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INTRODUCTION

Tight control of cell proliferation and morphogen-
esis in conjunction with programmed cell death (apo-
ptosis) is required to ensure normal tissue patterning.
Alterations that cause an imbalance of the cellular
signals that control these events may promote cell
growth, suppress apoptosis, and enhance cell inva-
sion, resulting in oncogenesis.

Many of these signals are regulated by receptor
tyrosine kinases (RTKs). These RTKs are membrane-
spanning proteins with intrinsic phosphotyrosine ki-
nase activity. Their activity is normally tightly
regulated. In the absence of ligand, RTKs reside in the
plasma membrane as inactive enzymes. Binding of
ligand promotes receptor dimerization and a change
in conformation that leads to activation of the kinase
and transphosphorylation of the receptor on specific
tyrosine residues.

Phosphorylated tyrosine residues provide dock-
ing sites on the receptor for signalling proteins that
recognize phosphotyrosine residues and that act to
relay the signal from the receptor at the plasma mem-
brane into the cell 1. Once activated, a normal cell
has mechanisms in place to downregulate the recep-
tor through receptor internalization. Endocytosis and
eventual lysosomal degradation and ubiquitination
of RTKs has been shown to play a key role in these
processes 2; however, when altered through mutation
or chromosomal translocation, or after genomic am-
plification, many RTKs can become potent oncogenes
by delivering a continuous or enhanced signal.

In addition to alterations in the RTK, aberrant deg-
radation of RTKs is associated with numerous cancers,
underscoring the importance of this mechanism of
regulation of RTKs 3,4. To date, 58 genes encoding RTKs
have been identified in the human genome, 30 of
which have been found to be dysregulated in human
cancers 5.

DISRUPTED SIGNALLING BALANCE

Many cells in vivo are in a quiescent state (G0) with
unduplicated DNA. The balance between growth in-
hibitory signals—provided by soluble factors such
as transforming growth factor beta (TGFb), cell-to-cell
contacts, and adhesion to extracellular matrix com-
ponents—and growth stimulatory signals (through
growth-factor activation of RTKs) forces cells to enter
G1 and initiate cell division 6. Successful transition
through the G1 phase requires sustained growth fac-
tor stimulation over a period of several hours, fol-
lowed by the presence of a progression factor such
as insulin-like growth factor 1 (IGF-1).

This dual signal requirement may prevent acci-
dental triggering of quiescent cells into the cell cycle
by transient exposure to mitogenic growth factors. In
some cell types, the absence of growth-factor stimu-
lation causes the rapid onset of programmed cell death
(apoptosis). Therefore, non-scheduled expression of
a growth factor may result in a constant stimulation
of cell growth in addition to a block in apoptosis.

A variety of tumour cells are known to produce
and release growth factors for which these cells bear
receptors and can respond. For example, lung can-
cers produce several growth factors—TGFb , stem cell
factor, and IGF-1—as well as the receptors for these
ligands [epidermal growth factor receptor (EGFR),
Kit R, and IGF-1R respectively] 7. Melanomas express
basic fibroblast growth factor (bFGF), which they re-
quire for proliferation, and carcinomas that express
high levels of the receptors EGFR and Met secrete the
corresponding factors TGFb or hepatocyte growth fac-
tor (HGF). These signalling loops appear to be func-
tionally important for tumour growth and are
associated with short patient survival times.
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In addition to having a direct function in tumour
cells, growth factors and RTKs play key roles in modu-
lating the tumour microenvironment. Most carcinomas
depend on their microenvironment for survival through
the recruitment of fibroblasts, macrophages, and vas-
culature. For example, carcinoma cells frequently re-
lease platelet-derived growth factor (PDGF), which acts
to recruit and activate stromal cells that express the PDGF

receptor. Those cells in turn release mitogenic IGFs and
epithelial invasion and motility factors such as HGF.

The construction of the vasculature is also regu-
lated through multiple interactions between growth
factors and RTKs, including PDGF, bFGF, and vascular
endothelial growth factor 8. Similarly, macrophages
recruited to the tumour microenvironment through
the production of colony stimulating factor-1 (CSF-1)
by breast carcinomas can themselves release growth
factors such as EGF that can enhance both the prolif-
eration of and invasion by tumour cells 9.

RATIONALE FOR TREATMENT

The identification, in multiple cancers, of alterations
in RTKs and of dysregulated RTK signalling has pro-
vided the rationale for anti-RTK drug treatment. Tras-
tuzumab, imatinib, and gefitinib are some of the first
examples of drugs that have successfully translated
basic research on RTKs and oncogenes into cancer
therapeutics 10. Strategies aimed at preventing and
inhibiting RTK signalling include antibodies to the
extracellular domain of the receptor (such as trastu-
zumab), antagonist ligands, small-molecule inhibi-
tors of protein tyrosine kinase activity (imatinib and
gefitinib), and peptide mimetics that act as inhibitors
of protein–protein interactions.

CLINICAL STUDIES

Since the mid-1990s, clinical studies have established
that tyrosine kinase inhibitors are relatively safe and
therapeutically active in target patients whose tumour
growth is driven by tyrosine kinases. Trastuzumab is
a humanized antibody that recognises the extracellu-
lar domain of the HER2 RTK, which is amplified in ap-
proximately 25% of invasive primary breast cancers.

The family of RTKs to which HER2 belongs also in-
cludes EGFR (HER1), HER3, and HER4. No ligand has been
identified for HER2 (as has occurred with its family
members); instead, HER2 forms heterodimers with other
family members (HER1–4), enhancing and diversifying
their signalling in response to ligand stimulation. Bind-
ing of trastuzumab to the extracellular domain of HER2
enhances downregulation of HER2 (including its bind-
ing partners) from the cell surface, decreasing cellular
signalling. Trastuzumab was shown to offer clinical
benefit to patients with HER2-positive metastatic breast
cancer, and recent trials have demonstrated highly sig-
nificant survival benefits to HER2-positive patients when
trastuzumab is used in combination with chemo-

therapy 11,12. Similar strategies have been developed for
EGFR, where the anti-EGFR monoclonal antibody
cetuximab has clinical benefit when combined with
radiotherapy for head-and-neck cancers.

In addition to monoclonal antibodies, small-mol-
ecule inhibitors that block the catalytic activity of RTKs
have demonstrated success in the clinical setting. The
small-molecule inhibitors for EGFR (gefitinib and
erlotinib) show modest antitumour activity when ad-
ministered as single agents in unselected patient popu-
lations with non-small-cell lung carcinoma, but they
show a positive clinical response in a subset of pa-
tients that harbour somatic mutations in the EGFR gene
and whose tumours may be dependent on expression
of those mutated genes 13.

Imatinib, originally designed as an inhibitor of
the non-RTK tyrosine kinase BCR-ABL and found in pa-
tients with chronic myelogenous leukemia (CML) with
chromosome 9–22 translocations, has shown signifi-
cant therapeutic success in BCR-ABL–positive CML and
acute lymphoblastic leukemia. However, in addition
to its activity for BCR-ABL, imatinib also blocks the
activity of several RTKs, including the Kit and PDGF

receptors, and has shown robust clinical activity in a
subset of gastrointestinal stromal tumours and in
chronic myelomonocytic leukemia harbouring mu-
tations in the Kit or PDGF receptors 14.

As demonstrated for other anticancer agents, pa-
tients acquire resistance after prolonged treatment,
and surprisingly, much of this resistance stems from
secondary mutations within the target RTK and muta-
tions that involve downstream pathways activated by
RTKs. Combination-type therapies that target multiple
pathways regulated by RTKs will increase efficacy and
may reduce resistance.

SUMMARY

The mutation and deregulation of RTKs can lead to a
wide variety of changes in cellular structure and func-
tion, all of which contribute to the malignant pheno-
type and pathologic behaviour of human cancer. The
progress in recent years on the clinical validation of
molecularly targeted drugs that inhibit RTKs has dem-
onstrated that, in appropriately selected patients, treat-
ment can alter disease progression and survival.

Rational drug design will benefit from computa-
tional biology and a detailed understanding at the
structural level both of the kinase domains and of the
ligand binding sites of these receptors. The large tis-
sue and serum repositories from patients in clinical
trials will also allow outcome to be linked to mo-
lecular changes observed in tumours.
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