EGFR, but bind directly to erbB-3 and erbB-4 and
activate erbB-2 through formation of complexes with
erbB-3 or erbB-4 [35]. HRG-β1 has been shown to be
the most potent in terms of receptor tyrosine phospho-
rylation and activation of downstream signal elements
such as mitogen-activated protein kinase (MAPK) [36]
(Table 1).

Table 1. Binding specificity of ligands for different c-erbB receptors

Ligand EGFR c-erbB3 c-erbB4

EGF +
Heparin-binding EGF + +
TGFα +
Betacellulin (BTC) + +
Amphiregulin (AR) + +
Epiregulin (EPI) + +
Heregulins (HRG) + +

All of the known ligands are synthesized as glyco-
sylated integral membrane proteins. Some can act in a
juxtacrine fashion when still tethered to the cell mem-
brane, but most require further processing. Matrix met-
alloproteinases (MMPs) and adamalysins (ADAMs)
cleave the precursor ligands releasing them in their ma-
ture, active form [37]. Our group has found that matrix
metalloproteinase inhibition can arrest SCCHN growth
in vitro in cell lines overexpressing EGFR [38] but that
this can be overcome by the addition of exogenous lig-
and, suggesting a mechanism based on the autocrine
ligand processing described above. The upregulation
of MMPs downstream of EGFR activation provides a
mechanism by which an autocrine loop could be poten-
tiated. In addition, we have shown that the addition of
ligand to SCCHN cells in vitro upregulates expression
both of the ligand itself and of the other ligand family
members thus reinforcing positive feedback loops [32].

Overexpression of ligands in the tumour milieu not
only stimulates tumour progression but may also have
an impact on the efficacy of EGFR inhibitors, since
they may compete with antibodies for receptor binding
or increase the overall level of activation of the recep-
tor population in a cell. When exogenous ligands were
added to EGFR-overexpressing breast and gastric can-
cer cell lines (BT474 and MKN7), EGFR inhibition
by antibodies and small molecules was attenuated by
around 50%. Similarly, HRG could fully rescue erbB-
3-overexpressing MKN7 cells from EGFR inhibition
[39]. These data infer potential mitigating effects of el-
evated ligand levels on receptor inhibition, in vivo and
in the clinical setting, which may not be seen in vitro.

The nett effect of erbB-mediated responses is com-
plex and will depend on the relative frequency of re-
ceptors (which will impact on the probability of dif-
ferent dimerisation patterns), the availability of sol-
uble and/or tethered autocrine and paracrine ligands
and their affinity for the receptors displayed which will
be integrated into the activation of downstream sig-
nalling matrices. The activation of each major pathway
(e.g. MAP kinases, PI3-kinase) may in turn be modu-
lated by stimuli received from different upstream acti-
vators be they other receptor tyrosine kinases, integrins,
G-protein coupled receptors etc and “horizontal” cross
talk/regulation between second messengers.

2.4. Receptor activation and cross-talk

Ligand binding to wild type EGFR may generate up
to 10 types of homo- or heterodimeric complexes
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Figure 2. Major signalling pathways downstream of c-erbB receptors. The length and strength of signals and the resulting cellular responses
depend upon the type and abundance of receptors (and hence frequency of particular homo-or heterodimers) the availability of autocrine or
paracrine ligands or the presence of constitutively activated receptors.

resulting in conformational changes in the intracel-
lular kinase domain, triggering autophosphorylation
and activating its kinase function. Consequent to
phosphorylation is the recruitment of protein sig-
nalling molecules, including growth factor receptor-
bound protein 2 (Grb2), Shc and IRS-1 to the cell
membrane, and the initiation of phosphorylation sig-
nalling cascades down to transcription factors in
the nucleus. Cell signalling is complex and diverse
with one signalling molecule able to trigger several
cascades, predominantly the Ras-MAP kinase and
PI3K-Akt pathways (Figure 2). In addition, abun-
dant cross talk exists between the pathways both
intracellularly and at the level of the extracellular
receptor.

EGFR can be activated by other receptor tyrosine
kinases (RTK) such as insulin-like growth factor re-
ceptor (IGF1-R), cell adhesion molecules (such as E-

cadherin and integrins) and G-protein coupled recep-
tors (GPCR) [40] (Figure 3). In the latter case, this
appears to be primarily due to proteolytic cleavage of
ligand precursors (see “proteolysis” below), but Src and
Pyk tyrosine kinases may also mediate EGFR activa-
tion downstream of GPCR. This has led to the concept
of “triple membrane passing signals” (TMPs) involving
a sequence of three transmembrane signalling events:
GPCR activation, MMP activation and finally EGFR
activation [41] (Figure 4). The consequences of di-
rect ligand binding and indirect GPCR transactivation
may differ since only the former induced phosphoryla-
tion of phospholipase C (PLC)γ . GPCRs are also able
to induce phosphorylation of EGFR and of the MAPK
pathway by independent means [41]. Lysophosphatidic
acid (LPA)-induced EGFR transactivation in SCCHN
has been linked to enhanced cell proliferation and mi-
gration involving ADAM17 and AR [40].
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Figure 3. Transactivation of EGFR. EGFR (and other c-erbB receptors) can be activated (phosphorylated) by a number of cell membrane-
spanning molecules including other RTKs (such as IGF1-R), GPCR, integrins and cadherins. Physical interactions can result in bi-directional
co-operative signalling using a variety of mechanisms (see ref. [68]).

Figure 4. GPCR-mediated transactivation of EGFR. Many GPCR ligands including lysophosphatidic acid (LPA), thrombin and IL-8 (via
CXCR-2) can activate EGFR. One major mechanism involves GPCR-mediated activation of proteases including MMPs, ADAMs (and cathepsin
B at least in endothelial cells). These enzymes process pro-forms of EGFR ligands such as HB-EGF, TGFα and AR releasing mature ligands
capable of directly activating EGFR. This has led to the “triple membrane-passing” signal hypothesis, indicated in the figure by numbered black
arrows. In addition, GPCR can directly activate certain PLC isoforms and MAPK pathways, thus bypassing or amplifying ligand-mediated
EGFR signalling (“multitrack” hypothesis)(see refs. [40,41]).
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Figure 5. Integrin and uPAR-mediated transactivation of EGFR. uPAR (a GPI-linked receptor) binds the serine protease uPA which then becomes
a membrane-associated ectoenzyme in the pericellular environment; however proteolytic activity is not required for EGFR transactivation. The
two receptors physically interact and activate Erk, but this signalling favours cell migration and invasion whereas ligand-mediated EGFR
activation preferentially potentiates mitosis. The mechanism is not fully understood, but is dependent on Src and MMP activity and has also been
suggested to involve integrin α5β1 and FAK. Other β1 integrins (notably α2β1) can also associate with and activate EGFR (see refs. [42,68]).
Ligation of integrins with ECM proteins is required for this activity.

Recently, a novel form of EGFR transactivation has
been described involving the urokinase plasminogen
activator receptor (uPAR) via a mechanism involving
α5β1 integrin, Src and MMPs (Figure 5). Interest-
ingly, EGFR activation by uPAR stimuli mediated cell
invasion, in contrast to EGF activation which favoured
proliferation [42]. In addition, erbB oncogene activ-
ities can be modulated by their participation in mul-
timeric signalling complexes in the cell membrane
involving scaffold proteins, intracellular kinases, phos-
phatases, cytoskeletal proteins such as F-actin and ad-
hesion molecules, but in each of the cases described,
they represent a pivotal component in oncogenic sig-
nalling. Successful blockade of EGFR and erbB-2
has demonstrated proof of principle for these novel
therapeutic targets, and helped to clarify their cel-
lular roles. Downstream signalling cascades impli-
cated in the various functional consequences of c-
erbB activation are discussed in the relevant sections
below.

3. The phenotypic effects of c-erbB receptor
upregulation

It is clear that in addition to potentiation of cell survival
and proliferation (perhaps classical roles for “growth
factor receptors”) erbB receptor activation results in
pleiotropic effects on differentiation, metabolism, cy-
toskeletal organisation, motility, proteolysis and angio-
genic potential. The means by which incoming en-
vironmental signals are sensed by the receptors and
integrated into appropriate responses is far from elu-
cidated, but several downstream signalling pathways,
especially the PI3 kinase axis, play a pivotal role in
these functions.

3.1. Cell proliferation

On activation of EGFR, Ras is recruited to the SH2
domain of the adaptor protein GRB2, located in
the plasma membrane bound to Sos. Activated Ras
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induces phosphorylation of Raf proteins, which sig-
nal downstream to the members of the MAPK family,
MEK 1/2 and ERK 1/2. These serine/threonine kinases
are components of the dominant signalling cascade
downstream of EGFR, however additional MAPK cas-
cades exist, namely the stress-activated protein kinase
(SAPK) and p38 MAPK cascades. At the nuclear level,
the Ras-Raf-MEK-ERK pathway leads to upregulation
of the cell cycle protein cyclin D1, permitting cycle
progression from the G1 checkpoint to S-phase and
consequently DNA synthesis and mitosis (Figure 2).

An additional downstream phosphorylation cascade
leading to upregulation of cyclin D1 and cell prolifera-
tion, is the Ras-independent activation of MEKK 3 and
5 leading to phosphorylation of erk-5 or BMK1 [43].
It has been demonstrated in vitro that EGF can acti-
vate erk-5 and that expression of a dominant-negative
form of Erk-5 prevents cells from entering S-phase
[44].

Other key proteins implicated in the pathogene-
sis of SCCHN are the STAT proteins. Binding of
the STAT src-homology-2 (SH2) domains to activated
EGFR leads to phosphorylation, dimerisation and nu-
clear translocation of these messenger proteins. In the
nucleus they bind to promoter elements and regulate
gene expression [45] to drive cell proliferation and in-
hibit apoptosis through effects on cyclin D1 and Bcl-
xL. Of the seven known STAT proteins, STAT 1, −3
and −5 are the most widely implicated in cancer. The
former functions as a tumour suppressor gene whereas
STAT 3 and −5 behave as oncogenes [46].

Until 2003, STAT 5 had no known role in epithe-
lial carcinogenesis. However, a study of 33 patients
with SCCHN found consistently increased expression
and phosphorylation of STAT 5b in tumour compared
to normal epithelium [47]. In a xenograft model of
squamous cell carcinoma, antisense blockade of STAT
5b expression inhibited tumour growth whereas abro-
gating STAT 5a function did not, showing differential
functions of the two isoforms in oncogenesis. Although
STAT3 expression can be inhibited by an EGFR anti-
sense plasmid [13], STAT3 activation is not always de-
pendent on EGFR overexpression [48] and under these
circumstances, IL6 may play a role [49]. STATs are
activated by numerous additional tyrosine kinases, in-
cluding Src, Jnk and Bcr-Abl, whilst erbB-2, erbB-3
and erbB-4 do not potentiate STAT5 phosphorylation
by EGF [50].

STAT1 has been demonstrated to exist in a constitu-
tively active form in SCCHN, however blockade of its

expression was not associated with tumour growth in-
hibition [51]. This is not surprising as STAT1 mediates
the ability of interferon (IFN)γ to inhibit the growth
of cultured cells and loss of STAT1 is associated with
more rapid tumour growth in vivo. Also, unlike STAT
3 and −5, STAT1 is pro-apoptotic, as summarised by
Battle [52] and negatively regulates angiogenesis, tu-
morigenicity and metastasis [53]. Tumours with high
levels of EGFR frequently also express constitutively
activated Src family kinases, which upregulate expres-
sion of Bcl-XL, further potentiating cell survival and
proliferation.

3.2. Inhibition of apoptosis

Cell death by p53-mediated apoptosis has evolved to
prevent the survival of genetically aberrant cells, thus
potentially controlling incipient tumour development.
Malignant cells are adept at avoiding apoptosis, lead-
ing to the proliferation of mutation-bearing cells and
further progression. One of the main mechanisms by
which tumour cells circumvent apoptosis is via activa-
tion of the PI3-kinase pathway. PI3-kinase phosphory-
lates phosphatidylinositols (PtdIns) and catalyses the
conversion of PtdIns 4,5 P2 (PIP2) to a lipid second
messenger, PtdIns 3,4,5-P3 (PIP3) at the cell mem-
brane [54]. PIP3 aids in recruitment and activation
of signalling proteins implicated in cell survival, such
as PKB/Akt [55] via PDKs (Figure 2). Other down-
stream targets of PI3 kinase include p70 S6 kinase,
Rac and guanine exchange factors, thus endowing it
with pleiotropic roles not only in mitogenesis and cell
survival, but also in regulation of actin functions and
cell motility (see below).

EGFR can lead to activation of PI3-kinase both di-
rectly and indirectly through Ras; other c-erbB fam-
ily members can also activate PI3K directly or indi-
rectly. Activation induces downstream amplification of
phosphoinositide-dependent protein kinase-1 (PDK1),
which phosphorylates a range of cell signalling pro-
teins, including thr308 on Akt, and a second (uniden-
tified) kinase “PDK2” phosphorylates a second site,
ser473. Akt regulates cell survival by phosphorylat-
ing and sequestering downstream targets including the
FOXO family of forkhead transcription factors (e.g.
FKHRL1), the pro-apoptotic protein Bad, the protease
caspase 9 and by activating the pro-survival transcrip-
tional regulator protein nuclear factor-κB (NF-κB).
Akt-mediated phosphorylation of FOXO also promotes
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cyclin D1 expression and represses cell cycle inhibitors
[54].

In addition, the PI3-kinase pathway can be indirectly
activated through deletion of PTEN (phosphatase and
tensin homologue), a tumour suppressor protein that
dephosphorylates PIP3, thus negatively regulating the
pathway [56] (Figure 2). Somatic PTEN mutations are
found frequently in glioblastoma multiforme and in
endometrial carcinoma, in particular. However in two
studies in SCCHN which examined 28 tumours and cell
lines [57] or 50 untreated tumours [58], no homozygous
deletion of PTEN was detected. In a series of 81 oral
cancers, inactivation of PTEN was more frequent in tu-
mours demonstrating microsatellite instability but was
still not common [59].

It appears therefore, that the contribution of acti-
vated PI3-kinase-Akt to the inhibition of apoptosis and
rapid doubling time of SCCHN tumours is mediated
primarily by upregulation of EGFR/c-erbB signalling
via receptor overexpression rather than loss of PTEN.
In the squamous cell line A431, experimental deletion
of PTEN correlated with an increase in phosphorylated
Akt and decreased response of EGFR to tyrosine kinase
inhibition (using ZD 1839, Iressa), thus suggesting a
mechanism of resistance to EGFR tyrosine kinase in-
hibitors for which there is a growing body of evidence
[60,61].

Also, it has recently been found that gain of 3-4
copies of the PIK3CA gene which encodes a major
catalytic subunit of PI3K (p110α) is a common occur-
rence in SCCHN, leading to higher levels of activity
[62]. It remains to be seen whether this leads to in-
creased sensitivity to upstream signals from RTK such
as the erbB family, or a degree of innate resistance.
Additional consequences of the PI3-kinase cascade are
activation of mammalian target of rapamycin (mTOR)
[63] which stimulates protein translation, and activa-
tion of endothelial nitric oxide (eNOS); both of which
have been implicated in angiogenesis [64,65]

3.3. Invasion

With a few exceptions, such as placental trophoblasts,
the ability of malignant cells to invade into surround-
ing tissue is arguably the key property that distinguishes
them from normal cells. Indeed recent work compar-
ing gene expression profiles of normal oral mucosa, pri-
mary and recurrent SCCHN tumour samples has identi-
fied expression signatures associated with invasion and

metastasis only in the recurrent tumours [66]. Cancer
cell invasion is a complex, multistep process involving
active interactions between the invading cell, the ex-
tracellular matrix (ECM) and other stromal elements.
HNSCC are characterised by local invasiveness and a
propensity for dissemination to cervical lymph nodes.
We and others have shown that activation of erbB re-
ceptors can induce many of the phenotypic traits as-
sociated with invasion, including loss of E-cadherin,
acquisition of a motile phenotype and upregulation of
a variety of proteolytic enzymes, described below.

3.3.1. Cell-cell and cell-matrix adhesion. The abnor-
mal expression of three key molecular adhesion sys-
tems has been linked with nodal metastasis in SC-
CHN: E-cadherin, CD44 and Ep-CAM [67] and several
may be associated with erbB activation (Figure 6).
It is known that EGFR activation can cause internal-
isation and downregulation of the cell-cell adhesion
molecule E-cadherin via phosphorylation of β catenin.
Conversely, the assembly of calcium-dependent ad-
herens junctions potentiates autophosphorylation of
EGFR and MAPK activation [68].

CD44 isoforms form a direct link between the
extracellular matrix and the cytoskeleton via exter-
nal hyaluronic acid binding residues and intracellu-
lar ankyrin binding regions. The role of the standard
(CD44s) and the “metastatic” (CD44v6) variant in
SCCHN is controversial. However CD44 acts as a
co-receptor for EGFR and erbB-2 and is involved in
the MMP-7 processing of HB-EGF and also potenti-
ates erbB-2:erbB-3 heterodimerisation in response to
HRGs. CD44v3,8-10 also co-localises with erbB pro-
teins and MMP-9 in invadopodia, potentiating cell mi-
gration and invasion [69].

EGFR activation can also alter expression of in-
tegrins, resulting in decreased homotypic cell aggre-
gation and increased motility on ECM proteins [70].
Morphological and mitogenic responses are potenti-
ated through interactions between cells and the extra-
cellular matrix, primarily via integrins (Figure 6). Tu-
mour cell adhesion to ECM proteins can be modulated
by EGFR activation [71] and also by EGFR inhibitors.
For example, Iressa was shown to reduce the ability of
SCCHN cells to adhere to and migrate upon the ECM
component fibronectin, downregulated several integrin
components (α3, αv, β1, β4, β5, β6) and inhibited ac-
tivation of focal adhesion kinase (FAK). The authors
suggested that these effects contributed to the observed
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Figure 6. Co-operation between c-erbB receptors and other cell membrane components in potentiating cell migration and invasion. EGFR-
mediated phosphorylation of β-catenin causes dissociation of cell-cell adhesions via internalisation of E-cadherin, the first step in acquisition of
a motile phenotype. Also, phosphorylation of α6β4 integrins induces its redistribution from hemidesmosomes to actin-rich motility structures
and potentiation of cell migration on laminins. CD44 potentiates dimerisation of c-erbB-2-B3, participates in MMP-7 processing of HB-EGF
and some variants co-localise with MMP-9 in invadopodia. Activation of PLCγ is involved in β4 phosphorylation, regulation of PIP2 levels,
release of diacylglycerol and Ca++ and mobilisation of actin-binding proteins such as cofilin etc. All of these processes result in alterations in
cell plasticity and cytoskeletal deformability. The PI3 kinase pathway is also activated by multiple erbB receptors, and is linked to cell motility
via Rac and Rho. Activation of the MAPK pathway is linked to transcriptional upregulation of metalloproteases which together with enhanced
motility, give tumour cells invasive potential (see refs. [68,80]).

decreased invasion and nodal metastasis in an SCCHN
xenograft model [72].

It is also clear that there is a reciprocal co-operation
between several RTK (including EGFR and erbB-2)
and integrins, since it appears that cell-matrix adhe-
sion is necessary to implement receptor activation and
growth factors are necessary to mediate cell adhesion
and migration. Also, it has been reported that inte-
grin ligation can activate RTKs in a ligand-independent
fashion- eg α2β1 activation of EGFR [68]. FAK is an
important bivalent cytosolic tyrosine kinase that can
physically link integrins and RTKs; however β1 in-
tegrins seem to be able to transactivate EGFR in the
absence of FAK via Src-dependent mechanisms [68].

3.3.2. Cell motility. One major rate-limiting, compo-
nent of invasion and metastasis is tumour cell motility.
EGFR signalling links to the cytoskeleton and there are
several proteins downstream of EGFR that contribute

to the metastatic potential of SCCHN. One of the first
effects of EGFR activation in cells in vitro is the gen-
eration of a motile “scattered” phenotype as epithelial
islands disintegrate and cells acquire a fibroblast-like
appearance which can be reversed by anti-EGFR anti-
bodies. This “motogenic” response is distinct from the
“mitogenic” response to ligands, and EGFR mutants
engineered to lack PLCγ binding motifs are competent
for the latter but not the former. Although both PLCγ

and MAPK activation are implicated in cell motility in-
duced by EGFR ligands, MAPK alone is insufficient to
induce this phenotype [73] although it may contribute
by inducing focal adhesion disassembly [74].

Phospholipase Cγ associates with EGFR and erbB-
2, but not erbB-3 and erbB-4 [4] and has been par-
ticularly implicated with SCCHN migration and inva-
sion. PLCγ activation was inhibited by an EGFR TK
inhibitor, PD153035 or blocking antibody C225. In-
vasion of SCCHN cells through Matrigel (but not cell
proliferation) was significantly reduced by the PLCγ
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inhibitor U73122 and antisense oligonucleotides. In
addition, levels of activated PLCγ 1 were increased
in SCCHN compared with normal adjacent mucosa
[75]. PLCγ hydrolyses PIP2 to release IP3 and diacyl-
glycerol, resulting in the release of Ca++ from intra-
cellular stores and activation of the serine- threonine
kinase PKC, which may attenuate EGFR mitogenic
signalling and perhaps shift cell responses towards mi-
gration. It has also been linked to mobilization of the
actin-modifying proteins cofilin, profilin and gelsonin
[76] (Figure 6). Both PLCγ and Shc (activated by
EGFR) associate directly with the actin cytoskeleton,
as does EGFR via the ABD domain. This domain con-
tains Tyr992, the activated form of which binds PLCγ ,
Shc and Src, providing an integrated signalling system
which modulates cell detachment from the substratum,
actin dynamics, cell shape, deformability and motility
[77].

Enhanced phosphorylation of α6β4 integrin phos-
phorylation by EGFR (mediated via Fyn and PLCγ )
leads to its loss from hemidesmosomes and their subse-
quent disassembly and redistribution of the integrin in
actin-rich structures where it mediates cell motility [78]
(Figure 6). It seems that the integrin’s laminin-binding
adhesive interactions may not be required for this
function, since erbB-2, interacting with an adhesion-
defective truncated α6β4, results in enhanced invasion
via a PI3 kinase-mediated mechanism [79].

Together, these experiments suggest that PLC γ 1
mediates key aspects of invasion and metastasis down-
stream of EGFR [80] especially in SCCHN. Other con-
tributors to tumour cell migration include the small
GTP-binding proteins of the Rho subfamily [81] and
PI3 kinase through activation of Ras and Rac [82].

Tumour cells with high levels of EGFR usually ex-
press constitutively activated Src family kinases, which
not only upregulate Bcl-XL (contributing to cell sur-
vival and proliferation) but are also implicated in cell
motility and invasion. Ligand activation of receptor ty-
rosine kinases (including the c-erbB oncogenes) acti-
vate small GTPases cdc42 and Rac1 which are involved
in the formation of lamellipodia and membrane ruffles
via the serine-threonine kinase Pak1. This protein is
also highly expressed in invasive SCCHN cancers. Re-
cent studies have shown that EGFR inhibitors (such as
Iressa or siRNA) can inhibit ligand induced cytoskele-
tal remodelling, Src and Pak1 activation and in vitro
invasion of SCCHN cells [83] indicating that this sig-
nalling pathway is potentially critically important in
tumour progression.

ErbB-2 has been identified on microvilli and plasma
membrane protrusions in adenocarcinomas cells stim-
ulated by chemotactic factors [84] but its role in SCC
may be minor compared with EGFR. However in vitro
migration/invasion of SCCHN cell lines induced by
BTC and HRGβ1 (and to a lesser extent EGF) can be
inhibited by anti-erbB-2 antibodies [33]. ErbB-4 can
also potentiate cell motility when activated via HB-
EGF, in this case apparently via PI3 kinase activation
[85].

3.3.3. Pleiotropic effects of proteases. Invasion and
migration are dependent on two key cellular functions:
cell motility and proteolysis, both of which are linked to
erbB receptor activity [86]. The initial step in invasion
is proteolysis by enzymes including MMPS. MMPs
are zinc- and calcium-dependent endopeptidases fre-
quently upregulated in cancers. A complex interaction
of multiple MMPs is required to degrade the ECM, and
the gelatinases MMP-2 and MMP-9 have been shown
to digest collagenase IV, a key component of basement
membranes. Detachment from this membrane is a key
step in tumour cell migration and the dissolution of
extracellular matrix at secondary sites enables tumour
cells to become established as metastases.

The first study of MMPs in HNSCC in vivo was
reported by Polette et al. Using in situ hybridisation,
they showed that tumour cells and adjacent stromal
cells (such as fibroblasts, macrophages) frequently ex-
pressed MMP-1 and MMP-10 along disrupted base-
ment membrane [87]. MMP-11 expression was de-
tected in stromal cells immediately surrounding inva-
sive cancer cells and was suggested to define a par-
ticularly aggressive phenotype [88]. MMP-3 was also
localised primarily in the advancing front of cancers
and was found to correlate with invasion and metasta-
sis in oral SCCs [3]. MMP-2 and MMP-9 have been
shown to be highly expressed and strongly correlated
with the malignant phenotype and lymph node metas-
tasis in SCCHN [89].

Several studies have shown that MMP-2 may be de-
rived not from the tumour cells, but from the surround-
ing stroma; in contrast, MMP-9 is expressed by malig-
nant keratinocytes and localized at the tumour/stroma
interface. MMP-13 is detected in the majority of SC-
CHN tissues but not in normal skin or oral mucosa [90].
The finding that expression of some MMPs is higher in
stromal cells suggests that tumour cells are capable of
inducing and utilizing host tissue MMPs and support
an active role of the stroma in HNSCC invasion.
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Figure 7. Differential activation of MMPs by c-erbB ligands and receptors in SCCHN. The size of the font and thickness of the arrows indicates
the potency of the ligand or pathway. MMPs potentiate diverse functions in addition to their “classical” role in matrix degradation. These include
processing and release of ligands resulting in autocrine activation of c-erbB receptors; processing and release of angiogenic and lymphangiogenic
cytokines (VEGF-A, VEGF-C, bFGF) and activation of other MMPs resulting in proteolytic cascades.

We found that activation of EGFR (and to a lesser
extent erbB-3 and erbB-4) was able to upregulate
all of the key epithelial MMPs implicated above,
i.e. MMP-3, 7,9,11,1,10 and 13, although the most
dramatic increase seen was that of MMP-9 (gelati-
nase B) [33] (Figure 7). Levels of MMP-9 mRNA,
protein and proteolytic activity were significantly in-
creased by several erbB ligands with varying potencies
(BTC>EGF>HRG) and the degree of upregulation
correlated with the ability of SCCHN cells to invade
through Matrigel in vitro [33,34]. In these studies, there
was little or no effect on the levels of MMP-2 (gelati-
nase A), although in adenocarcinomas overexpression
of erbB2 is associated with upregulation of MMP-2
and -9 [91]. In a panel of SCCHN cell lines EGFR lev-
els correlated positively with MMP-9 expression and
invasive potential and negatively with TIMP-1 expres-
sion [32]. MMP-9 (strongly) and MMP-2, MMP-7 and
MMP-11 (weakly) correlated with lymph node involve-
ment in a study of 54 SCCHN patients [92]. We also
found that an anti-EGFR antibody (ICR62) was able
to inhibit both MMP production and SCCHN invasion
but an anti-c-erbB2 antibody (ICR12) had no effect

on MMP levels, but could inhibit cell migration [32].
These data show how erbB receptors may differentially,
but co-operatively enhance tumour cell invasion.

SCCHN in vitro invasion was also abrogated signifi-
cantly, but not completely, by an anti-MMP-9 antibody.
To determine if the residual invasive potential might be
mediated by other MMPs, a broad-spectrum hydrox-
amate MMP inhibitor (marimastat) was tested. In ad-
dition to inhibiting invasion as expected, there was an
anti-proliferative effect in some cell lines, notably those
overexpressing EGFR. The effects were reversible, and
could be prevented by the addition of exogenous erbB
ligands. As discussed above, all EGFR ligands are sub-
jected to proteolytic cleavage of the ectodomain to yield
soluble growth factors. Metalloproteinases including
MMPs and the related ADAMs have been implicated;
for example, MMP-3 has been shown to release ac-
tive HB-EGF. ADAM 10 has been implicated as the
main “sheddase” of EGF and BTC, ADAM 12 in re-
lease of HB-EGF, ADAM 17 in processing epiregulin,
TGFα and pro-amphiregulin in SCCHN [93]. In addi-
tion, EGFR transactivation involves metalloprotease-
mediated ligand shedding, since GPCR stimulation can
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lead to activation of ADAMs and release of HB-EGF.
The signalling pathways mediating these processes re-
main to be elucidated [40].

Addition of MMP inhibitors to SCCHN in vitro in-
hibited the release of autocrine TGF-α, BTC and HRG-
β1 into the supernatant [38]. Thus MMPs induced by
EGFR activation (and to a lesser extent erbB-3 and
erbB-4) may promote cell invasion through ECM and
basement membranes and may also contribute to a pos-
itive feedback loop via release of active autocrine lig-
ands. In some experimental systems extravasation is not
a rate-limiting step in establishing metastases, and also
lymphatic vessels may present less of a physical barrier
than capillaries since they have a discontinuous base-
ment membrane. Thus the classical role of MMPs in
assisting tumour cell escape and dissemination through
proteolysis of structural proteins is only one aspect of
their roles in invasion [94] and angiogenesis.

The signalling pathways implicated in MMP upreg-
ulation are primarily the MAP kinases, since selec-
tive inhibitors can prevent erbB ligand induced prote-
olytic activity. Sustained ERK/MAPK activation act-
ing through Fos (and thus AP-1) seems to be generally
associated with MMP-9 transcriptional activation (Fig-
ures 2 and 6), whereas the roles of JNK and p38MAPK
(and indeed PI3-kinase) seem to be cell type-dependent
[8,94,95].

The tissue inhibitors of matrix metalloproteinases
(TIMPs) are a family of proteins that negatively reg-
ulate matrix metalloproteinase activity, in addition to
playing a role in cell regulation and apoptosis and the
differential regulation of angiogenic and inflammatory
responses. The balance between levels of TIMPs and
MMPs determine the extent of local proteolysis, al-
though TIMPs should be seen as modulators rather than
inhibitors, since they serve to localise proteolysis to the
tips of invadopodia, for example, and TIMP-2 also in-
duces the focal activation of MMP-2 via MT1-MMP.
The consequences of elevated levels of TIMP mRNA
may therefore appear conflicting, correlating both with
increased malignancy [96] and a protective effect [97].
Inhibition of EGFR with mAb ICR62 in some SCCHN
cell lines is accompanied by upregulation of TIMP-1 in
vitro, suggesting that the negative regulatory effects of
TIMP-1 are suppressed in EGFR-overexpressing SC-
CHN, which may contribute to the observed propensity
for local invasion [32]. However, as TIMPs are often
secreted by stromal cells, the consequences of inhibi-

tion in vitro may differ substantially from effects which
may occur in vivo.

3.4. Neoangiogenesis

The establishment of new vasculature by a tumour is
essential for its continued expansion and dissemina-
tion. Neoangiogenesis and its potential for therapeutic
intervention have recently been extensively reviewed
[98,99]. Histological examination of human tumour
specimens has confirmed that increased vascularity is
a common feature of SCCHN. However, the results
of studies associating microvessel density and various
clinicopathological parameters and/or outcome are in-
conclusive [100].

The major inducers of neoangiogenesis are the vas-
cular endothelial growth factors (VEGFs) although fi-
broblast growth factors, angiopoetin 1, interleukins and
other growth factors also contribute. VEGFs are highly
potent angiogenic agents acting to increase blood ves-
sel permeability, endothelial cell growth, proliferation,
migration, and differentiation. The VEGF-A gene gives
rise to six isoforms as a result of alternative splicing
which bind to and activate two major tyrosine kinase
receptors: VEGFR-1/Flt-1 and VEGFR-2/KDR, albeit
with varying potency and differential effects on en-
dothelial cell functions. The related placental growth
factor (PlGF) binds to VEGFR1. Increased expression
of VEGF-A has been demonstrated in SCCHN cell
lines, xenografts [101] and clinical specimens [102].
However, the clinical relevance of VEGF-A expression
is not clear, and it may be that VEGF receptor levels are
also important. Other angiogenic cytokines such as ba-
sic fibroblastic growth factor (bFGF) and interleukin-8
(IL8) are also commonly produced by SCCHN cells,
and may contribute to the overall pathology.

Other VEGF family members include VEGF-
B which is transcribed as a mature protein with
167 (VEGF-B167) and 186 (VEGF-B186) amino acid
residues; these ligands bind only to VEGF-R1. VEGF-
C is suggested to be a selective lymphangiogenic
factor, which induces proliferation of lymphatic en-
dothelial cells and lymphatic vessels [103] (see be-
low). VEGF-C and VEGF-D bind to and activate both
VEGFR-2 and also, (unlike VEGF-A and VEGF–B iso-
forms) VEGFR-3/Flt-4. VEGFR-1 and VEGFR-2 are
expressed on vascular endothelium whereas VEGFR-3
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Figure 8. Pathways of induction of angiogenic cytokines. Activation of several c-erbB receptors has been linked to transcriptional activation
of VEGF-A and/or VEGF-C. The potency of the ligand or signalling pathway is indicated by the size of the font and thickness of the arrows.
Hypoxia potently induces VEGF-A via PI3 kinase, and c-erbB receptor activation results in enhanced production of both VEGF-A and VEGF-C
in a MAPK and PI3K dependent manner. VEGF-A binds primarily to VEGFR-2 on vascular endothelial cells, and VEGF-C binds primarily
to VEGFR-3 which is present on lymphatic endothelia and can also be expressed on tumour neovasculature. Similar pathways of activation
also induce MMPs which have been implicated in processing and release of VEGFs, further potentiating angiogenesis and lymphangiogenesis.
Tumours which overexpress EGFR can also apparently induce EGFR expression on adjacent endothelial cells.

is exclusively confined to the lymphatic endothelium in
normal adult tissues. However, interestingly, VEGFR-
3 can also be found in tumour endothelia [104] pos-
sibly due to the re-expression of a less differentiated
phenotype.

VEGF-A is readily upregulated by hypoxia (a com-
mon feature in SCCHN) via stabilization of hypoxia-
inducible factor (HIF)-1 transcription factor activity
[105]. The next most potent inducers of VEGF-A are
BTC, EGF and TGF-α [106]. These act via signalling
pathways downstream of EGFR and other erbB recep-
tors (Figure 8) involving the Sp1, AP-1 and AP-2
transcription binding sites in the promoters of the
VEGF-A and VEGF-C genes (and also many MMP
genes). This upregulation can occur through both HIF-
1-dependent and -independent pathways; the former
being mediated via PI3 kinase. VEGF-A transcription
in SCCHN is also regulated by ERK 1/2 [107] PI3 ki-
nase [108] and by STAT3 as a final common pathway
[109]. This role of STAT3 in angiogenesis may partially
explain its significant contribution to the pathogenesis
of SCCHN.

If activation of EGFR (and other erbB family mem-
bers) results in upregulation of angiogenesis, then in-
hibition of these receptors or downstream signalling
pathways should reverse the effects, and this has been
shown to be the case using a variety of biological
and pharmacological agents. Treatment of the A431
SCC cell line with an antagonistic EGFR mAb (C225)
down-regulates VEGF-A expression both in vitro and
in vivo [108]. We found that stimulation of SCCHN
cells in vitro with erbB ligands led to significant
upregulation of all major isoforms of VEGF-A and
VEGF-C with the same relative potency as induction
of MMPs (BTC>EGF>HRG). These effects were re-
versed by both anti-EGFR and anti-c-erbB-2 mAbs
[111].

Antisense inhibition of VEGF in a human SCCHN
cell line resulted in a 20-fold reduction in VEGF secre-
tion and 50% inhibition of endothelial cell migration,
but there was no effect on in vivo tumorigenicity [112],
possibly because murine host angiogenic factors were
able to compensate. Nevertheless, there is compelling
evidence that anti-EGFR and erbB-2 mAbs and kinase
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inhibitors can inhibit angiogenesis in vivo (putatively
via downregulation of angiogenic cytokines) although
the relative contribution to therapeutic responses is un-
clear. Interestingly, it has been shown that endothelial
cells in the neovasculature of tumours over-expressing
EGF or TGFα themselves express activated EGFR, po-
tentially rendering them especially sensitive to direct
inhibition by EGFR antagonists [113].

These data strongly implicate erbB receptors as criti-
cally important in stimulating angiogenesis of capillary
and lymphatic vessels in HNSCC (perhaps preferen-
tially the tumour vessels which express both VEGFR-2
and VEGFR-3) and may also increase vessel perme-
ability and tumour cell escape.

Most angiogenic factors (including VEGFs and
bFGFs), like the EGFR ligands require proteolytic pro-
cessing to develop their full activity. This may include
release from sequestration in the ECM and/or step-
wise proteolytic cleavage to produce forms with en-
hanced binding capacity to receptors. For instance, only
fully processed VEGF-C can bind to VEGFR-3 and
VEGFR-2 [114]. MMP-9 has been implicated as a key
mediator of the “angiogenic switch” in transgenic tu-
mour models [115]. Matrix metalloproteinases release
active VEGF and bFGF from the stroma as well as act-
ing on the endothelial basement membrane to facilitate
capillary sprout formation [116].

3.5. Lymphangiogenesis

The head and neck region has a very rich lymphatic
drainage, containing 300 of the body’s 800 lymph
nodes [117] and the development of cervical lym-
phadenopathy is a frequent pattern of treatment failure
in SCCHN (Figure 1). Tumour spread may be via ex-
isting lymphatics or by the formation of new channels
stimulated by VEGF-C [118] and possibly VEGF-D
[119]. These ligands and their receptor VEGFR-3 (Flt
4) have been extensively reviewed [120].

Relatively few studies have examined VEGF-C and
-D expression in SCCHN, although Saaristo et al. [121]
reported that VEGF-C was evident in nasopharyngeal
tumour cell islands with VEGFR-3 on adjacent an-
giogenic vessels. Our own studies have shown that
enhanced expression of VEGF-A (isoforms 121 and
165) and VEGF-C in HNSCC had predictive value for
the presence of cervical nodal metastases [111,122].
Subsequent work by others confirmed VEGF-C and
VEGFR-3 mRNA and protein expression in a series

of SCCHN specimens, with more VEGF-C positive
vessels in larger tumours, implying that inhibition of
these lymphangiogenic pathways may be an alterna-
tive therapeutic option. Interestingly, high expression
of VEGF-D in our studies seemed to be associated with
good prognosis, and although reports of its correlation
with disease progression vary, this inverse relationship
(compared with VEGF-C) has also been noted in other
cancers such as lung and colon. This suggests that fur-
ther work is required to investigate the roles of these
two lymphangiogenic cytokines, as their functions may
not be equivalent [122].

4. Response to therapy

Several pieces of experimental evidence and clinical
observations suggest that the level of expression of
erbB oncogenes (especially EGFR) may be associated
with resistance to both chemotherapy and radiotherapy.
This will not be discussed in detail here, except briefly
to discuss possible mechanisms. Recent observations
have shown a clear inverse correlation between EGFR
density on SCCHN carcinoma cells and radiosensitiv-
ity [123] and transfection of EGFR confers cellular
resistance to irradiation [124].

Several hypotheses have been proposed to explain
these observations. Radiation can indiscriminately ac-
tivate all erbB receptors, resulting in autophosphory-
lation patterns indistinguishable from those induced
by ligands, and repeated exposures increase EGFR
expression. These effects may contribute to the ac-
celerated tumour re-population observed in EGFR-
overexpressing tumour cells due to activation of cell
survival, mitogenic and DNA repair pathways (and
possibly also angiogenesis). EGFR activation seems
to show a biphasic response with a short primary
phase followed by a more protracted secondary phase
which may be mediated by release of intrinsic TGFα

[125]. The primary phase seems to be common to all
erbB (and other receptor tyrosine kinases) suggesting
a common mechanism. One suggestion is that this re-
ceptor activation is due to disablement of inhibitory
phosphatases, possibly by interaction with radiation-
induced reactive nitrogen species (reviewed in
[126]).

The consequence of radiation–induced receptor
phosphorylation is the activation of downstream sig-
nalling molecules. The pattern depends on the type and
relative abundance of the c-erbB family members and
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other RTKs which may synergistically activate MAPK
and PI3-kinase-Akt pathways, culminating in cytopro-
tective and proliferative responses. These can be abro-
gated either by inhibition of EGFR or certain down-
stream components of the pathways.

Akt is emerging as a critically important cell sur-
vival promoter, as discussed previously. Many studies
have also implicated activated Ras and/or Raf in ra-
dioresistance; however, further investigations have im-
plicated not the direct downstream targets Mek-Erk or
p38 MAPK but the PI3-kinase pathway in these effects.
Transfection of constitutively active Akt can induce
radioresistance independently of upstream RTKs, and
inhibition of the PI3-kinase pathway more effectively
reverses radioresistance than does MAPK inhibition
[124,127].

The significance of these findings is that the ac-
tivation status of the PI3 kinase pathway may be a
major determinant of response to radiotherapy in SC-
CHN, and indeed there is good evidence for this (re-
viewed in [127]). In a series of SCCHN patients treated
with chemoradiotherapy (carboplatin-paclitaxel induc-
tion followed by radiation) patients with cancers that
overexpressed EGFR had a higher probability of lo-
cal relapse, but a stronger correlation emerged when
phospho-Akt was measured. In vitro studies with SC-
CHN cell lines suggested that the major pathway was
EGFR-H-Ras-PI3K-Akt, although in cells expressing
other members of the erbB family (or indeed other
RTKs such as IGF1-R), direct activation of PI3-kinase-
Akt may occur. Yet other cancers may be resistant to
therapy by virtue of the presence of mutated or over-
expressed H-Ras, PI3K or Akt, although these are less
common in SCCHN. The potential mediators down-
stream of Akt have not been fully elucidated, and both
NF-κB and RhoB have been implicated as effectors.

It will be important to determine accurately the pre-
cise pathway responsible for resistance in individual
cancer patients if combined therapy is to be used (eg.
EGFR, Ras or PI3K inhibitors, as has been suggested)
to overcome this problem. Alternatively, inhibitors of
a final common pathway or a pivotal point in the sig-
nalling network should be effective as these will be
independent of the upstream activator, be it overex-
pression of the erbB oncogenes, loss of suppressors
such as PTEN, or mutant second messengers.

In addition, other mechanisms may be in operation
in resistance to therapy since transcriptional responses
are induced which result in enhanced DNA repair. Ra-
diation induces activation of the transcription factors

CREB, STAT3, EGR and ETS in an EGFR-MAPK
dependent manner [128]. Proteins that are regulated
by these factors and have been implicated as effectors
in EGFR-MAPK mediated radiation resistance include
PCNA and DNA repair enzymes ERCC1 and XRCC1;
also EGFR can physically interact with the repair en-
zyme DNA-PK [126].

Both anti-EGFR antibodies and small molecule ki-
nase inhibitors such as Iressa and Tarceva have been
shown to enhance sensitivity of tumour cells to radi-
ation and some cytotoxic agents in vitro and in vivo.
Shintani et al. [129] showed that the EGFR inhibitor
Iressa reduced the levels of DNA-PK, Ku70 and Ku86
in the nucleus, thereby inhibiting repair of radiation-
induced DNA double strand breaks and potentiating
radiosensitivity. Holsinger et al. found that PK1166, a
novel inhibitor of EGFR kinase activity, potentiated the
effects of paclitaxel in an orthotopic xenograft model
of oral cancer, with evidence of inhibition of Akt acti-
vation and increased levels of apoptosis [130]. Similar
results have been observed following therapy with anti-
EGFR or anti-erbB-2 antibodies. Also, since radiation
tends to induce a G2M arrest, and kinase inhibitors such
as Iressa induce a G1 cell cycle arrest, these effects may
be additive or synergistic. In some, but not all cell types,
apoptosis is enhanced by combined treatments.

Interestingly, in some in vivo studies, in addition to
the expected enhancement of cell cycle arrest and/or
apoptosis in combined radiotherapy/EGFR arms, it was
proposed that a significant component of response was
due to inhibition of angiogenesis [131]. EGFR anti-
sense oligonucleotides in combination with docetaxel
in a SCCHN xenograft model potentiated the effects
of chemotherapy with evidence of more pronounced
decreases in levels of phosphorylated STAT3 and Akt
in the combined therapy group, and a concomitant de-
crease in VEGF [132].

Other observations are also in support of an angio-
genic component in determining sensitivity/resistance
of cells to anti-EGFR therapy. Kerbel’s group gener-
ated a panel of SCC cells resistant to anti-EGFR mAb
C225 in vivo which did not express this phenotype
in vitro. A common feature in the resistant cells was
enhanced expression of VEGF; its contributory role
was confirmed by showing that transfection of the
VEGF gene conferred resistance to SCC cells in vivo.
However, the resistant cells also overexpressed cyclin
D1 and Bcl-XL, which potentiate cell survival and pro-
liferation under 3D, anchorage-independent conditions
[133].
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5. Conclusions

Taken together, the evidence suggests that co-operative
signalling via erbB receptors can regulate many key
processes of angiogenesis and invasion in HNSCC.
Ligands binding to EGFR, erbB-3 and erbB-4 affect
cell-cell adhesion via downregulation of E-cadherin
and desmosomal proteins, and alter the tumour cell’s
relationship with the matrix microenvironment via
changes in integrin expression. Cell motility is en-
hanced, and MMPs upregulated by erbB signalling
can release tumour cell and endothelial cell growth
factors/chemotactic factors and potentiate invasion by
proteolysis of ECM and basement membranes. erbB
activation also upregulates VEGF-A and VEGF-C ex-
pression, further stimulating proliferation of vascular
and lymphatic endothelial cells, and increasing vessel
permeability. The enhanced angiogenic activity could
sustain growth of the primary tumour, potentiate dis-
semination and also support the establishment of mi-
crometastases.

Although most of these relationships have been es-
tablished in vitro and in preclinical models, correlative
observations in clinical material suggest that they may
also be operative in SCCHN. These key contributors to
invasion, angiogenesis and metastasis would therefore
provide ideal targets for therapeutic intervention, and
by aiming at the master switches of the erbB oncogene
proteins (which are accessible at the cell membrane)
it may be possible simultaneously to inhibit many dif-
ferent aspects of the malignant phenotype. However,
if alternative downstream escape mechanisms are in
operation (such as independent activation of the PI3-
kinase survival pathway) then we will need to con-
sider combinatorial therapy, or aim to identify “piv-
otal points” of convergent signalling for therapeutic
intervention.

6. Key unanswered questions

� As EGFR is the dominant receptor tyrosine kinase
in this disease, the roles of the other erbB recep-
tors have not been evaluated in depth but are likely
to contribute to oncogenesis via transactivation net-
works and thus they merit further study.

� The identification of pharmacogenetic indicators of
patient sensitivity and pharmacodynamic markers
of response to anti-EGFR agents is of paramount
importance in the advancement of novel therapies.

� The mechanisms that mediate resistance to erbB in-
hibitors remain poorly understood and their eluci-
dation would allow more effective inhibitor combi-
nations. It is known that there is extensive cross talk
between pathways, but it needs to be defined whether
there is one predominant “escape route” following
failure of EGFR inhibition or whether the response
to receptor blockade varies between tumours.

� It appears that multiple target inhibition will be nec-
essary to achieve better tumour control, but whether
this should be at several levels within the EGFR cas-
cade (e.g. inhibition of EGFR plus Mek or Erk) or
across signalling pathways, (e.g. EGFR plus ErbB-3
or IGF-1R, VEGFR-2 or PI3-kinase) remains to be
determined.
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