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Central themes in medical practice are the diagnosis, prognosis and treatment of disease. 
Advances have been made in a number of malignanices including breast cancer, where 
new therapeutic strategies have significantly improved response rates, the disease-free 
interval and overall survival. However, complete responses to chemotherapy are achieved 
in only 10–20% of patients. Recent advances in the understanding of the cellular and 
molecular biology of cancer have led to the identification of oncogenes and tumor 
suppressor genes that influence the rate of tumor cell proliferation and cancer 
progression. These oncogenes represent important therapeutic targets and are currently 
being incorporated into the design of novel therapeutic approaches. This review 
emphasizes the role of the ErbB oncogenic receptor family, its effect on tumor biologic 
behavior and its role as a target for various therapeutic regimens. 
Background & significance
Normal cells express various cellular receptors,
including tyrosine kinase receptors such as ErbB
(also referred to as human epidermal growth fac-
tor receptor [HER]) receptors, and nuclear recep-
tors such as estrogen and progesterone receptors
(ER and PR). Complex interactions between cel-
lular receptors and their cognate ligands, which
function by binding to, or interacting with, the
cellular receptors, regulate the growth, develop-
ment and proliferation of cells. Changes in these
interactions contribute to uncontrolled cell
growth and cancer (Figures 1 & 2) [1–12]. 

Determination of cell fate, in addition to
rapid responses to extracellular cues, is critically
mediated by soluble growth factors and their
transmembrane receptors. The ErbB family of
receptor tyrosine kinases (RTKs) and their lig-
ands, soluble polypeptides of the epidermal
growth factor (EGF)/heregulin (HRG) family
are an example for this mechanism. By timely
engagement of their growth factors at the cell
surface, these receptors instigate a biochemical
processes with a capacity to drive dramatic cellu-
lar transitions, such as proliferation and migra-
tion. Specifically, ligand binding of either
receptor induces receptor homo- and hetero-
dimerization. This in turn leads to receptor auto-
phosphorylation and activation. Two distinct
sets of ligands recognize ErbBl, B3 and B4,
whereas a soluble ligand for ErbB2 has not been
identified [13–37]. Of the ErbB receptors, ErbB3
is unique in that it is a ‘kinase-dead’ receptor.
Thus, both ErbB3 and B2 cannot signal in isola-
tion. However, both receptors can enhance and

diversify signaling by EGF-like ligands, once
they engage in heterodimers with ErbB1 and
B4 [35–37]. Furthermore, ErbB2:B3 heterodimers
represent the most mitogenic receptor complex,
activating signaling pathways involved in regu-
lating cell growth and survival [29]. ErbB3 and
B4 mediate the biologic effects of HRG. ErbB1
(also referred to as the EGF receptor [EGFR])
and ErbB2 are coreceptors for HRG. In fact,
ErbB2 is a critical component in mediating
HRG-induced breast cancer cell growth. Specifi-
cally, if ErbB2 is not available to form a het-
erodimer complex with other members of the
ErbB family, then HRG activity is blocked and
cell growth is decreased (Figure 3). Although lack-
ing its own soluble ligand, ErbB2 is the preferred
heterodimeric partner for other ErbB receptors,
magnifying the amplitude and duration of intra-
cellular signals by reducing the rate of growth
factor dissociation from its cognate receptor
(Figure 4) [38–49]. In addition, the major process
that attenuates RTK signaling involves the sort-
ing of ligand-activated receptors to endocytosis
and subsequent degradation in lysosomes. How-
ever, endocytosis of ErbB2-containing het-
erodimers is relatively slow, and these complexes
tend to recycle back to the cell surface [50–67].

With the exception of ErbB3, all ErbB recep-
tor family members share a highly conserved
cytoplasmic tyrosine kinase domain. Autophos-
phorylation of specific cytoplasmic tyrosine resi-
dues establishes binding sites for Src-homology
(SH)-2 and phosphotyrosine binding domain-
containing proteins, that, in turn, link to down-
stream effectors involved in cell proliferation
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(mitogen-activated protein kinase [MAPK] or
extracellular signal regulated kinase [Erk]1/2) and
survival (phosphoinositide-3 kinase [P13K]/Akt)
pathways [21,29,34,36].

Overexpression, gene amplification or muta-
tions of ErbB1 are found in multiple human
tumors, including cancers of the breast, head and
neck and lung, with a particularly high incidence
of overexpression in brain tumors of glial origin.
Gain-of-function mutations within the kinase
domain have recently been identified in a subclass
of non-small cell lung carcinoma. Several tumors
show co-expression of ErbBl and its ligands, pri-
marily transforming growth factor (TGF)α, in
line with ligand-dependent malignant transfor-
mation. Overexpression of the ERBB1 gene has
been implicated as a poor prognostic feature in
various human malignancies including breast,
head and neck, ovarian, bladder, and esophageal
cancer. Furthermore, ErbBl overexpression has
been implicated as playing a role in mediating
resistance to radiotherapy. In addition to wild-
type ErbBl, cancer cells have also been shown to
express various mutated ErbBl molecules.The
most common mutant, named EGFRvIII, is one
in which amino acids 6–273 (exons 2–7) of the
extracellular domain are deleted. This in-frame

deletion is common in glioblastomata and in sev-
eral other types of cancer, including breast, ovar-
ian, lung and medulloblastoma tumors. EGFRvIII
is constitutively active in a ligand-independent
manner, and while its prognostic significance
remains incompletely understood, it has been
linked to resistance to radiation therapy [68–76].

Overexpression of the ERBB2 gene is fre-
quently observed in human carcinomas. Examples
include breast, ovarian and lung cancer, as well as
tumors of the pancreas, colon, esophagous, pros-
tate, endometrium, and cervix. The association of
ErbB2 expression with disease parameters was
best studied in the setting of breast cancers, where
ErbB2 overexpression as a result of gene amplifi-
cation occurs in 15–30% of invasive ductal carci-
nomas. The incidence of ErbB2 overexpression is
higher in ductal carcinoma in situ (DCIS) of the
comedo type. These observations, and the associa-
tion of ErbB2 overexpression with tumor size,
lymph node status, high grade, high percentage of
S-phase cells, aneuploidy, and lack of steroid hor-
mone receptors, imply that ErbB2 primarily con-
fers a proliferative rather than an invasive
advantage to tumor cells. The prognostic signifi-
cance of ErbB2 overexpression in other tumors is
not as well-established, but several reports suggest

Figure 1. Multiple mutations lead to cancer.

The process of tumorigenesis is multistep, whereby multiple mutations acquired over time lead to cancer. 
However, inhibiting the onogenic activity of these mutations with targeted therapies (denoted by targets) 
may reverse tumor progression (indicated by feedback arrows).
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prognostic implications in pancreatic, ovarian,
gastric and prostate cancer [77–82]. In addition to
ErbB receptor overexpression, many cancers,
notably breast cancer, also co-overexpress ErbB
receptor ligands such as HRG and TGFα. HRG
expression is also relevant to ER signaling and,

therefore, anti-estrogen therapies. Constitutive
expression of HRG contributes to the progression
of breast cancer cells from a hormone-dependent
state, where ER plays a significant role in regulat-
ing tumor cell proliferation and survival, to a
hormone-independent state. The hormone-inde-
pendent state is generally associated with a poor
prognosis and more aggressive tumor [85,88].

ErbB1 and B2 promote tumor growth and sur-
vival in a variety of epithelial tumors, where their
expression or overexpression in some tumors cor-
relates with a poor clinical outcome, making them
attractive therapeutic targets [83–125]. However,
clinical results with therapeutic compounds tar-
geting these receptors have been mixed, implicat-
ing the need to understand the interplay between
the ErbB receptors, their ligands, and other
redundant signaling pathways contributing to the
growth and survival of tumor cells. 

ErbB receptors as targets for therapy
Due to the fact that ErbB proteins and their cog-
nate ligands are intimately involved in a variety of
epithelial malignancies, they have been targeted
for a variety of therapeutic strategies, including the
development of low-molecular-weight tyrosine
kinase inhibitors, antireceptor monoclonal anti-
bodies (mAbs), and drug and toxin conjugates of
ligands and mAbs. Additional experimental
approaches are under development, for example,
gene therapy using an adenoviral protein to down-
regulate ErbB2, antisense strategies, and RNA
aptamers that target the dimeric form of ErbB
proteins. Several features make ErbB signaling par-
ticularly attractive for therapeutic intervention.
The receptors, as well as their ligands, are available
for extracellular manipulation, which avoids com-
plications related to drug permeability across the
plasma membrane. In addition, interventions at
the receptor level, rather than at downstream
effectors, offers higher selectivity (Figure 5). 

Therapeutic mAbs and small molecule tyrosine
kinase inhibitors targeting ErbB1 or B2 have been
developed. Trastuzumab (Herceptin®) (Figure 6), a
humanized anti-ErbB2 mAb, is approved for
treating patients whose breast cancers overexpress
the ErbB2 protein or demonstrate ERBB2 gene
amplification (Table 1). In addition, gefitinib and
erlotinib, small molecule tyrosine kinase inhibi-
tors of ErbB1 (Table 2), are approved for third-line
treatment of non-small cell lung cancer. The ina-
bility of mono-ErbB1 inhibitors, such as gefitinib
and erlotinib, to demonstrate a survival advantage
when added to first-line chemotherapy in meta-
static non-small cell lung cancer raises questions

rgets for intervention constitute new 
er therapies.

amily and their cognate ligands.

mology of the various domains of each ErbB receptor 
at 100%).
factor receptor; HB: Heparin binding; HER: Human 
receptor; NRG: Neuregulin; TGF: Transforming 

Targets

Innovative 
cancer 
therapies

Growth factor receptors
and signal transduction

Tumor suppressor genes and 
oncogenes (e.g., RAS 
oncogenic pathways)

Angiogenesis
and metastasis

Apoptosis and
cell-cycle control

Personalized Medicine

Heregulins

36

59

24 28

79

48
Cysteine-rich

domains

NRG2
NRG3
Heregulins
β-cellulin

C-terminus

ER2/neu
rB-2

HER3
ErbB-3

HER4
ErbB-4
Personalized Medicine
303

http://www.futuremedicine.com


REVIEW – Bacus, Spector & Yarden

304

Figure 4. ErbB2 is th

L1 and L2 are part of the
EGFR: Epidermal growth 

L1

L2

S1

S2

ErbB-2
regarding the optimal use of these agents in the
clinic and underscores the need to identify
biomarkers to guide their clinical development. 

The relatively low response rate observed
when ErbB inhibitors are administered to
patients who are selected solely on the basis of
the overexpression of a single ErbB receptor is
not unexpected given the complexity of ErbB
signaling pathways. Most tumors of epithelial
orgin express multiple ErbB receptors and co-
express one or more EGF-related ligands, sug-
gesting that autocrine receptor activation plays a
role in tumor cell proliferation and survival. As
these ligands activate different ErbB receptors, it
is possible that multiple types of ErbB receptor
heterodimers are regulating cell growth and sur-
vival, a scenario that might influence response to
an ErbB-targeted therapy [37]. The ligands
present in the tumor microenvironment may
determine the types of ErbB receptor dimers that
are formed, thereby influencing the time course
of membrane translocation, activation and inter-
nalization of the receptor and, ultimately, the
type of signal generated [42]. Downstream signal-
ing may be determined by the set of docking
proteins that bind to the activated receptors. For
example, ErbB3 contains six docking sites for

PI3K. HRG stimulation of ErbB receptors
causes activation of the PI3K pathway and phos-
phorylation of Akt [49,83]. These observations
implicate PI3K/Akt in the signaling cascade that
results from ErbB3 heterodimerization with
overexpressed ErbB2 in breast cancer cells.
Importantly, activation of PI3K/Akt promotes
cell survival and enhanced tumor aggressiveness
and resistance to chemo-, hormone, radiation,
and biologic (for example, trastuzumab) therapy.
Hence, inhibition of the Akt pathway may be
very important for sensitizing tumor cells to a
variety of therapeutic agents. Recent results sug-
gest that ErbB receptors may be transactivated
by other receptor classes such as G-protein-cou-
pled receptors, cytokine receptors and insulin-
like growth factor receptor (IGF-IR) [83]. 

The use of molecular markers to characterize
tumors is critical toward selecting patients for
tumor-targeted therapies, including those target-
ing ErbB receptors. In addition, profiling tumors
based on molecular characteristics rather than
histology alone will enable rational design of
combination therapy using multiple tumor-tar-
geted agents. Thus, use of the biologic markers
allows the earlier identification of treatments and
therapeutic agents likely to result in a clinically

e preferred dimerization partner for the ErbB family members.

 ligand-binding domain. S1 and S2 are part of the receptor dimerization domain of EGFR and ErbB2 [131]. 
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positive outcome. In addition, use of the tar-
geted therapy markers allows earlier identifica-
tion of treatments and therapeutic agents that
are not likely to result in a clinically positive
outcome, sparing those patients who are not
likely to benefit from potential toxicity [114–124]. 

Antibodies to ErbB1 & B2
mAbs to receptor tyrosine kinases such as ErbB1
and ErbB2 inhibit the tumorigenic growth of cer-
tain cancer cells, although the exact mecha-
nism(s) responsible for their antitumor activities
remain largely unknown. Anti-ErbB1 (EGFR)
antibodies promote a slow endocytic process dis-
tinct from the rapid EGF-induced receptor inter-
nalization, and also inhibit ligand binding to the
EGFR receptor. Combining mAbs that engage
distinct epitopes significantly accelerates receptor
degradation. In addition, combinations of mAbs

are more effective than single Abs in inhibiting
ErbB2 signaling in vitro and tumorigenesis in
animals [119]. Early studies elucidated the tumor-
inhibitory potential when mAbs directed at
ErbB1 and B2 were used alone [89,95,106], with
subsequent preclinical studies demonstrating that
anti-ErbB mAbs appear to be more effective
when combined with various chemotherapeutic
agents [90,103,110,111,118,119]. The benefit of com-
bining mAbs with chemotherapeutic agents has
been demonstrated clinically using trastuzumab
and cetuximab (C225), the latter being an anti-
ErbB1/EGFR mAb for the treatment of breast
and colorectal cancer, respectively. Two mecha-
nisms have been implicated in ErbB-directed
immunotherapy. The first involves mAb-medi-
ated recruitment of natural killer cells to tumors.
The second involves the blockade of ligand bind-
ing or receptor heterodimerization and acceler-
ated receptor internalization [103], resulting in the
inhibition of downstream proliferation and sur-
vival signaling pathways (e.g., PI3K/Akt, and
MAPK/Erk1/2) [89]. The latter mechanism is par-
ticularly attractive because ligand-induced endo-
cytosis and degradation of active RTKs is
considered a major physiological process underly-
ing attenuation of growth-promoting signals.
Several studies reported cooperative effects of
mAb combinations, whereas others found that
bivalent, Fc-lacking versions of anti-ErbB mAbs
inhibit tumorigenic growth in animals [95]. 

mAbs targeting the ErbB-receptor family
include antibodies that prevent ligand binding
and ligand-dependent receptor activation (for
example, cetuximab), antibodies that interfere
with ligand-independent receptor activation (for
example, trastuzumab), and a new class of anti-
ErbB receptor antibodies that prevent receptor
heterodimerization (for example, 2C4 or pertu-
zumab) (Table 1). A synergenic effect was achieved
when breast cancer cells overexpressing ErbB2,
BT474, were treated with trastuzumab and per-
tuzumab [127]. Anti-ErbB1/EGFR antibodies
that interfere with ligand-dependent receptor
activation have shown clinical activity in a vari-
ety of solid tumors including colon, head and
neck, non-small cell lung cancer (NSCLC), and
renal cell carcinomas. Single-agent clinical trials
have been conducted in these tumor types and a
substantial proportion of studies have also incor-
porated anti-EGFR mAbs into commonly used
combination chemotherapy regimens. As
expected, the clinical development of anti-EGFR
antibodies is highly dependent on the tumor
type being studied, with each tumor requiring

f tyrosine kinase receptors.
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therapy regimens, and potential for integration
with radiation therapy (RT). 

To address the need for predictive biomark-
ers to identify patients more likely to respond
to trastuzumab therapy, the authors analyzed
breast cancer tissue obtained from patients
treated with trastuzumab combined with chem-
otherapy. Predictive biomarkers were identified
using tissue microarrays and immunohisto-
chemistry (IHC) examining a variety of mole-
cules, including expression of ErbB receptors
and their activation/phosphorylation state, as
well as ErbB receptor ligands and downstream
mediators of proliferation and survival signals
(Figures 6 & 7) [114]. The results of this analysis
identified a set of biomarkers that best predict
patient outcome following trastuzumab combi-
nation therapies. Patient probability of
response ranging from 0 to 100% was observed
based upon the expression or phosphorylation
of a small set of growth factor receptors, down-
stream signaling proteins, and ErbB receptor
ligands (Table 3). 

The success of trastuzumab therapy in the
treatment of breast cancer patients has been
limited, despite selecting for patients whose
tumors overexpress the ErbB2 protein. Our
results demonstrated that the status of IGF-IR
and the ErbB receptor ligands, HRG and
TGFα, affect the response to trastuzumab ther-
apy in breast cancer patients. Patients whose
tumors express high levels of ErbB1 and B2 and
HRG or TGFα are most likely to respond to
trastuzumab. Other studies in cell lines have
shown that not all tumor cells respond to inhi-
bition of ErbB receptors, despite exhibiting
aberrant ErbB1 and/or ErbB2 expression. In
this respect, it has been reported that a combi-
nation of the ErbB1-directed mAb C225 and
the ErbB2-directed mAb 4D5, or use of the
dual ErbB1/B2 small molecule tyrosine kinase
inhibitors, provides a more potent antitumor
effect compared with using either mAb alone. A
diagnostic protocol for predicting patient
response to trastuzumab and chemotherapy is
presented (Figure 8). The left arm of the protocol
details the analysis of the targeted pathways,
namely the ErbB receptors and their ligands.
The right arm of the protocol details the analy-
sis of alternative pathways, namely the IGF-IR
pathway and downstream signaling which is
associated with resistance to trastuzumab. 

Our results suggest that the IGF-IR receptor
may influence patient response to breast cancer
therapies targeting ErbB2. High IGF-IR

f the humanized antibody to ErbB2, 
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expression combined with high S6 ribosomal
protein phosphorylation correlated with poor
patient response to herceptin regardless of
ErbB expression, indicating that IGF-IR was
directly activating downstream signaling path-
ways rather than exerting its effects through
transactivation of ErbB receptors. IGF signal-
ing in breast cancer has been shown to occur
through AKT activation [114,127], which would
lead to S6 ribosomal protein phosphorylation.
Hence, S6 phosphorylation may indicate active
IGF signaling in those tumors overexpressing
IGF-IR [127]. Based upon our results, as well as
the results of these published studies, analysis
of IGR-IR expression and downstream signal-
ing may be critical for an accurate assessment
of potential trastuzumab response in breast
cancer patients (right arm of Figure 8). In addi-
tion, activation of phosphatase and tensin
homolog deleted on chromosome ten (PTEN)
– a dual phosphatase that dephosphorylates
P13K/Akt – was shown to be part of the mech-
anism involved in trastuzumab response. Tras-
tuzumab increased PTEN membrane
localization, increased its phosphatase activity
and reduced its phosphorylation by reducing

SRC and ErbB2 association. Patients who were
PTEN deficient had a poorer response to
trastuzumab [128].

Antibodies for ErbB & B2 in 
combination with chemotherapy
Cisplatin (CDDP) is a DNA-damaging anti-
tumor agent employed for the treatment of
various human cancers. CDDP activates
nuclear as well as cytoplasmatic signaling path-
ways involved in regulation of the cell cycle,
damage repair and programmed cell death.
ErbB1/EGFR is activated in response to
CDDP in various types of cells that overexpress
the receptor, including transformed human gli-
oma cells and human breast tumor cells. Acti-
vation of ErbB1 in response to CDDP requires
its kinase activity, as it can be blocked by an
ErbB1 kinase inhibitor or expression of a
kinase dead receptor. CDDP-induced ErbB1
activation is independent of the receptor lig-
and. CDDP induces the activation of c-Src and
ErbB1, both of which are blocked by PP1, a
Src inhibitor, suggesting that Src kinases medi-
ate CDDP-induced ErbB1 activation. ErbB1
activation in response to CDDP is a survival

Table 1. Monoclonal antibodies designed to target the ErbB family.

Agent Characteristic Target Tumor type Stage 

Cetuximab Chimeric ErbB1 Colon, H&N, NSCLC 
and pancreas 

Marketed 
Phase III 

Panitumumab Human ErbB1 Colon, renal Phase III 

Matuzumab Humanized ErbB1 H&N, ovarian, colon 
and cervix 

Phase III 

h-R3 Humanized ErbB1 H&N Phase II 

Pertuzumab Humanized ErbB2 Breast, ovarian, 
prostate and NSCLC 

Phase II 

Trastuzumab Humanized ErbB2 Breast Marketed 

H&N: Head and neck; NSCLC: Non-small cell lung cancer.

Table 2. Tyrosine kinase inhibitors designed to target the ErbB family.

Agent Irreversible? Target Tumor type Stage 

Gefitinib No ErbB1 NSCLC Marketed 

Erlotinib No ErbB1 NSCLC, 
pancreas 

Marketed 

Lapatinib No ErbB1/2 Breast Phase III 

CI-1033 Yes Pan ErbB SCC, skin Phase II 

EKB-569 Yes ErbB1 Colon Phase II 

BMS-599626 No ErbB1/2  Phase I 

AEE788 No ErbB1/2
Anti-VEGFR 

 Phase I 

NSCLC: Non-small cell lung cancer; SCC: Squamous cell carcinoma; VEGFR: Vascular endothelial growth 
factor receptor.
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response, since inhibition of ErbB1 activation
enhances CDDP-induced death. These find-
ings demonstrate that signals generated by
DNA damage can modulate ErbB1 activity,
and argue that interfering with CDDP-
induced ErbB1 activation in tumor cells might
be a useful approach to sensitize these cells to
genotoxic agents [123]. 

Trastuzumab increases the clinical benefit of
first-line chemotherapy in patients with meta-
static breast cancers that overexpress ErbB2
(HER2). Additive interactions were observed in
four tumor cell lines treated with trastuzumab in
combination with doxorubicin, epirubicin and
paclitaxel. Interactions between trastuzumab and
gemcitabine were synergistic at low concentra-
tions of gemcitabine and antagonistic at high
concentrations. A synergistic interaction was
observed with a three-drug combination of
docetaxel/carboplatin/trastuzumab in SKBR3
breast cancer cells. Consistent synergistic inter-
actions of trastuzumab and carboplatin,
4-hydroxycyclophosphamide, docetaxel, or
vinorelbine across a wide range of clinically rele-
vant concentrations in ErbB2-overexpressing
breast cancer cells indicate that these are rational
combinations to test in clinical trials [91]. 

Tyrosine kinase inhibitors to ErbB1 
& B2
This class of agents competes with adenosine tri-
phosphate (ATP) binding to the TK domain of
the receptor, leading to inhibition of TK activity
and subsequent abrogation of ErbB receptor

signaling (Figure 9). A significant number of these
small molecule ErbB TK inhibitors are currently
under clinical development (Table 2). They differ
mainly in their potency against the different
members of the ErbB receptor family and their
capacity to:

• Preferentially inhibit a single receptor type

• Inhibit multiple ErbB receptors

• Inhibit members of other TK-receptor families

Based on the early clinical activity observed in
the Phase I studies, anti-ErbB1 TK inhibitors were
preferentially studied in patients with advanced
NSCLC [14,15]. Erlotinib (Tarceva®) is an orally
bioavailable ErbB1 tyrosine kinase inhibitor that
has been evaluated for the treatment of a range of
human epithelial malignancies. Erlotinib and radi-
ation induce the accumulation of tumor cells in
the G1 and G2-M phases of the cell cycle, respec-
tively, with a reduction of cells in S phase. When
combined, erlotinib and radiation promote a fur-
ther reduction in the S-phase fraction. By inhibit-
ing ErbB1 autophosphorylation, erlotinib appears
to enhance tumor cell apoptosis, promoting sensi-
tization to radiation therapy. Preliminary microar-
ray data suggest additional mechanisms underlying
the complex interaction between ErbB1 signaling
and the response to radiation therapy. These data
suggest that the erlotinib/radiation combination
represents a strategy worthy of further examination
in clinical trials. 

A subgroup of patients with non-small cell
lung cancer have specific mutations in the
EGFR gene, which correlate with clinical

Table 3. Biomarkers that predict response to trastuzumab.

 n Nonprogressors (%) Progressors (%) p-value

ErbB1 

positive 43 30 70 0.05

negative 23 9 91  

total 66 23 77  

NDF/Heregulin 

positive 55 39 61 0.02

negative 22 9 91  

total 77 30 70  

IGF-1R/pS6 

pos/pos 13 8 92 0.02

neg/pos 12 67 33  

NDF/pS6/IGF-1R 

+/+/+ 
+/+/- 

4 
7

0 
100

100 
0

0.01

Data obtained from [114]. IGF-IR: insulin-like growth factor receptor; NDF: Neu differentiation factor.
Personalized Medicine (2005)  2(4)
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responsiveness to the tyrosine kinase inhibitor
gefitinib. These mutations lead to increased
growth factor signaling and confer susceptibility
to the inhibitor. Somatic mutations were identi-
fied in the tyrosine kinase domain of the EGFR
gene in eight out of nine patients with gefitinib-
responsive lung cancer, in contrast to none of
the seven patients with no response. Mutations
were either small in-frame deletions, or amino
acid substitutions clustered around the ATP-
binding pocket of the tyrosine kinase domain.
Similar mutations were detected in tumors from
patients with primary NSCLC who had not
been exposed to gefitinib (8%). All mutations
were heterozygous, and identical mutations
were observed in multiple patients, suggesting
an additive specific gain of function. In vitro,
EGFR mutants demonstrated enhanced tyro-
sine kinase activity in response to EGF and
increased sensitivity to inhibition by gefitinib.
Screening for such mutations in lung cancers
may identify patients who are more likely to
respond to gefitinib [69].

Lapatinib (GW572016) [124] is an orally-
active small molecule that reversibly inhibits
ErbB1 and B2 tyrosine kinases, which in turn
blocks phosphorylation and activation of Erk1/2
(p-Erk1/2) and Akt (p-Akt) in ErbB1- and/or
ErbB2-expressing tumor cell lines and
xenografts. Lapatinib elicits cytostatic or cyto-
toxic antitumor effects depending on the cell
type. Since ErbB2-containing heterodimers exert

potent mitogenic signals, simultaneously inter-
rupting both ErbB1 and B2 signaling is an
appealing therapeutic approach. Our laborato-
ries conducted various studies [124] to understand
the molecular factors associated with response to
ErbB1/B2-targeted therapies and to elucidate
the biologic pathway of lapatinib resistance on
breast cancers and their correlation with clinical
response and treatments.

In a Phase Ib study, responders to lapatinib
exhibited variable levels of inhibition of p-
ErbB1, p-ErbB2, p-Erk1/2, p-Akt, cyclin D1,
and TGFα. Even some nonresponders demon-
strated varying degrees of biomarker inhibition.
Increased tumor cell apoptosis (detected by ter-
minal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling
[TUNEL]) occurred in patients with evidence
of tumor regression but not in nonresponders
(progressive disease). Clinical response was
associated with a pretreatment TUNEL score
greater than 0 and increased pretreatment
expression of ErbB2, p-ErbB2, Erk1/2, p-
Erk1/2, IGF-IR, p70S6K, and TGFα com-
pared with nonresponders [124]. In addition,
expression of the estrogen receptor (determined
by archived tissue) appears to be associated with
a decreased response rate to lapatinib mono-
therapy in patients with ErbB2-overexpressing
tumors (determined by archived tissue) who
had progressive disease despite prior trastuzu-
mab therapy [130]. However, this association will

Figure 8. Analysis of predicting factors for patients with breast cancers considered 
for trastuzumab treatment. 

Targeted pathways Alternative pathways

HER2/EGFR/NDF IGF-IR/p-S6
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Figure 9. Schematic

TKIs bind to the ATP-
site of ErbB receptors

Iressa: ErbB-1-specific
Lapatinib: Dual ErbB-1/
inhibitor
require confirmation in larger series of patients.
Below is a summary of the factors that, at this
time, appear to be the best candidates to predict
response (or conversely resistance) to lapatinib
monotherapy:

• TUNEL
• ErbB2
• p-ErbB2
• TGFα
• p-ERK1/2
• ER
• PR

From the bench to the bedside
The multiple tests that are needed for breast
cancer patients before therapeutic intervention
are depicted in Figure 10, and the advances for
personalized medicine are elucidated. Patient’s

breast cancer tissue were stained by IHC for
various factors associated with breasts targeted
for therapy.

The patient exhibits infiltrating ductal carci-
noma (hematoxylin and eosin). Fluorescent
in situ hybridization analysis demonstrates
ErbB2 amplification, and IHC shows overex-
pression of ErbB2 and expression of ER and PR.
Targeted therapy for ErbB alone may not be
optional as the cancer expresses ERs. This
patient will probably benefit from a combination
of ErbB2 inhibitors together with antihormone
therapy [128]. In ongoing clinical studies in the
authors’ laboratory, other laboratories [130], and
in a paper published by the authors’ group [129],
the approach was to use biomarkers to stratify
breast cancer patients in early clinical trials that
were treated with lapatinib in combination with
chemotherapy and antihormonal therapy. Larger
clinical trials using this approach are needed.

Major messages
Targeted cancer therapies intercept specific steps
in signal transduction and accelerate target deg-
radation. Patient response to drugs (e.g., trastu-
zumab and gefitinib) correlates with the presence
of genetic aberrations. 

It is important to use biomarkers for patients
undergoing a particular treatment or therapy,
or who have previously undergone a particular
treatment or therapy. It can be used before any
treatment is initiated or prior to use of any
therapeutic agent. Thus, use of the targeted
therapy markers allows earlier identification of
treatments and therapeutic agents likely to
result in a clinically positive outcome. In addi-
tion, use of the targeted therapy markers allows
earlier identification of treatments and thera-
peutic agents that are not likely to result in a
clinically positive outcome.

Conclusion
To elucidate the best patient population for a
specific targeted therapy alone or in combina-
tion, one needs to understand the drug’s
activity. Advances toward personalized medi-
cine for cancer patients, with the advent of
genetic understanding of cancer treatments, are
going to integrate the specific molecular alter-
natives in each patient’s cancer to optimize
patient’s responses.

 depiction of tyrosine kinase inhibitors. 

binding 

ErbB-2
Personalized Medicine (2005)  2(4)



www.futuremedicine.com

ErbB receptor targeted therapies – REVIEW

Figure 1
ErbB inh
in situ h

ER: Estroge
epidermal 
0. Testing of breast cancer tissue from markers associated with response to 
ibitors and chemotherapeutic agent immunohistochemistry and fluorescent 
ybridization (40×).

n receptor; FISH: Fluorescent in situ hybridization; H&E: Hematoxylin and eosin; HER: Human 
growth factor receptor; IHC: Immunohistochemistry; PR: Progesterone receptor.

HER2

(FISH)

H&E HER-2 (IHC)

ERα PR
Bibliography
Papers of special note have been highlighted as 
either of interest (•) or of considerable interest (••) 
to readers.
1. Bacus SS, Gudkov AV, Esteva FJ, Yarden Y: 

Expression of erbB receptors and their 
ligands in breast cancer: implications to 
biological behavior and therapeutic 
response. Breast Dis. 11, 63–75 
(2000).

• A review of the ErbB receptors and 
their ligands.

2. Bautista S, Valles H, Walker RL et al.: In 
breast cancer, amplification of the steroid 
receptor coactivator gene AIB1 is correlated 
with estrogen and progesterone receptor 

positivity. Clin. Cancer Res. 4(12), 
2925–2929 (1998).

3. Alroy I, Yarden Y: Biochemistry of HER2 
oncogenesis in breast cancer. Breast Dis. 
11, 31–48 (2000).

• A review of the HER2 receptors in breast 
cancer and their association with turmor 
biology and clinical behavior.

4. Enmark E, Gustafsson JA: Oestrogen 
receptors – an overview. J. Intern. Med. 
246(2), 133–138 (1999).

5. Gur G, Yarden Y: Enlightened receptor 
dynamics. Nature Biotechnol. 
22(2), 169–170 (2004).

6. Ignar-Trowbridge DM, Teng CT, Ross KA, 
Parker MG, Korach KS, McLachlan JA: 

Peptide growth factors elicit estrogen 
receptor-dependent transcriptional activation 
of an estrogen-responsive element. Mol. 
Endocrinol. 7(8), 992–998 (1993).

7. Kato S, Endoh H, Masuhiro Y et al.: 
Activation of the estrogen receptor through 
phosphorylation by mitogen-activated 
protein kinase. Science 270(5241), 
1491–1494 (1995).

8. Katzenellenbogen BS: Estrogen receptors: 
bioactivities and interactions with cell 
signaling pathways. Biol. Reprod. 
54(2), 287–293 (1996).

9. Kirschbaum MH, Marmor MD, Yarden Y: 
Oncogenic receptor tyrosine kinases. In: 

Highlights

• It is hoped that in the future, personalized medicine will mean that patients are no longer treated 
based on cancer histology alone.

• Treatment decisions will be based on the molecular profiles of tumors in the future.
• Personalized medicine will also enable combinations of therapy to be based on tumor profiles rather 

than empirically based.
• Combination therapy will include antibodies and small tyrosine kinase inhibitors to oncogenic 

receptors, together with chemotherapy or antihormone therapy.
• Treatment of petients will require identification of appropiate biomarkers as predictors of clinical 

response.
311

http://www.futuremedicine.com


REVIEW –  Bacus, Spector & Yarden
Oncogene-directed Therapies. Rak JW (Ed.). 
Humana Press Inc., Totowa, NJ, USA 
(2003).

10. Murphy LC, Simon SL, Parkes A et al.: 
Altered expression of estrogen receptor 
coregulators during human breast 
tumorigenesis. Cancer Res. 
60(22), 6266–6271 (2000).

11. Li H, Gomes PJ, Chen JD: RAC3, a 
steroid/nuclear receptor-associated 
coactivator that is related to SRC-1 and 
TIF2. Proc. Natl Acad. Sci. USA 
94(16), 8479–8484 (1997).

12. Warner M, Nilsson S, Gustafsson JA: The 
estrogen receptor family. Curr. Opin. Obstet. 
Gynecol. 11(3), 249–254 (1999).

13. Bacus SS, Chin D, Yarden Y, Zelnick CR, 
Stern DF: Type 1 receptor tyrosine kinases 
are differentially phosphorylated in 
mammary carcinoma and differentially 
associated with steroid receptors. Am. J. 
Pathol. 148(2), 549–558 (1996).

14. Bacus SS, Stancovski I, Huberman E et al.: 
Tumor-inhibitory monoclonal antibodies to 
the HER-2/Neu receptor induce 
differentiation of human breast cancer cells. 
Cancer Res. 52(9), 2580–2589 (1992).

15. Bacus SS, Altomare DA, Lyass L et al.: 
AKT2 is frequently upregulated in 
HER-2/neu-positive breast cancers and may 
contribute to tumor aggressiveness by 
enhancing cell survival. Oncogene 
21(22), 3532–3540 (2002).

16. Bacus SS, Huberman E, Chin D et al.: 
A ligand for the erbB-2 oncogene product 
(gp30) induces differentiation of human 
breast cancer cells. Cell Growth Differ. 
3(7), 401–411 (1992).

17. Bacus SS, Kiguchi K, Chin D, King CR, 
Huberman E: Differentiation of cultured 
human breast cancer cells (AU-565 and 
MCF-7) associated with loss of cell surface 
HER-2/neu antigen. Mol. Carcinog. 
3(6), 350–362 (1990).

18. Bacus SS, Ruby SG, Weinberg DS, Chin D, 
Ortiz R, Bacus JW: HER-2/neu oncogene 
expression and proliferation in breast 
cancers. Am. J. Pathol. 137(1), 103–111 
(1990).

19. Bacus SS, Zelnick CR, Plowman G, 
Yarden Y: Expression of the erbB-2 family of 
growth factor receptors and their ligands in 
breast cancers. Implication for tumor 
biology and clinical behavior. Am. J. Clin. 
Pathol. 102(4 Suppl. 1), S13–S24 (1994).

20. Bargmann CI, Hung MC, Weinberg RA: 
Multiple independent activations of the neu 
oncogene by a point mutation altering the 
transmembrane domain of p185. Cell 
45(5), 649–657 (1986).

21. Ben-Baruch N, Yarden Y: ErbB/HER family 
of growth factor receptors. In: Progress in 
Oncology. DeVita VT, Hellman S, 
Rosenberg SA (Eds), Jones and Bartlett, 
MA, USA (2004).

22. Klapper LN, Kirschbaum MH, Sela M, 
Yarden Y: Biochemical and clinical 
implications of the ErbB/HER signaling 
network of growth factor receptors. Adv. 
Cancer Res. 77, 25–79 (2000).

23. Kochupurakkal BS, Yarden Y: Signaling by 
growth factor receptors. Methods Mol. Biol. 
250, 177–202 (2004).

24. Decker SJ: Epidermal growth factor and 
transforming growth factor-α induce 
differential processing of the epidermal 
growth factor receptor. Biochem. Biophys. 
Res. Commun. 166(2), 615- 621 (1990).

25. Downward J, Yarden Y, Mayes E et al.: Close 
similarity of epidermal growth factor 
receptor and v-erb-B oncogene protein 
sequences. Nature 307(5951), 521–527 
(1984).

26. Marmor MD, Skaria KB, Yarden Y: Signal 
transduction and oncogenesis by ErbB/HER 
receptors. Int. J. Radiat. Oncol. Biol. Phys. 
58(3), 903–913 (2004).

27. Marmor MD, Yarden Y: EGF receptor 
family. In: Handbook of Cell Signaling.  
Bradshaw RA, Dennis EA (Eds), Elsevier, 
Amsterdam, The Netherlands, 405–408.

28. Mass R: The role of HER-2 expression in 
predicting response to therapy in breast 
cancer. Semin. Oncol. 27(6 Suppl. 11), 
46–52 (2000).

29. Tzahar E, Waterman H, Chen X et al.: 
A hierarchical network of interreceptor 
interactions determines signal transduction 
by Neu differentiation factor/neuregulin 
and epidermal growth factor. Mol. Cell Biol. 
16(10), 5276–5287 (1996).

• A review of the activity of ErbB receptor 
dimers which includes associations of 
ErbB2 with other ErbB receptors.

30. Wen D, Peles E, Cupples R et al.: Neu 
differentiation factor: a transmembrane 
glycoprotein containing an EGF domain 
and an immunoglobulin homology unit. 
Cell 69, 559–572 (1992).

31. Riese DJ 2nd, Stern DF: Specificity within 
the EGF family/ErbB receptor family 
signaling network. Bioessays 20(1), 41–48 
(1998).

32. Falls DL: Neuregulins: functions, forms and 
signaling strategies. Exp. Cell Res. 
284(1), 14–30 (2003).

33. Salomon DS, Normanno N, Ciardiello F, 
Brandt R, Shoyab M, Todaro GJ: The role 
of amphiregulin in breast cancer. Breast 
Cancer Res. Treat. 33(2), 103–114 (1995).

34. Yarden Y: Biology of HER2 and its 
importance in breast cancer. Oncology 
61(Suppl. 2), 1–13 (2001).

35. Yarden Y: The EGFR family and its ligands 
in human cancer. signaling mechanisms and 
therapeutic opportunities. Eur. J. Cancer 
37(Suppl. 4), S3–S8 (2001).

• A review of the EGFR receptor family, their 
mechanism of action and their application 
in relation to targeted therapy.

36. Yarden Y, Sliwkowski MX: Untangling the 
ErbB signaling network. Nature Rev. Mol. 
Cell Biol. 2(2), 127–137 (2001).

• A review of the ErbB signaling network.
37. Karunagaran D, Tzahar E, Beerli RR et al.: 

ErbB-2 is a common auxiliary subunit of 
NDF and EGF receptors: implications for 
breast cancer. Embo. J. 15(2), 254–264 
(1996).

38. Harari D, Yarden Y: Molecular mechanisms 
underlying ErbB2/HER2 action in breast 
cancer.Oncogene19(53), 6102–6114 (2000).

39. Elenius K, Choi CJ, Paul S, Santiestevan E, 
Nishi E, Klagsbrun M: Characterization of a 
naturally occurring ErbB4 isoform that does 
not bind or activate phosphatidyl inositol 3-
kinase. Oncogene 18(16), 2607–2615 
(1999).

40. Oved S, Yarden Y: Signal transduction: 
molecular ticket to enter cells. Nature 
416(6877), 133–136 (2002).

41. Peles E, Bacus SS, Koski RA et al.: Isolation 
of the neu/HER-2 stimulatory ligand: a 
44 kDa glycoprotein that induces 
differentiation of mammary tumor cells. 
Cell 69(1), 205–216 (1992).

42. Pinkas-Kramarski R, Lenferink AE, Bacus 
SS et al.: The oncogenic ErbB-2/ErbB-3 
heterodimer is a surrogate receptor of the 
epidermal growth factor and betacellulin. 
Oncogene 16(10), 1249–1258 (1998).

43. Pinkas-Kramarski R, Shelly M, Guarino BC 
et al.: ErbB tyrosine kinases and the two 
neuregulin families constitute a ligand-
receptor network. Mol. Cell Biol. 
18(10), 6090–6101 (1998).

44. Riese DJ 2nd, Komurasaki T, Plowman GD, 
Stern DF: Activation of ErbB4 by the 
bifunctional epidermal growth factor family 
hormone epiregulin is regulated by ErbB2. 
J. Biol. Chem. 273(18), 11288–11294 
(1998).

45. Shelly M, Pinkas-Kramarski R, Guarino BC 
et al.: Epiregulin is a potent pan-ErbB ligand 
that preferentially activates heterodimeric 
receptor complexes. J. Biol. Chem. 
273(17), 10496–10505 (1998).

46. Cho HS, Leahy DJ: Structure of the 
extracellular region of HER3 reveals an 
312 Personalized Medicine (2005)  2(4)



 ErbB receptor targeted therapies – REVIEW
interdomain tether. Science 
297(5585), 1330–1333 (2002).

47. Graus-Porta D, Beerli RR, Daly JM, 
Hynes NE: ErbB-2, the preferred 
heterodimerization partner of all ErbB 
receptors, is a mediator of lateral signaling. 
Embo. J. 16(7), 1647–1655 (1997). 

48. Gullick WJ: The c-erbB3/HER3 receptor in 
human cancer. Cancer Surv. 27, 339–3349 
(1996).

49. Hynes NE, Stern DF: The biology of 
erbB-2/neu/HER-2 and its role in cancer. 
Biochim. Biophys. Acta 1198(2–3), 165–184 
(1994).

• The role of ErbB2 in breast cancer 
clinical behaviors.

50. Citri A, Skaria KB, Yarden Y: The deaf and 
the dumb: the biology of ErbB-2 and 
ErbB-3. Exp. Cell Res. 284(1), 54–65 
(2003).

51. Di Guglielmo GM, Le Roy C, 
Goodfellow AF, Wrana JL: Distinct 
endocytic pathways regulate TGF-β 
receptor signaling and turnover. Nature Cell 
Biol. 5(5), 410–421 (2003).

52. Lenferink AE, Pinkas-Kramarski R, 
van de Poll ML et al.: Differential endocytic 
routing of homo- and hetero-dimeric ErbB 
tyrosine kinases confers signaling superiority 
to receptor heterodimers. Embo. J. 
17(12), 3385–3397 (1998).

53. Levkowitz G, Oved S, Klapper LN: c-Cbl is 
a suppressor of the neu oncogene. J. Biol. 
Chem. 275(45), 35532–35539 (2000).

54. Levkowitz G, Waterman H, Ettenberg SA 
et al.: Ubiquitin ligase activity and tyrosine 
phosphorylation underlie suppression of 
growth factor signaling by c-Cbl/Sli-1. 
Mol. Cell 4(6), 1029–1040 (1999).

55. Levkowitz G, Yarden Y: ErbB. In: Wiley 
Encyclopedia of Molecular Medicine. John 
Wiley & Sons, Inc., Hoboken, NJ, USA 
(2002).

56. Marmor MD, Yarden Y: Role of protein 
ubiquitylation in regulating endocytosis of 
receptor tyrosine kinases. Oncogene 
23(11), 2057–2070 (2004).

57. Thien CB, LangdonWY: Cbl: many 
adaptations to regulate protein tyrosine 
kinases. Nature Rev. Mol. Cell Biol. 
2(4), 294–307 (2001).

58. Waterman H, Katz M, Rubin C et al.: A 
mutant EGF-receptor defective in 
ubiquitylation and endocytosis unveils a role 
for Grb2 in negative signaling. Embo. J. 
21(3), 303–313 (2002).

59. Waterman H, Yarden Y: Molecular 
mechanisms underlying endocytosis and 
sorting of ErbB receptor tyrosine kinases. 
FEBS Lett. 490(3), 142–152 (2001).

60. Katz M, Shtiegman K, Tal-Or P et al.: 
Ligand-independent degradation of 
epidermal growth factor receptor involves 
receptor ubiquitylation and Hgs, an adaptor 
whose ubiquitin-interacting motif targets 
ubiquitylation by Nedd4. Traffic 
3(10), 740–751 (2002).

61. Mosesson Y, Shtiegman K, Katz M et al.: 
Endocytosis of receptor tyrosine kinases is 
driven by monoubiquitylation, not 
polyubiquitylation. J. Biol. Chem. 
278(24), 21323–21326 (2003).

62. Wiley HS, Burke PM: Regulation of 
receptor tyrosine kinase signaling by 
endocytic trafficking. Traffic 2(1), 12–18 
(2001).

63. Shtiegman K, Yarden Y: The role of 
ubiquitylation in signaling by growth 
factors: implications to cancer. Semin. 
Cancer Biol. 13(1), 29–40 (2003).

64. Patterson C: A new gun in town: the U box 
is a ubiquitin ligase domain. Sci STKE 
(116), PE4 (2002).

65. Bao J, Gur G, Yarden Y: Src promotes 
destruction of c-Cbl: implications for 
oncogenic synergy between Src and growth 
factor receptors. Proc. Natl Acad. Sci. USA 
100(5), 2438–2443 (2003).

66. Bao J, Alroy I, Waterman H et al.: 
Threonine phosphorylation diverts 
internalized epidermal growth factor 
receptors from a degradative pathway to the 
recycling endosome. J. Biol. Chem. 
275(34), 26178–26186 (2000).

67. Baulida J, Kraus MH, Alimandi M, 
Di Fiore PP, Carpenter G: All ErbB 
receptors other than the epidermal growth 
factor receptor are endocytosis impaired. 
J. Biol. Chem. 271(9), 5251–5257 (1996).

68. Lorimer IA: Mutant epidermal growth 
factor receptors as targets for cancer therapy. 
Curr. Cancer Drug Targets 2(2), 91–102 
(2002),

69. Lynch TJ, Bell DW, Sordella R et al.: 
Activating mutations in the epidermal 
growth factor receptor underlying 
responsiveness of non-small cell lung cancer 
to gefitinib. N. Engl. J. Med. 
350(21), 2129–2139 (2004).

70. Moscatello DK, Holgado-Madruga M, 
Godwin AK et al. Frequent expression of a 
mutant epidermal growth factor receptor in 
multiple human tumors. Cancer Res. 
55(23), 5536–5539 (1995).

71. Strachan L, Murison JG, Prestidge RL et al.: 
Cloning and biological activity of epigen, a 
novel member of the epidermal growth 
factor superfamily. J. Biol. Chem. 
276(21), 18265–18271 (2001).

72. Lammering G, Hewit TH, Valerie K et al.: 
EGFRvIII-mediated radioresistance through 
a strong cytoprotective response. Oncogene 
22(36), 5545–5553 (2003).

73. Nicholson RI, Gee JM, Harper ME: EGFR 
and cancer prognosis. Eur. J. Cancer 
37(Suppl. 4), S9–15 (2001).

74. Rasheed BK, Wiltshire RN, Bigner SH, 
Bigner DD: Molecular pathogenesis of 
malignant gliomas. Curr. Opin. Oncol. 
11(3), 162–167 (1999).

75. Rosenthal A, Lindquist PB, Bringman TS, 
Goeddel DV, Derynck R: Expression in rat 
fibroblasts of a human transforming growth 
factor-α cDNA results in transformation. 
Cell 46(2), 301–309 (1986).

76. Sartor CI: Biological modifiers as potential 
radiosensitizers: targeting the epidermal 
growth factor receptor family. Semin. Oncol. 
27(6 Suppl. 11), 15–20; discussion 92–100 
(2000).

77. Molina MA, Saez R, Ramsey EE et al.: 
NH(2)-terminal truncated HER-2 protein 
but not full-length receptor is associated 
with nodal metastasis in human breast 
cancer. Clin. Cancer Res. 8(2), 347–353 
(2002).

78. Pedersen MW, Meltorn M, Damstrup L, 
Poulsen HS: The type III epidermal growth 
factor receptor mutation. Biological 
significance and potential target for anti-
cancer therapy. Ann. Oncol. 12(6), 745–760 
(2001).

79. Ross JS, Fletcher JA, Linette GP et al.: The 
Her-2/neu gene and protein in breast cancer 
2003: biomarker and target of therapy. 
Oncologist 8(4), 307–325 (2003).

80. Rubin I, Yarden Y: The basic biology of 
HER2. Ann. Oncol. (12 Suppl. 1), S3–S8 
(2001).

81. Slamon DJ, Clark GM, Wong SG, 
Levin WJ, Ullrich A, McGuire WL: Human 
breast cancer: correlation of relapse and 
survival with amplification of the 
HER-2/neu oncogene. Science 
235(4785), 177–182 (1987).

82. Worthylake R, Opresko LK, Wiley HS: 
ErbB-2 amplification inhibits down-
regulation and induces constitutive 
activation of both ErbB-2 and epidermal 
growth factor receptors. J. Biol. Chem. 
274(13), 8865–8874 (1999).

83. Kulik G, Klippel A, Weber MJ: 
Antiapoptotic signaling by the insulin-like 
growth factor I receptor, 
phosphatidylinositol 3-kinase, and Akt. 
Mol. Cell Biol. 17(3), 1595–1606 (1997).

84. Lee AV, Weng CN, Jackson JG, Yee D: 
Activation of estrogen receptor-mediated 
gene transcription by IGF-I in human breast 
www.futuremedicine.com 313

http://www.futuremedicine.com


REVIEW –  Bacus, Spector & Yarden
cancer cells. J. Endocrinol. 152(1), 39–47 
(1997).

85. Benz CC, Scott GK, Sarup JC et al.: 
Estrogen-dependent, tamoxifen-resistant 
tumorigenic growth of MCF-7 cells 
transfected with HER2/neu. Breast Cancer 
Res. Treat. 24(2), 85–95 (1993).

86. Lee H, Jiang F, Wang Q et al.: MEKK1 
activation of human estrogen receptor α and 
stimulation of the agonistic activity of 
4-hydroxytamoxifen in endometrial and 
ovarian cancer cells. Mol. Endocrinol. 
14(11), 1882–1896 (2000).

87. Bunone G, Briand PA, Miksicek RJ, 
Picard D: Activation of the unliganded 
estrogen receptor by EGF involves the MAP 
kinase pathway and direct phosphorylation. 
Embo. J. 15(9), 2174–2183 (1996).

88. Bouras T, Southey MC, Venter DJ: 
Overexpression of the steroid receptor 
coactivator AIB1 in breast cancer correlates 
with the absence of estrogen and 
progesterone receptors and positivity for 
p53 and HER2/neu. Cancer Res. 
61(3), 903–907 (2001).

89. Stancovski I, Peles E, Ben Levy R et al.: 
Signal transduction by the neu/erbB-2 
receptor: a potential target for anti-tumor 
therapy. J. Steroid Biochem. Mol. Biol. 
43(1–3), 95–103 (1992).

90. Slamon DJ, Leyland-Jones B, Shak S et al.: 
Use of chemotherapy plus a monoclonal 
antibody against HER2 for metastatic breast 
cancer that overexpresses HER2. N. Engl. J. 
Med. 344(11), 783–792 (2001).

91. Smith BL, Altomare D, Spector NL, 
Bacus SS: Role of immunohistochemical 
expression of AKT protein in breast cancer 
carcinoma. To be published in: 
Immunohistochemistry of in situ 
Hybridization of Human Carcinomas, Volume 
1: Molecular Genetics; Lung and Breast 
Carcinomas (2004).

92. Cobleigh MA, Vogel CL, Tripathy D et al.: 
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. J. Clin. Oncol. 
17(9), 2639–2648 (1999).

• A review of clinical trials using Herceptin 
to treat  HER2/neu overexpressing breast 
cancers.

93. Clynes RA, Towers TL, Presta LG, 
Ravetch JV et al.: Inhibitory Fc receptors 
modulate in vivo cytoxicity against tumor 
targets. Nature Med. 6(4), 443–446 (2000).

94. Dancey JE, Freidlin B: Targeting epidermal 
growth factor receptor – are we missing the 
mark? Lancet 362(9377), 62–64 (2003).

95. Drebin JA, Stern DF, Link VC, 
Weinberg RA, Greene MI: Monoclonal 
antibodies identify a cell-surface antigen 
associated with an activated cellular 
oncogene. Nature 312(5994), 545–548 
(1984).

96. Fry DW: Mechanism of action of ErbB 
tyrosine kinase inhibitors. Exp. Cell Res. 
284(1), 131–139 (2003).

97. Fry DW, Bridges AJ, Denny WA et al.: 
Specific, irreversible inactivation of the 
epidermal growth factor receptor and erbB2, 
by a new class of tyrosine kinase inhibitor. 
Proc. Natl Acad. Sci. USA 95(20), 
12022–12027 (1998).

98. Gazit A, Osherov N, Posner I et al.: 
Tyrphostins. 2. Heterocyclic and 
α-substituted benzylidenemalononitrile 
tyrphostins as potent inhibitors of EGF 
receptor and ErbB2/neu tyrosine kinases. 
J. Med. Chem. 34(6), 1896–1907 (1991).

99. Hurwitz E, Klapper LN, Wilcheck M, 
Yarden Y, Sela M: Inhibition of tumor 
growth by poly(ethyleneglycol) derivatives 
of anti-ErbB2 antibodies. Cancer Immunol. 
Immunother. 49, 226–234 (2000).

100. Johnson DH, Herbst RS, Giaccone G et al.: 
ZD1839 (Iressa) in combination with 
pacitaxel and carboplatin in chemotherapy-
naïve patients with advanced non-small cell 
lung cancere (NSCLC): results from a Phase 
III clinical trial (INTACT2). Am. Oncol. 
13(Suppl. 5), 128 (abstract 4680) (2002).

101. Giaccone G, Johnson DH, Manegold C 
et al.: A phase 888 clinical trial of ZD1839 
(Iressa) in combination with gemcitabine 
and cisplatin in chemotherapy naïve patients 
with advanced non-small cell lung cancer 
(INTACT1). Am. Oncol. 13(Suppl. 5), 2 
(2002) (abstract 40).

102. Masui H, Kawamoto T, Sato JD, Wolf B, 
Sato G, Mendelsohn J: Growth inhibition of 
human tumor cells in athymic mice by anti-
epidermal growth factor receptor 
monoclonal antibodies. Cancer Res. 
44(3), 1002–1007 (1984).

103. Mendelsohn J, Baselga J: Status of epidermal 
growth factor receptor antagonists in the 
biology and treatment of cancer. J. Clin. 
Oncol. 21(14), 2787–2799 (2003).

104. Modjtahedi H, Eccles S, Sandle J, Box G, 
Titley J, Dean C: Differentiation or immune 
destruction: two pathways for therapy of 
squamous cell carcinomas with antibodies to 
the epidermal growth factor receptor. Cancer 
Res. 54(7), 1695–1701 (1994).

105. Wang SC, Zhang L, Hortobagyi GN, 
Hung MC: Targeting HER2: recent 
developments and future directions for 
breast cancer patients. Semin. Oncol. 
28(6 Suppl. 18), 21–29 (2001).

106. Klapper LN, Waterman H, Sela M, 
Yarden Y: Tumor-inhibitory antibodies to 
HER-2/ErbB-2 may act by recruiting c-Cbl 
and enhancing ubiquitination of HER-2. 
Cancer Res. 60(13), 3384–3388 (2000).

107. Koizumi F, Kanzawa F, Ueda Y et al.: 
Synergistic interaction between the EGFR 
tyrosine kinase inhibitor gefitinib (Iressa) and 
the DNA topoisomerase I inhibitor CPT-11 
(irinotecan) in human colorectal cancer cells. 
Int. J. Cancer 108(3), 464–472 (2004).

108. Kurokawa H, Lenferink AE, Simpson JF 
et al.: Inhibition of HER2/neu (erbB-2) and 
mitogen-activated protein kinases enhances 
tamoxifen action against HER2-
overexpressing, tamoxifen-resistant breast 
cancer cells. Cancer Res. 60(20), 5887–5894 
(2000).

109. Pietras RJ, Arboleda J, Reese DM et al.: 
HER-2 tyrosine kinase pathway targets 
estrogen receptor and promotes hormone-
independent growth in human breast cancer 
cells. Oncogene 10(12), 2435–2446 (1995).

110. Pietras RJ, Pegram MD, Finn RS, 
Maneval DA, Slamon DJ: Remission of 
human breast cancer xenografts on therapy 
with humanized monoclonal antibody to 
HER-2 receptor and DNA-reactive drugs. 
Oncogene 17(17), 2235–2249 (1998).

111. Prewett MC, Hooper AT, Bassi R, Ellis LM, 
Waksal HW, Hicklin DJ: Enhanced 
antitumor activity of anti-epidermal growth 
factor receptor monoclonal antibody 
IMC-C225 in combination with irinotecan 
(CPT-11) against human colorectal tumor 
xenografts. Clin. Cancer Res. 
8(5), 994–1003 (2002).

112. Saltz L, Rubin MA, Hochster H et al.: 
Cetuximab (IMC-225) plus irinotecan 
(CPT-11) is active in CPT-11 refractory 
colorectal cancer that express epidermal 
growth factor receptors. Proc. Am. Soc. Clin. 
Oncol. 20, 3a (2001).

• A review of an anti-EGFR antibody 
(cetuxamab) for colon cancer management.

113. Sela M, Schechter M, Yarden Y: Cancer 
immunotherapy directed at growth factor 
receptors: the ErbB/HER network as a 
prototype. In: Targeted Therapy for Cancer. 
Syrigos KN, Harrington KJ (Eds), Oxford 
University Press, New York, NY, USA (2002).

114. Smith BL, Chin D, Maltzman W, Crosby K, 
Hortobagyi GN, Bacus SS: The efficacy of 
Herceptin therapies is influenced by the 
expression of other ErbB receptors, their 
314 Personalized Medicine (2005)  2(4)



 ErbB receptor targeted therapies – REVIEW
ligands and the activation of downstream 
signaling proteins. Br. J. Cancer 
91(6), 1190–1194 (2004).

• A clinical approach for using various 
biomarkers, including IGF-1R, for breast 
cancer patients prior to trastuzumab 
treatment.

115. Aboud-Pirak E, Hurwitz E, Pirak ME, 
Bellot F, Schlessinger J, Sela M: Efficacy of 
antibodies to epidermal growth factor 
receptor against KB carcinoma in vitro and 
in nude mice. J. Natl Cancer Inst. 
80(20), 1605–1611 (1988).

116. Arteaga CL, Ramsey TT, Shawver LK, 
Guyer CA et al.: Unliganded epidermal 
growth factor receptor dimerization induced 
by direct interaction of quinazolines with 
the ATP binding site. J. Biol. Chem. 
272(37), 23247–23254 (1997)

117. Chen CH, Chernis GA, Hoang VQ, 
Landgraf R: Inhibition of heregulin signaling 
by an aptamer that preferentially binds to the 
oligomeric form of human epidermal growth 
factor receptor-3. Proc. Natl Acad. Sci. USA 
100(16), 9226–9231 (2003).

118. Baselga J, Norton L, Masui H et al.: 
Antitumor effects of doxorubicin in 
combination with anti-epidermal growth 
factor receptor monoclonal antibodies. 
J. Natl Cancer Inst. 85(16), 1327–1333 
(1993).

119. Friedman LM, Rinon A, Schechter B et al.: 
Synergistic down-regulation of receptor 
tyrosine kinases by combinations of mAbs: 
implications for cancer immunotherapy. Proc. 

Natl Acad. Sci. USA 102(6), 1915–1920 
(2005).

120. Carter P, Presta L, Gorman CM et al.: 
Humanization of an anti-p185HER2 
antibody for human cancer therapy. Proc. Natl 
Acad. Sci. USA 89(10), 4285–4289 (1992).

121. Chen X, Levkowitz G, Tzahar E et al.: An 
immunological approach reveals biological 
differences between the two NDF/heregulin 
receptors, ErbB-3 and ErbB-4. J. Biol. 
Chem. 271(13), 7620–7629 (1996).

122. Ciardiello F, Caputo R, Bianco R et al.: 
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. Clin. Cancer Res. 
6(5), 2053–2063 (2000).

123. Levitzki A: Protein tyrosine kinase inhibitors 
as novel therapeutic agents. Pharmacol. Ther. 
82(2–3), 231–239 (1999).

• A review of the mechanism of tyrosine 
kinase inhibitors and their mode of action.

124. Spector NL, Xia W, Burris H 3rd et al.: 
Study of the biologic effects of lapatinib, a 
reversible inhibitor of ErbB1 and ErbB2 
tyrosine kinases, on tumor growth and 
survival pathways in patients with advanced 
malignancies. J. Clin. Oncol. 
23(11), 2502–2512 (2005).

• Using biomarkers for decisions on how to 
treat patients with targeted therapy using a 
dual inhibitor of ErbB1 and ErbB2, 
lapatinib.

125. Harari PM, Huang SM: Radiation response 
modification following molecular inhibition 

of epidermal growth factor receptor 
signaling. Semin. Radiat. Oncol. 
11(4), 281–289 (2001).

126. Nahta R, Hung MC, Esteva FJ: The HER-2 
targeting antibodies trastuzumab and 
pertuzumab synergistically inhibit the 
survival of breast cancer cells. Cancer Res. 
64, 2343–2346 (2004)

127. Lu Y, Zi X, Zhao Y, Mascarenhas D, 
Pollak M: Insulin-like growth factor-I 
receptor signaling and resistance to 
trastuzumab (Herceptin). J. Natl Cancer 
Inst. 93(24), 1852–1857 (2001).

128. Kramer R, Osborne CK: Tamoxifen versus 
tamoxifen plus gefitinib in patients with 
metastatic breast cancer and ER+ and/or 
PR+ tumours. Signal 5(3), 18 (2004).

129. Nagata Y, Lan KH, Zhou X et al.: PTEN 
activation contributes to tumor inhibition 
by trastuzumab, and loss of PTEN predicts 
trastuzumab resistance in patients. Cancer 
Cell 6, 117–124 (2004)

130. Blackwell K, Burstein H, Pegram M et al.: 
Determining relevant biomarkers from 
tissue and serum that may predict response 
to single agent lapatinib in trastuzumab 
refractory metastatic breast cancer. 
Proceedings of the 41st Annual Meeting of 
the American Society of Clinical Oncology, 
Orlando, USA, 23(16S), 3004 (2005)

131. LiS, Schmitz KR, Jeffrey PD, Wiltzius JJ, 
Kussie P, Ferguson KM: Structural basis for 
inhibition of the epidermal growth factor 
receptor by cetuximab. Cancer Cell 
7, 301–311 (2005).
www.futuremedicine.com 315

http://www.futuremedicine.com


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [589.606 793.701]
>> setpagedevice


